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Deletion of the Parathyroid Hormone Receptor in Marrow
Adipose Lineage Precursors (MALPs) Prevents Their

Negative Regulation of Skeletal Homeostasis

Abstract

Background and objectives: Parathyroid hormone (PTH) is essential for skeletal
homeostasis and PTH[1-34] (teriparatide) is used to treat severe osteoporosis,
medication-related osteonecrosis of the jaws, and enhance implant osseointegration.
PTH exerts its anabolic actions by acting on osteoblasts, bone lining cells, and
osteocytes. Recently, marrow adipose lineage precursors (MALPs) have been reported
to suppress osteogenesis and enhance osteoclastogenesis. We hypothesized that,
since MALPs express the PTH receptor 1 (Pth1r), they may contribute to the skeletal
response to PTH.

Methods: We deleted Pth1r specifically in MALPs and their lineage (adipocytes) using
Adiponectin Cre (AdipoqCre) and tdTomato was used as a reporter.
AdipoqCre;Pth1r"" tdTomato™" mice (Pth1rVALPs) were used as experimental mice and
age- and sex-matched AdipoqCre;Pth1rf tdTomato™ and Pth1r" tdTomato™ were
used as controls. The skeletal phenotype was characterized by microscopic computed
tomography (uCT) and dynamic histomorphometry at 4, 7, and 12 weeks of age. Bone
marrow adipose tissue (BMAT) was assessed by osmium tetroxide staining and uCT
analysis. The proximal one-third of the tibiae was designated as regulated BMAT

(rBMAT) and the distal one-third was designated as constitutive BMAT (cBMAT).



Colony forming unit (CFU) assays, flow cytometry, and fluorescence-activated cell
sorting (FACS) were performed on flushed bone marrow stromal cells (BMSC). Two-
way ANOVA and Student’s t-test were used for statistical analysis (o = 0.05).

Results: Pth1rMALPs female mice exhibited a 54.2%, 15.8%, and 42.7% increase in
trabecular bone volume at 4, 7, and 12 weeks of age, respectively (p = 0.001). The
increase in bone volume was associated with a significant increase in labeled surfaces
(MS/BS and dLS/BS, p = 0.0066 and p = 0.0429, respectively by two-way ANOVA) but
an increase in bone formation rate (BFR/BS) was significant only at 4 weeks of age (p =
0.03). Flow cytometry analysis revealed that osteochondrogenic progenitor cells were
decreased by half in Pth1rMALPs mice (p = 0.01). Since mineralizing surfaces were
increased, these results suggest a shift of the progenitor pool towards differentiated and
functional osteoblasts. Additionally, the number of CFU-F colonies was significantly
decreased in Pth1rMALPs cells, further confirming the decrease in the progenitors. In
contrast, the CFU-Ob remained similar between the two groups, suggesting an increase
in the osteogenic potential of cells from Pth1rMALPs mice despite their decreased
number. Only 6.4% % 4.6% of CFU-Ob cells represented a distinct population of
tdTomato+ cells, and 5.7%  2.7% had a dim tdTomato+ signal (herein, tdTomato+
dim). Interestingly, cells from Pth1rMALPs mice exhibited an 8-fold increase in tdTomato+
dim cells, and unfractionated CFU-Ob cells exhibited a 90.3% decrease in Pth1r mRNA
gene expression (p = 0.001). Additionally, Pth1r"ALPs mice showed a significantly higher
rBMAT density, confirming that PTH suppresses adipogenesis. Importantly, sorted

MALPs expressed Rankl, and its expression is increased in MALPs lacking Pth1r. The



endosteal osteoclast number and surface was increased in Pth1rMALPs mice, indicating
that PTH signaling in MALPs suppress osteoclastogenesis.

Conclusions: Deletion of the Pth1rin MALPs partially prevents their suppression of
osteogenesis through driving the progenitor pool to a differentiated state. Moreover,

PTH signaling in MALPs suppresses adipogenesis and osteoclastogenesis.
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Introduction

The bone marrow is a highly orchestrated environment that has long been recognized
for its essential role in hematopoiesis. Until recently, and with the advent of advanced
lineage tracing technologies, the bone marrow stem/stromal cell (BMSC) has gained
considerable interest. At the single cell level, the non-hematopoietic bone marrow is
composed of at least 17 cell populations (Baryawno et al., 2019, Tikhonova et al., 2019,
Wolock et al., 2019, Zhong et al., 2020, Baccin et al., 2020, Matsushita et al., 2020). In
addition to single cell RNA sequencing (scRNA-seq) models, various models have been
proposed to segment the non-hematopoietic bone marrow compartment by surface
marker profiling (Chan et al., 2015, Ambrosi et al., 2017, Ambrosi et al., 2019,
Kurenkova et al., 2020). Common to the conclusions reached by all of the
aforementioned models, regardless of the markers and methods utilized, is the
presence of (i) a mesenchymal stromal cell (MSC) with multipotency and self-renewal
capabilities, (ii) an osteoblastic lineage, (iii) a chondroblastic lineage, (iv) an adipocytic
lineage, and (v) other populations (such as fibroblasts and endothelial cells) within the
non-hematopoietic component of bone marrow. Recently, a novel BMSC population that
expresses common stem cell markers and exists in a perivascular location has been
described (Zhong et al., 2020). In addition to expressing stem cell markers, these cells
lack lipid droplets while expressing adipocyte-specific genes (such as Adiponectin
[Adipoq]), and, hence, were named ‘marrow adipose lineage precursors (MALPs)’
(Zhong et al., 2020).

MALPs are a major source of Receptor activator of nuclear factor kappa-B ligand

(RANKL) production, a key ligand that induces osteoclastic differentiation and bone



resorption (Yu et al., 2020). In addition, they suppress osteogenesis (Zhong et al., 2020,
Zou et al., 2020), play a role in type H endothelium-lined blood vessel (THEC)
maintenance (Zhong et al., 2020), participate in restoring the bone marrow cells
following radiation and chemotherapy (5-fluorouracil), and play an integral role in
secreting stem cell factor (SCF) protein essential for the regeneration of the
hematopoietic stem cell (HSC) niche (Zhou et al., 2017).

The parathyroid hormone (PTH) signaling pathway is fundamental to many organ
systems, and in particular the bone and the kidney, where it regulates calcium and
phosphate metabolism. PTH is a key regulator of skeletal homeostasis and a bioactive
form of this hormone (PTH[1-34], teriparatide) is one of the few anabolic treatments
approved for use in severe osteoporosis (Neer et al., 2001, Black and Rosen, 2016).
PTH exerts its actions on many cell types, including bone lining cells, osteoblasts, and
osteocytes (Wein and Kronenberg, 2018). Importantly, it has also been shown to affect
BMSCs and their potential to differentiate into osteogenic or adipogenic cells (Fan et al.,
2017). In the osteoblastic lineage, the PTH receptor (Pth1r) is necessary for trabecular
bone maintenance. Our group has previously showed that lack of Pth1rin Paired-
Related Homeobox 1 (Prx1)-expressing mesenchymal progenitors in the appendicular
skeleton leads to a dramatic decrease in trabecular and cortical bone mass, disruption
of the growth plate, in addition to an increase in bone marrow adipose tissue (BMAT)
(Fan et al., 2017). However, Prx1 is expressed in many cell types in the bone marrow
including early progenitors as well as osteoblasts, chondrocytes, and MALPs
(GSE145477 from (Zhong et al., 2020)). The specific role of Pth1rin MALPs has not yet

been explored. Ablation of these cells using the Adipoq Cre promoter and the Diphtheria



toxin receptor (DTR) method results in a marked increase in bone mass (Zou et al.,
2020). Depletion of Rankl from MALPs produces a similar high bone mass phenotype
(Yu et al., 2020). This suggests that the increase in bone mass seen in these models is
mainly due to a decrease in bone resorption, and not only that MALPs can secrete
RANKL locally but also that they are an important source of this osteoclastogenic
cytokine.

Since MALPs express Pth1r (GSE145477 from (Zhong et al., 2020)), we asked
whether PTH signaling in MALPs regulates osteogenesis, osteoclastogenesis, and
adipogenesis. To address this question, we generated a mouse model that conditionally
deletes Pth1rin MALPs using AdipoqCre, which was shown to efficiently recombine in
MALPs and lipid-laden adipocytes (LiLa), with limited recombination in osteoblasts and
chondrocytes (Yu et al., 2020). We show that PTH signaling in MALPs surprisingly
contributes to the MALP-induced suppression of osteogenesis and osteoclastogenesis
evidenced by the increase in trabecular bone mass in adult mice upon Pth1r deletion in
MALPs. Furthermore, we report that Pth1rin MALPs impairs the differentiation of
osteochondroprogenitor cells into well-differentiated osteoblasts. Lastly, we show for the

first time that PTH signaling in MALPs suppresses adipogenesis.

Results

Adiponectin Cre recombines in adipose lineage in the marrow and peripheral
adipose tissue
To generate a conditional mouse model where Pth1ris deleted in adipose lineage

including MALPs and which allows tracing of the cell lineage, we crossed



AdipoqCre;tdTomato™ male mice with floxed Pth1r female mice as described previously
(Kir et al., 2016, Fan et al., 2017). To verify the AdipoqCre specific recombination in
adipose tissue, we used the red florescent protein tdTomato to visualize sites of
Adiponectin expression following Cre recombination. Whole body fluorescence imaging
showed tdTomato expression in peripheral adipose tissue of

AdipoqCre;Pth1r"" tdTomato™" (herein referred to as Pth1rYALPs) while

Pth1r"" tdTomato™" mice (herein referred to as control) lacked TdTomato expression
(Figure S1A). Macroscopic images of peripheral adipose tissue harvested from
interscapular brown adipose tissue (iBAT), inguinal white adipose tissue (iWAT) and
epidydimal white adipose tissue (eWAT) confirmed the tdTomato expression in
AdipoqCre;tdTomato™ mice (Figure S1B). The kidney was used as an internal control
and, as expected, lacked tdTomato expression, while peri-renal fat expressed
tdTomato. Consistently, mice lacking AdipoqCre lacked tdTomato expression in all
tissues examined. Gene expression analysis showed efficient and significant (95%)
deletion of Pth1rin iWAT (Figure S1C). These results confirmed that AdipoqCre targets
the adipose lineage.

To test whether MALPs express Pth1r, we flushed bone marrow cells and sorted
the CD31-/CD45-/Ter119-/tdTomato+ cells (MALPs) and CD31-/CD45-/Ter119-
/tdTomato- cells (Figure S1D). Compared to tdTomato- cells, MALPs showed a 16-fold
increase in Pth1r expression in the control mice (Figure S1E). MALPs from Pth1rVALPs
mice exhibited a 50% decrease in Pth1r expression, confirming that AdipoqCre targets

MALPs (Figure S1E).



PTH signaling in MALPs contributes to their suppression of osteogenesis via
blocking the differentiation of the osteochondroprogenitor niche

Since MALPs suppress osteogenesis (Zou et al., 2020, Zhong et al., 2020), we
speculated that this osteogenesis inhibition could be regulated by PTH signaling. To test
this hypothesis, we analyzed the skeletal phenotype of mice at 4, 7, and 12 weeks of
age by microscopic computed tomography (uCT). Two-way ANOVA showed that there
was a strong effect of the deletion on several structural parameters and in particular
BV/TV was significantly (o = 0.001) increased in the Pth1rALPs female mice. Pth1rMALPs
mice exhibited an increase in trabecular bone volume by 54.2%, 15.8%, and 42.7% at
4,7, and 12 weeks of age, respectively and two-way ANOVA also showed a strong
effect of age (p = 0.0002) (Figure 1A-B and supplementary table 1). Male mice
exhibited a similar trend but did not reach statistical significance (Figure S2). Given that
the skeletal phenotype was more significant in females, we focused our experiments on
female mice, henceforward.

Surprisingly, and despite the presence of a higher bone volume in 12-week-old
mice, we have not been able to detect changes in bone formation rates. This suggested
the possibility that changes occurred at earlier time points, leading to higher peak bone
mass. As anticipated, bone formation rate/bone surface (BFR/BS), mineralizing surface
(MS/BS), and osteoid thickness (O.Th) were increased in 4-week-old female mice
(Figure 1C-D). This increase blunts at the peak bone mass age.

MALPs are located primarily within the medullary cavity with limited presence on
the periosteal surface (Figure 2A) (Yu et al., 2020). Therefore, we did not expect to

observe a skeletal phenotype in the cortical bone of Pth1rALPs mice. Consistent with



our expectations, cortical bone volume and thickness were similar between control and
Pth1rMALPs mice (Figure 2B-C).

MALPs ablation results in osteosclerosis associated with an expansion of the
osteoblastic lineage (Zou et al., 2020). Cells that lack Stem cell antigen 1 (Sca1) and
express Platelet derived growth factor-a (Pa) were found to be unilaterally committed
osteochondrogenic progenitor cells (OPC; defined as CD31-/CD45-/Sca1-/Pa+), and
capable of forming bone-like structure in vivo (Ambrosi et al., 2017). Given that
Pth1rMALPs mice exhibit an increase in trabecular bone mass and osteoid surface, we
asked how OPC and multipotent stem cells (MSCs) contribute to the observed
phenotype, and how PTH signaling in MALPs affects the differentiation fate of MSCs.
While the MSC proportions remained similar between Pth1rMALPS mice and littermate
controls (Figure 3A-B), the OPC percentage was decreased by 50% in Pth1rMALPS mice
(p =0.0116, Figure 3C-D). Gremlin1 (Grem1) is a bone morphogenetic protein (BMP)
antagonist that mediates, at least in part, MALPs-dependent suppression of
osteogenesis (Zou et al., 2020). Additionally, Grem1 marks osteochondroreticular
(OCR) stem cells (Worthley et al., 2015). We analyzed Grem1 gene expression from
freshly sorted bone marrow cells and found that Grem1 is expressed in MALPs at a
higher level than tdTomato- cells. Consistent with the decrease in OPC cells, Grem1
was decreased in Pth1rMALPs mice by 80%, further confirming the decrease in
osteogenic progenitors (Figure 3E). We wondered how this decrease in progenitors
reflects on the number of well-differentiated osteoblasts. We used Osterix (Osx) to label
well-differentiated osteoblasts and found that the number of Osx+ cells mildly increased

upon deletion of Pth1r MALPs (Figure 3F). Consistent with previous reports (Zhong et



al., 2020), the majority of Osx+ cells were tdTomato- (Figure 3F). Taken together, these
data suggest that PTH signaling in MALPs suppresses osteogenesis by maintaining the
OPC pool by inhibiting their differentiation into osteoblasts.

Given that Pth1rMALPs mice exhibit a decrease in the OPC population, which are
reported to have high CFU-F potential (Morikawa et al., 2009, Ambrosi et al., 2017), we
wondered how this decrease in OPCs affects CFU-F formation. Although MALPs do not
contribute to colony forming unit-fibroblast (CFU-F) formation (Zhong et al., 2020, Yu et
al., 2020), ablation of MALPs decreases CFU-F colonies (Zhong et al., 2020),
suggesting that MALPs have the ability to act on bone marrow progenitors in a
paracrine manner, at least ex vivo. Cells from Pth1rMALPs mice exhibited a significant
decrease in CFU-F colonies (Figure 4A-B). To quantify the percentage of MALPs within
CFU-F colonies, we performed flow cytometry analysis of CFU-F cells after 10 days of
culture (Figure 3C). The tdTomato+ cells represented only 2.1 + 2.4% of the CFU-F
cells. However, we noted an intermediate cell population that we labelled as ‘tdTomato+
dim’, and these represented 2.47 + 1.9% of the CFU-F cells (Figure 4D-E). Collectively,
tdTomato+ bright and tdTomato+ dim add up to 4.6 £ 3.1% of CFU-F cells. On the other
hand, cells from Pth1rMALPs mice have a significantly higher percentage of total
tdTomato+ cells (bright and dim) in CFU-F colonies (Figure 4E). Collectively, the low
tdTomato positivity in the CFU-F cells and the associated decrease in colonies upon
Pth1r ablation from MALPs confirm MALPs’ ability to act upon bone marrow progenitors.

MALPs do not form bone-like structures in vivo (Zhong et al., 2020). Although we did
not observe changes in CFU-osteoblast (CFU-Ob, Figure 4F-G), the ratio of CFU-Ob to

CFU-F was significantly increased (Figure 4H), further confirming a shift towards the



osteogenic lineage upon Pth1r deletion in MALPs. In addition, CFU-Ob cells exhibited
an increase in osteoblast differentiation genes (Figure 4l), suggesting that the decrease
in progenitors is caused by a shift towards a more differentiated state. Only a low
percentage of CFU-Ob cells were tdTomato+ bright cells (6.3 + 4.6%), with no
difference between cells from the control mice and Pth1r"ALPs mice. Of note, CFU-Ob
cells from Pth1MALPs mice had an 8-fold increase in the percentage of tdTomato+ dim
cells (Figure 4-KJ). Interestingly, unfractionated CFU-Ob cells exhibited a 90.3%
decrease in Pth1r mRNA gene expression (p = 0.0014, Figure 4L) suggesting that the
Adipoq Cre had been sufficiently activated at some point in the differentiation of these

cells to delete the Pth1r.

PTH signaling in MALPs suppresses adipogenesis

Osteoporosis is associated with increased bone marrow adipogenesis (Veldhuis-Viug
and Rosen, 2018), and PTH administration decreases marrow adipogenesis (Turner
and lwaniec, 2011, Yang et al., 2016, Fan et al., 2017). PTH plays a role in BMSC fate
decision by favoring osteogenesis and suppressing adipogenesis (Fan et al., 2017).
Given that MALPs differentiate from a Prx7-expressing progenitor, we hypothesized that
Pth1r deletion in MALPs would result in a similar phenotype to the Prx1Cre;Pth1r""
mice. Thus, we sought to examine the effects of MALP-specific PTH signaling on
adipogenic progenitors (APC) and well-differentiated (i.e. lipid-laden) adipocytes (LIiLA).
APCs are CD31-/CD45-/Sca1+/CD24- (Ambrosi et al., 2017), and Pth1r"ALPs mice
exhibited a 28% non-significant increase in APCs compared to littermate controls

(Figure 5A-B). We then examined the effects of the APC increase on lipid-laden



adipose tissue by osmium tetroxide staining followed by pCT analysis. While BMAT
volume and density remained unchanged at 4 weeks of age, 7-week-old Pth1rMALPs
mice exhibited a significant increase in regulated BMAT (rBMAT) volume and density,
whereas constitutive BMAT (cBMAT) remained unchanged (Figure 5C-D and
supplementary table 2). To assess the adipogenic differentiation potentials ex vivo, we
cultured flushed unfractionated/whole bone marrow (WBM) under adipogenic conditions
to assess CFU-adipocyte (CFU-Ad) formation capabilities. Cells from Pth1r"ALPs mice
and littermate controls exhibited a comparable CFU-Ad/CFU-F ratio (Figure 5E). As
expected, the majority of CFU-Ad cells were tdTomato+ (Figure 5F). These results

establish that PTH signaling in MALPs contributes to the suppression of adipogenesis.

PTH signaling in MALPs suppresses Rankl expression and osteoclastogenesis

It is well established that PTH increases RANKL production from the osteoblast lineage
(Huang et al., 2004, Xiong et al., 2014). However, it was recently shown that MALPs are
also a major source of RANKL production (Yu et al., 2020), and we previously showed
that Rankl gene expression from BMSC as well as BMAT increases upon ablation of
Pth1rin Prx1-expressing cells (Fan et al., 2017). Therefore, we expected that deletion
of Pth1r in MALPs would increase Rankl expression and osteoclast differentiation. As
expected, Rankl expression was higher in freshly sorted MALPs compared to tdTomato-
cells (Figure 6A). In addition, MALPs exhibited a 7-fold increase in Rankl expression
upon Pth1r deletion (Figure 6A). We then quantified tartrate-resistant acid phosphatase
(TRAP)-positive cells at 4, 7, and 12 weeks of age. Endosteal osteoclast number was

increased by 18.2%, 72.0%, and 49.9% in 4-, 7-, and 12-week-old Pth1rALPs mice,



respectively (Figure 6B-C and supplementary table 3). A similar trend was observed
in trabecular bone, albeit not reaching statistical significance (Figure 6D-E and
supplementary table 3). These results suggest that, while PTH signaling in the
osteoblast lineage increases osteoclastogenesis, PTH signaling in the adipose lineage
suppresses osteoclastogenesis, providing a dampening mechanism.

We next analyzed serum biomarkers of bone resorption, C-terminal telopeptide
of type | collagen (CTX-I), and bone formation, N-terminal propeptide of type |
procollagen (PINP). Changes in CTX-I and PINP were not detected (Figure 6F). These
results indicate that the skeletal phenotype is not substantial enough to result in a

change in serum biomarkers.

Pth1r deletion in adipose tissue does not alter peripheral adipose tissue

Given that both Adiponectin and Pth1r are expressed in other organ systems outside of
the bone marrow, including peripheral adipose tissues where Pth1ris deleted in our
model, we were concerned that a change in energy metabolism may have an effect on
the skeletal phenotype observed in Pth1r*ALPs mice rather than a process exclusive to
the bone marrow adipose lineage. Consistent with previous results (Kir et al., 2016), we
did not observe any changes in body weights and adipose tissue weights nor did we
observe any microscopic changes in brown and white adipocytes size (Figure S3). Kir
et al (Kir et al., 2016) studied the AdipoqCre;Pth1r”" mice in the context of energy
metabolism prior to the description of MALPs, and did not detect any changes in energy
metabolism upon deletion of Pth1rin the adipose lineage. Thus, these findings

demonstrate that Pth1r ablation in adipose tissue is not altering fat depots other than



BMAT and, therefore, loss of PTH signaling in these fat depots does not contribute
significantly to the bone phenotype, suggesting that the regulation of skeletal

homeostasis through Pth1r signaling in MALPs is cell autonomous.

PTH signaling in MALPs is not critical for type H endothelial cell and
hematopoietic stem cell maintenance

Type H endothelial cells (THEC, defined as Endomucin [Emcn]"/CD31") are found
exclusively in the bone marrow, and are intimately associated with osteoprogenitor cells
(Kusumbe et al., 2014). Intermittent PTH treatment temporarily decreases THECs
(Caire et al., 2019), and MALPs are necessary for the maintenance of THECs (Zhong et
al., 2020). Given that Pth1r"ALPs mice exhibit a decrease in osteochondroprogenitors,
we hypothesized that this decrease in osteochondroprogenitors is associated with a
decrease in THECs. We quantified THECs from flushed bone marrow and did not
observe any changes upon Pth1r deletion (Figure 7A-B). Therefore, PTH signaling
does not appear to play a role in MALPs-dependent THEC maintenance, and MALPs
may not participate in PTH-mediated suppression of THECs.

The bone marrow hematopoietic and mesenchymal compartments are known to
interact in physiologic and pathologic states (Omatsu et al., 2010, Fairfield et al., 2016,
McDonald et al., 2017), and PTH administration expands the HSC compartment and
improves HSC survival following chemotherapy (Calvi et al., 2003, Adams et al., 2007).
Scf, a cytokine necessary for HSC maintenance (Ding et al., 2012), is expressed in
Adipog+ cells (Ding and Morrison, 2013, Zhou et al., 2017). Ablation of Scf from

AdipoqCreER+ cells prevents the partial recovery of HSC following radiation and



chemotherapy (Zhou et al., 2017). While the detailed investigation of the MALPSs’ role in
the context of hematopoiesis is beyond the scope of this thesis, we sought to analyze
the outcomes of absence of PTH signaling in MALPs on different hematopoietic cell
populations. We quantified multipotent hematopoietic progenitors (MPP), hematopoietic
progenitor cells-1/2 (HPC-1 and HPC-2), and HSC (Oguro et al., 2013). We did not
detect any changes in the MPP, HSC, HPC-1, and HPC-2 percentages (Figure 7C-D).
These data imply that PTH signaling in MALPs does not participate in their HSC

maintenance.

Discussion

Using mouse genetics, we show that PTH signaling in MALPs contributes to their
suppression of both osteogenesis and adipogenesis. PTH signaling in MALPs maintains
the osteochondrogenic progenitor niche by suppressing their differentiation into
osteoblasts. Similarly, we confirm that PTH signaling in MALPs suppresses
adipogenesis. In addition, we further expand on the role of PTH signaling in MALPs on
osteoclastogenesis. We confirmed that this regulation of skeletal homeostasis is mainly
localized to the bone marrow, with limited changes in energy metabolism.
Osteoporosis, which affects 10% of women in their 6" decade and its prevalence
increases to 66% in women older than 90 years of age, is a metabolic bone condition
associated with decreased bone mass, and, consequently, increased risk of fracture
(Kanis et al., 2019, Johnston and Dagar, 2020). A few anabolic agents have been
approved for the treatment of osteoporosis (Johnston and Dagar, 2020). One of the

earliest anabolic medications used is the parathyroid hormone (1-34, teriparatide) (Neer



et al., 2001). A number of cell types respond to PTH within the bone marrow, including
the BMSC, osteoblast, osteocyte, bone lining cell, and T lymphocytes. While the PTH
effects in vitro were studied extensively (Wein and Kronenberg, 2018), in vivo actions of
PTH are not fully understood. Analogous to the skeletal changes seen in Blomstrand
chondrodysplasia (OMIM #215045), global lack of Pth1r results in premature
mineralization of the growth plate and, consequently, shortening of the limbs (Lanske et
al., 1996). Balani et al (Balani et al., 2017) demonstrated an expansion of the osteoblast
lineage cells coupled with decreased apoptosis of these cells following teriparatide
administration, and lack of the Pth1r receptor in Sox9-expressing cells prevented the
increase in the osteoblast lineage cells (Balani et al., 2017). Lack of Pth1rin
Osteocalcin (Ocn)+ cells results in kyphosis and shortened limbs (Qiu et al., 2015).
Similarly, lack of PTH signaling in Osx+ cells results in shorter limbs (Sinha et al., 2014,
Gardinier et al., 2019). Constitutive activation of Pth1rin Col1+ cells increases
trabecular bone mass (Calvi et al., 2001). Taken together, these findings indicate that
PTH signaling in early and late osteoblastic lineage is necessary to maintain the bone
mass by reducing osteoblast apoptosis and increasing the differentiation of the early
osteoblast lineage into osteoblasts. Contrary to these findings, When Pth1ris
conditionally ablated from osteoblasts and osteocytes using the Dentin matrix protein-1
(Dmp1) promoter, an increase in trabecular bone volume was observed, with no
changes in cortical bone volume (Delgado-Calle et al., 2017).

In general, PTH signaling shifts the BMSC to the osteogenic lineage, while
suppressing adipogenesis (Yu et al., 2012, Li et al., 2013, Fan et al., 2017). Li et al (Li

et al., 2013) demonstrated an LRP6-dependent increase in Ocn+ cells following



intermittent PTH treatment. In addition, Yu et al (Yu et al., 2012) showed that short-term
PTH treatment shifts Sca1+ MSCs to Osx+ cells. Therefore, and given the increase
bone mass in Pth1rALPs mice, we hypothesized that Pth1r ablation from the adipogenic,
not the osteogenic lineage or the MSCs, could expand the osteogenic lineage. Although
we observed a decrease in OPC, we demonstrated an increase in osteoid thickness
and mineralizing surface. Despite that Pth1rAPs mice had less CFU-F colonies, CFU-
Ob differentiation was similar between Pth1rMALPs mice and littermate controls, implying
that progenitors from Pth1rMALPS mice have an enhanced capability of osteoblastic
differentiation albeit their decreased number. These results suggest that loss of PTH
signaling in MALPs decreases the progenitor pool by shifting them into a more
differentiated and functional states.

The majority of cells forming CFU-F colonies are non-MALPs. Zhong et al (Zhong
et al., 2020) reported that only 2.03% of CFU-F cells were tdTomato+ by flow cytometry.
Consistently, we showed that only 2.1 £ 2.4% of cells within the CFU-F colonies were
tdTomato+ bright, while the remaining were tdTomato- and tdTomato dim (2.47 +
1.94%). Since the majority of CFU-F cells are non-MALPs, it is counterintuitive that we
observed a decrease in CFU-F formation. Indeed, when MALPs were ablated, Zhong et
al observed a decrease in CFU-F colonies (Zhong et al., 2020), suggesting that MALPs
exert paracrine effects on bone marrow progenitors.

In vivo, AdipoqCre;tdTomato+ cells do not form bone-like structures when
transplanted under the renal capsule (Zhong et al., 2020). Yu et al (Yu et al., 2020)
cultured AdipoqCre;tdTomato-negative cells under adipogenic and osteogenic

conditions. Cells in adipogenic medium gained tdTomato expression, while cells in



osteogenic medium did not. We cultured WBM cells under osteogenic conditions, and
6.35 +4.6% and 5.72 £ 2.7% of cells in CFU-Ob colonies were tdTomato+ bright and
tdTomato+ dim, respectively. One possible explanation for the presence of tdTomato
dim signal is Cre mosaicism, a phenomenon observed with other Cre promoters
(Heffner et al., 2012). Another plausible explanation is that these tdTomato+ dim cells
are tdTomato- cells in the process of committing to the adipogenic lineage and gradually
acquiring Adipoq expression. We believe that the latter explanation is more likely to be
true. We supported this notion by assessing Pth1r gene expression in CFU-Ob cells
from Pth1rMALPs mice, which was decreased by 90%. This cannot be reflected by the
presence of only 4.08 + 1.1% tdTomato+ bright cells, while the tdTomato+ dim cells
represented 43.02 + 1.74%, implying that tdTomato+ dim cells express Adipog and are
targeted by AdipoqgCre. Zhou et al (Zhou et al., 2017) demonstrated that ~60% of CFU-
F colonies formed by AdipoqCreER;tdTomato+ Lepr+ cells were Alizarin-Red-S+,
implying that MALPs have the ability to undergo osteogenic differentiation in vitro.
Therefore, while it is known that MALPs do not form bone-like structures in vivo, we
showed that they exhibit cellular plasticity in vitro.

BMAT is considered functionally distinct from peripheral adipose tissues and
accounts for greater than 10% of adipose tissue in the body (Liu et al., 2011, Mattiucci
et al., 2018, Suchacki et al., 2020). Bone marrow adiposity gained interest with the
growing evidence of its various functions, including adiponectin secretion, hematopoietic
supporting factors secretion (SCF and CXCL12), driving tumor metastasis to bone, and
most relevantly, RANKL production and regulation of skeletal homeostasis (Veldhuis-

Vlug and Rosen, 2018, Morris and Edwards, 2019, Yu et al., 2020). A precursor to the



multi-functional bone marrow adipocyte is the MALP, which was recently described
(Zhong et al., 2020). While lacking lipid droplets, MALPs are defined by their Adipoq
expression, and are efficiently targeted by AdipoqCre (Zhong et al., 2020, Yu et al.,
2020). While the Adipog+ cells in the bone marrow were studied prior to the description
of MALPs (Zhou et al., 2017), the role of MALPs in the context of skeletal homeostasis
has not been fully elucidated. Zhong et al (Zhong et al., 2020) demonstrated an
increase in trabecular bone mass following MALPs ablation, which was more
pronounced in the diaphysis. Likewise, Zhou et al (Zou et al., 2020) showed an increase
in trabecular and cortical bone mass with MALPs ablation. This was coupled with a brisk
activation of osteoblastic differentiation. Both phenotypes were not reversed by fat
transplantation, implying that MALPs suppress osteogenesis in a manner confined to
the bone marrow environment. We show for the first time that PTH signaling in MALPs
contributes to their regulation of skeletal homeostasis and that PTH exerts differential
effects on different cell lineages, with opposite effects noted on the osteogenic and
adipogenic lineages. We confirmed this phenotype in vivo and in vitro. First, an increase
in trabecular bone mass was observed at 7 and 12 weeks of age, reflected by an
increase in bone formation rate at 4 weeks of age in Pth1rMALPs mice. Second, while
Pth1rMALPs mice had less progenitors in vivo and in vitro, they displayed comparable
osteogenic differentiation potentials as the control mice, implying an enhanced
osteogenic differentiation potential. Taken together, these data confirm that, contrary to
its direct effect on BMSCs, PTH signaling in MALPs suppresses osteogenesis.
Increased bone marrow adipogenesis is part of several physiologic states such

as puberty and aging, as well as pathologic alterations such as osteoporosis, diabetes,



and anorexia nervosa (Veldhuis-Vlug and Rosen, 2018). Intermittent PTH treatment
decreases BMAT in osteoporotic men and women (Turner and Iwaniec, 2011, Yang et
al., 2016, Fan et al., 2017). When Gsa., a heterotrimeric G protein of the Pth1r (Cheloha
et al., 2015), was deleted from Osx-expressing cells, the expansion in BMAT
accompanied the decrease in trabecular bone (Sinha et al., 2014), confirming that PTH
signaling suppresses adipogenesis. Additionally, by conditionally deleting Pth1r from
Prx1-expressing bone marrow progenitors, Fan et al (Fan et al., 2017) demonstrated a
dramatic decrease in trabecular and cortical bone mass, associated with an expansion
of BMAT, concluding that PTH signaling in BMSC favors osteoblastic differentiation.
Prx1-expressing cells are common progenitors to osteoblasts, chondrocytes, and
adipocytes (Ambrosi et al., 2019). Given that bone marrow adipose lineage
differentiates from a Prx1+ progenitor, we expected that PTH signaling in the adipose
lineage suppresses adipogenesis in a manner parallel to that of the Prx71-expressing
progenitor. Here, we delete the Pth1r only in the adipose lineage, which resulted in an
increase in marrow adiposity, confirming that PTH signaling decreases adipogenesis.
RANKL is a key cytokine required for osteoclast differentiation and is known to
be secreted from the osteoblast lineage (O'Brien, 2010, Xiong et al., 2015). Recently,
Yu et al (Yu et al., 2020) reported a 15-fold increase in Rankl gene expression in
MALPs compared to Adipog- cells. We showed that MALPs exhibit a 14-fold increase in
Rankl gene expression compared to tdTomato- cells. Additionally, the highest levels of
ligand-receptor interaction with osteoclasts was observed in MALPs (Yu et al., 2020),
confirming that MALPs are a major source of RANKL. It is long known that PTH

increases RANKL production, particularly in the osteoblastic lineage (Fu et al., 2002,



Huang et al., 2004, Walker et al., 2012). However, it is not known whether PTH acts
similarly on the adipogenic lineage. Upon Pth1r deletion in MSCs, Fan et al (Fan et al.,
2017) demonstrated an increase in Rankl gene expression from BMAT. Consistently,
we showed an increase in Rankl gene expression upon Pth1r deletion in the adipose
lineage, coupled with an increase in osteoclast differentiation. Therefore, we conclude
that PTH exhibits differential effects on Rankl expression depending on the cell lineage;
while PTH induces Rankl expression in the osteoblast lineage, it suppresses Rankl/

expression in the adipose lineage.

Conclusions

Pth1ris expressed in many cell populations within the bone marrow, and the
PTH signaling pathway plays a major role in the regulation of skeletal homeostasis
(Lanske et al., 1996). Moreover, it is now evident that PTH signaling is involved not only
in the regulation of bone mass but also in the regulation of BMAT. MALPs are a recently
recognized cell population of adipogenic precursors within the bone marrow. The role of
Pth1rin MALPs is not known. Our studies showed that PTH signaling in MALPs
suppress osteogenesis by inhibiting the differentiation of progenitors. Furthermore, we
confirmed that PTH signaling in the adipose lineage suppresses adipogenesis. Lastly,
we showed that PTH signaling in MALPs suppress osteoclastogenesis, contrary to its
effects on the osteoblast lineage.

Our current and ongoing experiments are focused on exploring the skeletal
effects of intermittent PTH treatment in the absence of PTH signaling in MALPs and

LiLA. Furthermore, we are describing the role of PTH on MALPs differentiation ex vivo.



Lastly, we are characterizing the genetic profiles of MALPs in the absence of PTH

signaling.

Materials and methods

Generation of AdipoqCre;Pth1r"?, TdTomato™" conditional knockout mice
AdipoqCre; TdTomato™" mice were purchased from Jackson Laboratory (Stock
No. 028020). Floxed Pth1r mice were provided by B. Lanske. Floxed mice were crossed
with AdipoqCre; TdTomato™" mice to obtain, AdipoqCre;Pth1r"", TdTomato™"
(Pth1™MALPs) | AdipoqCre; TdTomato™" mice and Pth1r"", TdTomato™" were used as

controls.

Animal studies

Animal studies were approved by the Harvard University Institutional Animal
Care and Use Committee (IACUC). All mice were maintained in a pathogen-free,
temperature- and light-controlled environment. Mice were identified by ear tags and
genomic DNA (gDNA) was obtained from ear punches. Punched ear tissues were
digested in 0.5 mL lysis buffer (1M Tris, 5M NaCl, 0.5M Ethylenediaminetetraacetic acid
[EDTA] pH 8.0, 10% SDS) and proteinase K (20 mg/mL) at 55° C and 850 rpm
overnight. gDNA was isolated using 0.5 mL isopropyl alcohol and PCR-based
genotyping was performed using GoTaq Green Master Mix (Promega Catalog #M7122).

Intraperitoneal injections were performed using two florescent labels to quantify
bone formation rate. Four-week-old mice were injected with calcein (20 mg/kg) 3 days

before bone collection and demeclocycline (40 mg/kg) + calcein (10 mg/kg) 1 day



before collection. Seven and twelve-week-old mice were injected with calcein 7 and 8
days before bone collection and demeclocycline + calcein 2 days before collection,
respectively. Mice were euthanized at 4, 7 and 12 weeks of age using carbon dioxide
inhalation followed by cervical dislocation. Cutaneous and visceral white adipose tissue
was collected from inguinal (iWAT) and epididymal (eWAT) fat depots, respectively.
Brown adipose tissue was collected from interscapular adipose tissue (iBAT). Tibiae,
femurs and lumbar 3-5 vertebra were collected for skeletal phenotyping and gene

expression assays.

Whole body images and organ images
Whole body images were obtained using Bruker MS FX Pro in-vivo animal
imager and organ images were obtained using Leica MZ FL Ill Fluorescence Stereo

Microscope.

uCT skeletal analysis

Tibiae were fixed in 70% ethanol and scanned using uCT35 (Scanco Medical
AG, Brttisellen, Switzerland). The bones were scanned at 55 kVP, 145 pA intensity,
200 msec integration time, 12 um voxel size and 1000 projections/180°. Cortical bone
was measured in the mid-shaft region (75% the distance between the growth plate and
the tibia-fibula junction) and extending 0.6 mm distally. The trabecular bone was
measured 0.6 mm distal to the growth plate and extending 1.2 mm distally. A threshold

of 394 mgHA/cm3 was used for cortical bone and 303 mgHA/cm? was used for



trabecular bone. All uCT parameters were reported in accordance with previously

published guidelines (Bouxsein et al., 2010).

Osmium staining and uCT BMAT analysis

Tibiae from 4- and 7-week-old mice were fixed in 10% neutral buffered formalin
for at least 24 hours and processed as described previously (Scheller et al., 2014).
Briefly, bones were washed under cold water for 1 hour and stored in PBS.
Decalcification was carried out using 14% EDTA (pH 7.4) for 10-14 days depending on
the mice age (changed every 3 days). Bones were washed 3 times using PBS (10
minutes each) and stained with 2% aqueous osmium tetroxide (Polysciences Catalog
#23310-10) and 5% potassium dichromate for 48 hours. Bones were then washed and
scanned at 55 kVP, 145 pA intensity, 300 msec integration time, 12 um voxel size and
1000 projections/180°. rBMAT was measured in the proximal one-third of the tibia, and
cBMAT was measured in the distal one-third of the tibia. Parameters are reported

according published guidelines (Bravenboer et al., 2019, Tratwal et al., 2020).

Histomorphometry

Tibiae were dissected from muscle, fixed in 70% ethanol for at least 24 hours,
and dehydrated using acetone then embedded in methylmethacrylate (MMA).
Undecalcified 4 ym-thick sections were obtained using a microtome and stained with
Von Kossa stain to show the mineralized bone. A consecutive second section was left
unstained for the analysis of fluorescence labeling, and a third section was stained with

2% Toluidine Blue (pH 3.7) to measure osteoid thickness and quantify osteoblasts. A



fourth section was stained with tartrate-resistant acid phosphatase (TRAP) to quantify
osteoclasts. Only bi- and multinucleated cells were considered osteoclasts. Bone
histomorphometric analysis was performed using OsteoMeasure analyzing software
(Osteometrics Inc., Decatur, GA, USA) under X200 magnification. Trabecular bone was
measured 0.45 um distal to the proximal growth plate and 0.9 mm in height and 1.3 mm
in width. The structural parameters (bone volume [BV/TV], trabecular thickness [Tb.Th],
trabecular number [Tb.N] and trabecular separation [Tb.Sp]) were obtained by
calculating an average from the 3 consecutive sections. The structural, dynamic, and
cellular parameters were reported according to the standardized nomenclature

(Dempster et al., 2013).

Gene expression assays

RNA was extracted from freshly isolated or snap-frozen tissues and cells using
RNeasy Plus Micro Kit (Qiagen Catalog #74034) or RNeasy Plus Mini Kit (Qiagen
Catalog #74136) according to manufacturer’s instructions. RNA was quantified using
NanoDrop ND-1000 (Thermo Fisher Scientific) and cDNA was prepared using iScript™
cDNA Synthesis Kit (Bio-Rad catalog #1708891). Gene expression was determined
using the conventional RT-qPCR method with Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) and b2-microglobulin (B2M) as housekeeping genes. Fold

change was reported as 2-24CT,

Frozen sections and immunostaining



Tibiae were fixed using 4% paraformaldehyde at 4°C overnight, washed, and
briefly decalcified using 10% EDTA solution for 3 days. After decalcifications, the bones
were infiltrated with 30% sucrose overnight and embedded in optimal cutting
temperature (OCT) compound. Ten um-thick sections were obtained using Leica
cryostat. After blocking, the frozen sections were incubated with Anti-Sp7 antibody
(1:200; Abcam Catalog #ab209484) overnight at 4°C. After washing, the sections were
then incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (1:200;
Invitrogen Catalog #A-11008). Confocal images were obtained using Leica TCS SPE

confocal microscope.

Serum biomarkers measurements

Blood was collected from the submandibular vein (at sacrifice) from 2-hour
fasting mice. Sera were purified after centrifugation at 12500 rpm for 10 minutes and
used for biochemical assays. Serum C-terminal telopeptide of type | collagen (CTX-I)
levels were measured using RatLaps™ (CTX-I) EIA (Immunodiagnosticsystems Catalog
#AC-06F1) and N-terminal propeptide of type | procollagen (PINP) levels were
measured using Rat/Mouse PINP EIA (Immunodiagnosticsystems Catalog #AC-33F1)

according to manufacturer’s instructions.

Flow cytometry (FC) and florescence-assisted cell sorting (FACS)
Flushed bone marrow cells were resuspended in RBC Lysis Buffer (eBioscience
Catalog # 00-4333-57) for 4 minutes. After adding 20 mL of PBS, cells were centrifuged

at 500 x g for 5 minutes. PBS was decanted the cells were resuspended in 100 uL



FACS buffer (PBS with 2% FBS and 0.5 mM EDTA). Cells were incubated with 0.25
1g/106 cells TruStain FcX™ PLUS (BioLegend Catalog # 156604 ) for 15 minutes at 4°
C in the dark to block non-specific IgG binding. Then, cells were incubated with the
antibodies (Flow cytometry and FACS antibodies table). Cells were then washed
twice using FACS buffer and incubated with 5-10 pl/test 7-Aminoactinomycin D (7-AAD,
BioLegend Catalog #420403) for 10-15 minutes in the dark at 4° C immediately before
FC/FACS. Alternatively, Live-or-Dye™ 750/777 Fixable Viability Staining Kit (Biotium
Catalog # 32008) was used for dead cell exclusion. Flow cytometry was carried out
using a four-laser Attune NxT Flow Cytometer (ThermoFisher Scientific) and FACS was
carried out using BD™ LSR Il. Compensation was performed using UltraComp eBeads
Plus compensation beads (Thermo Fisher Scientific Catalog #01-3333-41) and
florescence minus one (FMO) method. Cells were collected in culture medium when

used for cell culture or RLT buffer for RNA extraction.

CFU assays

Bone marrow stromal cells were collected as described previously (Fan et al.,
2017). Briefly, long bone ends were cut and bone marrow was flushed with ice-cold
sterile phosphate buffered saline (PBS) using a needle and syringe. Cells were
resuspended gently using a pipette and pelleted after centrifugation at 500 x g for 5
minutes. Supernatant was decanted and cells were gently resuspended in 1 mL of Red
Blood Cell Lysing Buffer Hybri-Max (Sigma-Aldrich Catalog # R7757) for 30 seconds.
After adding 12 mL of PBS, cells were centrifuged at 500 x g for 5 minutes. Supernatant

was decanted and the cells were resuspended in a-MEM, 20% fetal bovine serum



(FBS) and 1% penicillin/streptomycin and plated at 3 x 10° cells/well in a 6-well plate.
Cells were allowed to attach for 24 hours; non-adherent cells were aspirated, and media
were changed subsequently according to the planned differentiation assay. For CFU-
Ob, the culture medium was supplemented with 50 pug/ml ascorbic acid (Sigma Catalog
#A5960) and 10 mM B-glycerophosphate (Sigma Catalog #G9422). For adipogenic
differentiation, the culture medium was supplemented with 0.5 mM 3-Isobutyl-1-
methylxanthine (IBMX; Sigma Catalog #15879), 1 uM dexamethasone (Sigma Catalog
#D4902), 10 ug/ml insulin (Sigma Catalog #16634) and 1 uM rosiglitazone (Sigma
Catalog #R2408) for the first two days. Then the adipogenic differentiation medium was
switched to adipogenic base medium composed of 10 ug/ml insulin (Sigma Catalog
#16634) and 1 uM rosiglitazone (Sigma Catalog #R2408). A regular full medium was
used for CFU-F for 10 days. For CFU-F, cells were stained with crystal violet after
fixation with 10% formalin at day 10. For CFU-Ob and CFU-Ad, cells were stained with
alkaline phosphatase (day 12) and oil red O (day 10) after fixation with 10% formalin,
respectively. The percentage of stained area was measured using ImageJ software.
FACS sorted cells were collected in a-MEM culture medium supplemented with
20% fetal bovine serum (FBS), 1% penicillin/streptomycin, 20 mM L-Glutamine, and
0.1% 2-mercaptoethanol. Cells were collected in Eppendorfs and transferred to 0.1%
gelatin-coated 12-well plates and seeded at 3000 cells/well (tdTomato+ bright and
tdTomato+ dim), 10° cells/well for tdTomato-, and 10° cells/well for unfractionated whole
bone marrow. Cells were incubated in a hypoxic incubator (10% CO2 and 5% O2). The

culture medium was changed after 48 hours, and differentiation started at day 7.



Staining was carried out at day 10 of culture. Photomicrographs were obtained using

Keyence BZ-X800 microscope.

Histology

Peripheral adipose tissues (iWAT, eWAT and iBAT) were fixed in 10% neutral
buffered formalin for at least 24 hours and embedded in paraffin following fixation. Five
pum-thick sections were obtained using a microtome and stained with hematoxylin and

eosin. Photomicrographs were captured using cellSens imaging software (Olympus).

Statistics

Statistics were performed using Prism 8 (GraphPad San Diego, CA). All data
were reported as mean = standard error of the mean. Outliers were determined using
ROUT method with Q = 1% and were excluded. Student’s t-test was used to compare
two groups and two-way ANOVA followed by Tukey’s multiple comparisons was used
for 3 or more groups. Alpha was set at 0.05. lllustrations are made using

Biorender.com.
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Figure 1: PTH signaling in MALPs suppresses osteogenesis.
A) uCT analysis of trabecular bone in the proximal tibia of Pth1MALPs female mice and
littermate controls. Pth1MALPs mice had an increase in bone volume at 12 weeks of age,

coupled with an increase in trabecular number and trabecular thickness (n=5-12;



genotype effect calculated by two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 by Student's t-test).

B) Representative images of 3-dimentional (3-D) reconstruction of trabecular bone.
Note the increase in bone volume particularly at 12 weeks of age.

C) Dynamic histomorphometry analysis of proximal tibia. Pth1rMAPS mice exhibited an
increase in bone formation rate, mineralized surface, and osteoid thickness (n=5-8;
genotype effect calculated by two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 by Student's t-test).

D) Representative photomicrographs of toluidine blue staining. Pth1MAPS mice

exhibited an increase in osteoid thickness (original magnification X400).
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Figure 2: Loss of PTH signaling in MALPs does not affect the cortical bone.
A) Representative photomicrographs of tdTomato florescent labelling. tdTomato+ cells

are non-existent on the periosteal surface.



B) uCT analysis of cortical bone in mid-shaft tibia of Pth1rMALPs female mice and
littermate controls. Pth1MALPs mice and littermate controls have similar cortical bone
volume and thickness (n=5-12; genotype effect calculated by two-way ANOVA).

C) Representative images of 3-D reconstruction of cortical bone.
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Figure 3: PTH signaling in MALPs maintains osteochondroprogenitors by
suppressing their differentiation into mature osteoblasts.
A) Representative flow cytometry density plots of MSC population from flushed bone

marrow from 4-week-old Pth1/MALPs mice and littermate controls. Live cells were gated

based on CD31-/CD45-/Ter119-.



B) Quantification of MSCs. Pth1MALPs mice had a similar MSC proportion as the
littermate controls.

C) Representative flow cytometry density plots of OPC population from flushed bone
marrow from 4-week-old Pth1/MALPs mice and littermate controls. Live cells were gated
based on CD31-/CD45-/Ter119-.

D) Quantification of OPCs. Pth1rMALPs mice exhibited a decrease in OPC percentage by
half (n=7-8/group, Student's t-test, * p < 0.05).

E) Grem1 gene expression is increased in MALPs by ~400 fold compared to tdTomato-
cells. MALPs from Pth1/MALPs mice exhibit an 80% decrease in Grem1 expression (n=5-
5/group, Student's t-test, * p < 0.05).

F) Representative florescent photomicrographs of tdTomato+ and Osx+ cells. Pth1/MALPs

mice exhibit a mild increase in Osx+ cells.
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increasing their differentiation into osteoblasts.

Loss of PTH signaling in MALPs decreases bone marrow progenitors by

A) Crystal violet staining of CFU-F cells showed a notable decrease in bone marrow

progenitors in Pth1rMALPs mice.



B) Quantification of the stained area. Cells from Pth1MALPs mice exhibited a significant
decrease in CFU-F (n=3-4 experiments/group, each experiment was performed in
duplicate, Student's t-test, * p < 0.05).

C) Experimental design of cultured unfractionated flushed bone marrow cells. tdTomato
positivity was assessed after 10 days of culture for CFU-F and 12 days of culture for
CFU-Ob.

D) Representative flow cytometry density plots of tdTomato- control, tdTomato+ dim,
tdTomato+ bright, and overall tdTomato+.

E) Quantification of tdTomato+ dim, tdTomato+ bright, and overall tdTomato+ cells in
CFU-F. Less than 10% of CFU-F cells were tdTomato+ in the control group. Cells from
Pth1MALPs mice exhibited an increase in tdTomato+ dim cells (n=3-4
experiments/group, each experiment was performed in duplicate, Student's t-test, * p <
0.05).

F) Alkaline phosphatase staining of CFU-Ob cells showed comparable osteogenic
differentiation potentials between Pth1rMALPs mice and littermate controls.

G) Quantification of the stained area (n=5 experiments, each experiment was performed
in duplicate).

H) CFU-Ob/CFU-F ratio was significantly increased in cells from Pth1/MALPs mice (n=3
experiments/group, each experiment was performed in duplicate, Student's t-test, * p <
0.05).

I) RT-gPCR analysis of Osx and osteocalcin (Ocn) gene expression from CFU-Ob cells
revealed a slight increase in osteoblast differentiation genes (n=3 experiments/group,

each experiment was performed in duplicate).



J) Representative flow cytometry density plots of tdTomato+ bright, tdTomato+ dim, and
combined tdTomato+ cells from CFU-ODb cells.

K) Quantification of tdTomato positivity stratified by tdTomato signal intensity (n=3
experiments, each experiment was performed in duplicate).

L) RT-gPCR analysis of unfractionated CFU-Ob cells revealed a 90.3% decrease in
Pth1r mMRNA gene expression (n=3 experiments/group, each experiment was performed

in duplicate, Student's t-test, ** p < 0.01).
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Figure 5: PTH signaling in MALPs suppresses adipogenesis.

A) Representative flow cytometry density plots of APC population from flushed bone
marrow cells. Live cells were gated based on CD31-/CD45-/Ter119-.

B) Quantification of APCs from Pth1/MALPs mice and littermate controls showed a 28%
non-significant increase in APC percentage in Pth1rMALPS mice (n=7-9/group).

C) Representative 3-D reconstruction of osmium-stained tibiae of 7-week-old female
mice.

D) Quantification of BMAT volume and density in rBMAT and cBMAT. Seven-week-old
Pth1™MALPs mice had a higher BMAT volume and density (n=3-10; genotype effect
calculated by two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by

Student's t-test).



E) Pth1/™MALPs mice and littermate controls had a similar CFU-Ad/CFU-F ratio.
F) Photomicrographs of CFU-Ad colonies. The majority of cells within the CFU-Ad

colonies were tdTomato+ (original magnification X200).
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Figure 6: PTH signaling in MALPs suppresses osteoclastogenesis.

A) MALPs exhibit a ~14-fold increase in Rankl gene expression compared to tdTomato-

cells and deletion of Pth1r in MALPs increases Rankl expression by ~7 folds (n=1-

5/group).

B) Quantitative analysis of TRAP+ cells on the endosteal surface revealed an increase

in osteoclast number and surface upon Pth1r deletion in MALPs (n=5-8; genotype effect

calculated by two-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by

Student's t-test).



C) Representative photomicrographs of endosteal TRAP+ osteoclasts (original
magnification X400).

D) Representative photomicrographs of medullary/trabecular osteoclasts (original
magnification X400).

D) Medullary/trabecular osteoclast number and surface showed a similar trend, albeit
not significant (n=5-8; genotype effect calculated by two-way ANOVA).

F) Serum CTX and PINP concentrations were similar between the two groups (n=3-10;

genotype effect calculated by two-way ANOVA).
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Figure 7: PTH signaling in MALPs is not crucial for their support for
hematopoietic stem cells and type H endothelium.

A) Representative flow cytometry density plots of live CD31+Emcn+ cells (THECs) from
flushed bone marrow from 4-week-old female mice.

B) Quantification of THECs. Control and Pth1rMA-Ps mice had comparable percentages
(n=3-9/group).

C) Representative flow cytometry density plots. Live cells were gated as Lineage-/Sca-
1+/c-Kit+ (LSK cells). Quadrant 1: HPC-1, quadrant 2: HPC-2, quadrant 3: MPP, and
quadrant 4: HSC.

D) Quantification of MPP, HSC, HPC-1, and HPC-2 reported as percentage whole bone

marrow (WBM). Control and Pth1MALPs mice had similar proportions (n=3-8/group).
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Figure S1: AdipoqCre targets the adipose lineage including MALPs.

A) Whole body florescent imaging of a tdTomato™ mouse (left) and
AdipoqCre;tdTomato™* mouse (right) highlighting tdTomato expression in areas of
adipose tissues.

B) Macroscopic images of peripheral adipose tissue and kidneys of td Tomato™*
AdipoqCre;tdTomato™* mice. tdTomato™* mice lack tdTomato expression in all tissues
examined. AdipoqCre;tdTomato™* mice express tdTomato only where Adipoq is

expressed.

C) Pth1r gene expression from iWAT revealed 95% deletion of Pth1r (n=3-6/group,

Student's t-test, **** p < 0.0001).



D) Gating strategy of flushed bone marrow cells. Singlets were gated as 7-AAD-/CD31-
/CD45-/Ter119- and subsequently based on tdTomato positivity.

E) MALPs exhibit a 16-fold increase in Pth1r gene expression compared to tdTomato-
cells. MALPs from Pth1MALPs mice exhibit a 50% decrease in Pth1r expression (n=1-5).
BF; bright field, eWAT; epidydimal white adipose tissue, iBAT; interscapular brown

adipose tissue, iIWAT; inguinal white adipose tissue.
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Figure S2: Pth1r"ALPs male mice exhibit a similar skeletal phenotype to Pth1/MALPs

female mice, albeit not significant.

A) uCT analysis of trabecular bone at 3 time points. Pth1/MALPs male mice exhibited an

increase in trabecular bone (n=2-11; genotype effect calculated by two-way ANOVA; * p

<0.05, * p<0.01, ** p <0.001, *** p < 0.0001 by Student's t-test).

B) uCT analysis of cortical bone in mid-shaft tibia of Pth1rMALPs male mice and littermate

controls; no changes were observed between the two groups (n=2-11; genotype effect

calculated by two-way ANOVA).
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Figure S3: Ablation of Pth1r in adipose tissue does not alter peripheral adipose
tissue.

A) Body weights and peripheral adipose tissue weights of Pth1/MALPS mice and control
littermates (n=5-16; genotype effect calculated by two-way ANOVA).

B) Photomicrographs of brown and white adipose tissues show similar adipocyte

number and size in Pth1rMA-Ps mice and control littermates.



Tables:

Table S1: Two-way ANOVA analysis of structural, dynamic, and cellular

parameters.
Two-way ANOVA
Parameter Interaction Age Genotype
BVITV 0.6295 0.0002 0.0010
Tb.Th 0.1035 <0.0001 0.1565
Tb.N 0.4836 <0.0001 <0.0001
Tb.Sp 0.9714 <0.0001 <0.0001
SMI 0.1683 <0.0001 0.3856
Conn.D 0.1138 < 0.0001 0.0200
MAR 0.8533 < 0.0001 0.6878
MS/BS 0.0527 0.4878 0.0066
BFR/BS 0.0368 <0.0001 0.0944
sL.S/BS 0.5281 0.0001 0.5203
dL.S/BS 0.0829 0.0245 0.0429
O.Th 0.3640 0.1921 0.3009
0Ss/BS 0.1455 0.0196 0.8077
N.Ob/B.Pm 0.0606 0.0010 0.8125
Ob.S/BS 0.0893 0.0078 0.7151

Abbreviations:

BV/TV, bone volumel/tissue volume, Tb.Th, trabecular thickness, Tb.N, trabecular

number, Tb.Sp, trabecular separation, SMI, structure model index, Conn.D, connectivity

density, MAR, mineral apposition rate, MS/BS, mineralized surface/bone surface,

BFR/BS, bone formation rate/bone surface, sL.S/BS, single label surface/bone surface,




dL.S/BS, double label surface/bone surface, O.Th, osteoid thickness, OS/BS, osteoid

surface/bone surface, N.Ob/B.Pm, number of osteoblasts/bone perimeter, Ob.S/BS,

osteoblast surface/bone surface

Table S2: Two-way ANOVA analysis of osmium-stained puCT analysis.

Two-way ANOVA
Parameter Interaction Age Genotype
rBMAT density 0.0120 <0.0001 0.0292
rBMAT volume 0.0069 <0.0001 0.0166
cBMAT density 0.3529 0.0052 0.7787
cBMAT volume 0.4995 0.0132 0.7698

Abbreviations:

rBMAT, regulated bone marrow adipose tissue, cBMAT, constitutive bone marrow

adipose tissue

Table S3: Two-way ANOVA analysis of osteoclast number and surface.

Two-way ANOVA

Parameter Interaction Age Genotype
En N.Oc/B.Pm 0.5824 0.0003 0.0017
En Oc.S/B.Pm 0.8367 0.0001 0.0012
Med N.Oc/B.Pm 0.0508 0.2597 0.7071
Med Oc.S/B.Pm 0.0161 0.6171 0.8021

Abbreviations:




En, endosteal, Med, medullary, N.Oc/B.Pm, number of osteoclasts/bone perimeter,

0Oc.S/BS, osteoclast surface/bone surface

Flow cytometry and FACS antibodies table:

RA3-6B2;

Antibody Conjugate Clone Source Catalog no. Dilution

FACS antibodies

Anti-CD45 FITC 30-F11 eBioscience 11-0451-82 1:100

Anti-Ter119 FITC TER-119 | BioLegend 116205 1:100

Anti-CD31 FITC 390 eBioscience | 11-0311-82 1:50

Flow cytometry: MSC, OPC, and APC panel

Anti-CD45 Super Bright | 30-F11 eBioscience | 64-0451-80 1:40
645

Anti-Ter119 Super Bright | TER-119 | eBioscience | 64-5921-82 1:40
645

Anti-CD31 Super Bright | 390 eBioscience | 64-0311-82 1:80
645

Anti-Sca-1 APC-Cy7 D7 BioLegend 108126 1:100

Anti-CD24 APC M1/69 eBioscience 17-0242-82 1:200

Anti-Pdgfra Super Bright | APA5 eBioscience | 62-1401-82 1:50
436

Flow cytometry: MPP, HSC, HPC-1, and HPC-2 panel

Lineage FITC 145-2C11; | BioLegend 133302 1:10

cocktail RB6-8C5;




Ter-119;

M1/70
Anti-Sca-1 APC-Cy7 D7 BioLegend 108126 1:100
Anti-CD117 APC 2B8 BioLegend 105811 1:50
Anti-CD150 eFluor 450 mShad150 | eBioscience | 48-1502-82 1:50
Anti-CD48 Super Bright | HM48-1 eBioscience | 67-0481-82 1:50
702
Flow cytometry: Type-H endothelial cells
Anti-CD31 Super Bright | 390 eBioscience | 64-0311-82 1:80
645
Anti- eFluor 660 eBioV.7C7 | eBioscience | 50-5851-82 1:100
Endomucin (V.7C7)




