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Abstract

The healing capacity of bones after fracture implies the existence of adult regenerative cells.
However, information on identification and functional role of fracture-induced progenitors is still
lacking. Paired-related homeobox 1 (Prx1) is expressed during skeletogenesis. We hypothesize
that fracture recapitulates Prx1’s expression, and Prx1 expressing cells are critical to induce repair.
To address our hypothesis, we used a combination of /n vivo and /n vitro approaches, short and
long-term cell tracking analyses of progenies and actively expressing cells, cell ablation studies,
and rodent animal models for normal and defective fracture healing. We found that fracture elicits
a periosteal and endosteal response of perivascular Prx1+ cells that participate in fracture healing
and showed that Prx1-expressing cells have a functional role in the repair process. While Prx1-
derived cells contribute to the callus, Prx1’s expression decreases concurrently with differentiation
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into cartilaginous and bone cells, similarly to when Prx1+ cells are cultured in differentiating
conditions. We determined that bone morphogenic protein 2 (BMP2), through C-X-C motif-
ligand-12 (CXCL12) signaling, modulates the downregulation of Prx1. We demonstrated that
fracture elicits an early increase in BMP2 expression, followed by a decrease in CXCL12 that in
turn down-regulates Prx1, allowing cells to commit to osteochondrogenesis. /nn vivoand in vitro
treatment with CXCR4 antagonist AMD3100 restored Prx1 expression by modulating the BMP2-
CXCL12 axis. Our studies represent a shift in the current research that has primarily focused on
the identification of markers for postnatal skeletal progenitors, and instead we characterized the
function of a specific population (Prx1+ cells) and their expression marker (Prx1) as a crossroad in
fracture repair. The identification of fracture-induced perivascular Prx1+ cells and regulation of
Prx1’s expression by BMP2 and in turn by CXCL12 in the orchestration of fracture repair,
highlights a pathway in which to investigate defective mechanisms and therapeutic targets for
fracture non-union.

Keywords
Prx1; BMP2; CXCL12; fracture healing; skeletal cells; progenitor

1. Introduction

The combined lifetime incidence of hip, forearm and vertebral fractures is around 40%,
which is equivalent to the incidence of cardiovascular diseases. Fractures account for the
largest total lifetime cost associated with any one injury type, with over $99 billion in
estimated annual medical costs and productivity loss in the United States.(1) Fracture
healing is a complex, multistep process that involves multiple cell lineages and is still not
fully understood. Although new advances in orthopedic surgery have substantially enhanced
fracture healing outcomes, there is a subset of fractures that continue to be deficient in bone
repair and culminate in failure of healing (non-unions). Revealing the key mechanisms that
orchestrate fracture repair may identify therapeutic targets to promote healing in patients that
suffer from non-unions.

The high regenerative capacity of bones after fracture implies the existence of adult
progenitor cells capable of contributing to the reparative process.(2—4) However, the nature
of these progenitor cells remains elusive. It is evident that the periosteum is critical to
fracture repair as indicated by the fact that its removal impedes repair.(5-10) However, the
cell population(s) that govern the regenerative ability of the periosteum are largely unknown.
Although some markers for periosteal cells have been identified, most of the studies have
been based on tracing cells (or their progeny), tagged with an imaging reporter system,
during fracture repair.(1114) A functional role of these specific markers and the contribution
of the progenitor cells expressing those markers to the reparative process have not been fully
elucidated. Furthermore there is evidence, including from our laboratory, that the endosteum
contributes to the repair, either by providing cell population(s) derived from the bone
marrow (BM) that are critical in the early stage of fracture repair, or by contributing to the
formation of the callus.(8, 10, 15, 16) Characterizing the roles of specific cell population(s)
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in the fracture repair process can shed light on the defective mechanisms underlying non-
unions and lead to the development of cell-based therapies to treat them.

Prrx1 (paired-related homeobox protein 1) is a homeobox gene expressed in several
developing tissues, including skeletal elements.(16-19) In humans, mutation of PrrxZ can
lead to agnathia-otocephaly complex, a rare condition characterized by several skeletal
abnormalities including underdeveloped mandible, club foot, rib, and sacral bone dysplasia.
(20) Progeny of cells embryologically tagged with Prx1-Cre mediated imaging reporters,
namely Prx1-derived cells, localize in the periosteum and within the callus of fractured
bones.(21) Adult cells tagged with Prx1-cre imaging reporters can be identified within the
callus and are believed to be derived from the periosteum.(6, 10, 12, 14, 22, 23) Wilk et a/.
reported that postnatal calvarial skeletal stem cells expressing Prx1 reside in the sutures and
contribute to calvaria regeneration.(24) The function of cells actively expressing Prx1 and
the role of Prx1 in fracture repair is largely unknown. /n vitro studies have shown that Prx1
inhibits Osterix (Osx) and RUNX2 expressions as well as the osteogenic differentiation of
MC3T3 cells and mesenchymal stromal cells(25). Prx1 is also reported to maintain the
stemness of adult neural cells and to inhibit adipogenesis by activating TGF- signaling.(26,
27)

If the characterization of fracture-induced progenitors is critical, equally important is the
identification of humoral factors that control fracture regeneration. There is compelling
evidence that BMP2 has a critical role in fracture repair, including failed fracture repair in
mice with BMP2-deficient osteo-chondroprogenitor cells.(28-31) Furthermore, BMP2 levels
are reduced in fracture biopsies from patients with non-unions, and exogenous BMPs have
some beneficial effects in treating non-unions.(32—-34) We previously reported that in
BMP2-haploinsufficient mice failure of proper fracture healing is associated with a
disarranged increase of chemokine C-X-C motif-ligand-12 (CXCL12) expressed by
pericytic cells.(13) CXCL12 is a critical cytokine for cell mobilization and to support
hematopoiesis.(35) It is also expressed by osteoprogenitors and perivascular cells.(36-41)
CXCL12+ cells are present in bone and cartilage.(42—-44) CXCL12 binds to CXCR4 and
CXCRY7, although this latter receptor lacks an intracellular signaling.(35) AMD3100, an
antagonist of CXCR4 and CXCRY7, that has an excellent safety profile and has undergone
pharmacokinetic characterization in rodents and humans,(45-48) is FDA-approved to induce
hematopoietic stem cell mobilization.(49)

In this study, we analyze the regulation of Prx1’s expression in postnatal life and its
correlation to fracture healing. We have found that Prx1’s expression is fracture-induced,
decreases with callus formation and while Prx1-derived cells contribute to the callus they
lose Prx1 expression during differentiation into cartilaginous and bone cells, and when
cultured in differentiating conditions. Using /n vivo and in vitro approaches, we discovered
that Prx1 is downstream of CXCL12, and that BMP2 through CXCL12 signaling, modulates
the expression of Prx1. We report that fracture elicits an early increase of BMP2 that leads to
a decrease of CXCL12 that in turn down-regulates Prx1, allowing cells to commit to
osteochondrogenesis. Further, our findings on AMD3100 being able to regulate Prx1’s
expression by modulating the BMP2-CXCL12 axis represent a significant breakthrough for
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exploring its potential clinical use to treat non-unions, for which we lack a pharmacological
treatment.

2. Materials and Methods

2.1. Antibodies and reagents

Primary antibodies and fluorochrome-conjugated secondary antibodies are summarized in
Supplemental Table 1. Safranin O (S2255) was purchased from Fluka Chemical
(Milwaukee, WI). Hematoxylin (H3136), Orange G (07252), glacial acetic acid (A6283),
aluminum ammonium sulfate (A2140), 1dU (17125), collagenase (C1889), trypsin (T6567)
and 40H-TAM (4-hydroxy-tamoxifen) (H6278) were obtained from Sigma Aldrich (St
Louis, MO). Fast green (F7252) and sodium iodate (S4007) are from Fisher Scientific
(Waltham, MA). The inhibitor AMD3100 (Plerixafor) was from AdooQ Bioscience
(A13074, Irvine, California, USA).

2.2. Animal models

Prx1-CreER-GFP:ROSA26-l0x-STOP-lox-RGal double mutant mice were generated by
crossing male Prx1-CreER-GFP mice(6) (provided by Dr. Shunichi Murakami, Case
Western Reserve University, Cleveland, Ohio, USA) with female ROSA26-lox-STOP-lox-
RGal reporter mice (Jackson Laboratory, Bar Harbor, Maine, USA). In early postnatal
development, Prx1-CreER-GFP:ROSA26-1ox-STOP-lox-8Gal male mice received a single
intraperitoneal (/.p.) injection of 40H-tamoxifen (40OH-TAM) (0.25 mg/g body weight) at
age 3 days (P3). Mice were sacrificed at 6, 9, 12, 15, 18, and 21 days of age for histologic
analysis; CreER-negative littermates that received 40H-TAM were used as controls. In adult
life studies, male Prx1-CreER-GFP:ROSA26-10x-STOP-lox-RGal double mutant mice, as
well as their male littermate controls, received 7.p. injections of 4OH-TAM (0.5 mg/g body
weight) at the age of 16—-18 weeks for 5 days. Mice were sacrificed either 6, 28 or 168 days
later. Prx1-CreER-GFP:R26-DTA double mutant mice were generated by crossing male
Prx1-CreER-GFP mice with female R26-DTA mice (Jackson Laboratory, Bar Harbor,
Maine, USA; Stock #009669)(50), in which a loxP-conditional DTA allele was introduced
into the ubiquitously expressed ROSA26 locus, allowing the specific ablation of Prx1-
expressing cells. To generate the Prx1CreER;R26-DTA-tdTom mice, R26-tdTomato mice
(Jackson Labs, Stock #007905)(51) were crossed with Prx1-CreER-GFP:R26-DTA mice and
Prx1-CreER-GFP;R26-tdTomato littermates (control) received 4OH-TAM for 5 days starting
2 days before fracture. In Prx1CreER;R26-DTA-tdTom mice, we genetically ablated Prx1-
expressing cells through toxicity of DTA whose expression is activated via Prx1CreER
recombination after 4OH-TAM. In studies where animals were injected with 40H-TAM
only male mice were used, because the concern of effects of 4OH-TAM on females that
would potentially interfere with data interpretation. BMP2f1oX/flox mice on a mixed C57B/L6
background were kindly provided by Dr. James Martin (Texas A&M Health Science Center,
Houston, TX).(52) To generate BMP2°KO*mice, BMP2fIoX/flox mice were crossed with Prx1
limb enhancer driven-Cre transgenic mice (C. Tabin, Harvard Medical School, Boston, MA),
(52) which drives Cre-expression in osteochondroprogenitors. BMP2cKO/+ mice were
crossed with BMP2flox/flox 15 produce BMP2¢KO/CKO  Cre-negative sibling mice, regardless
of flox-status, were almost always used as controls, other controls are otherwise specified.
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We confirmed the genotypes of the transgenic mice by PCR analyses of genomic DNA
isolated from mouse ears. Genotyping was done by PCR analysis using the primers reported
in Supplemental Table 2. All mice had been backcrossed on the C57BL/6 strain for at least
ten generations.

2.3. Tibia fracture model

Semi-stabilized tibia fractures, in which intramedullary fixation enables relative stability to
facilitate endochondral ossification, were produced in C57B/L6 background male mice
between 8 and 16 weeks of age as described.(53) The intramedullary pin was carefully
removed after dissection. In male Prx1-CreER-GFP:ROSA26-lox-STOP-lox-RGal mice,
40H-TAM administrations were performed for 5 days (from 2 days before to 2 days after
fracture) (Study 1) or for 5 days starting 33 days before fracture (Study 2). Mice were
euthanized 7 days after fracture. In male Prx1-CreER-GFP:R26-DTA and Prx1CreER;R26-
DTA-tdTomato mice, 4OH-TAM /.p. injections were performed (0.5 mg/daily), as in Study 1
regimen, and mice were sacrificed at 14 and 21 days later. For treatment with AMD3100,
mice were /£ p.-injected with 2.5 mg/g of bodyweight of AMD3100-PBS solution twice per
day on the 2 days preceding fracture and then twice daily from day 2 to day 7 post-fracture,
followed by harvest at 14 days post-fracture. All procedures used were consistent with the
guidelines of the National Institutes of Health and approved by the Institutional Animal Care
and Use Committees of Rush University Medical Center (Chicago, IL, USA).

2.4. Micro—computed tomography analysis of fracture calluses

Fractured tibias were dissected at 14 and 21 days after fracture, fixed in 4%
paraformaldehyde in PBS for 18 hours at 4°C, rinsed, and scanned by micro-computed
tomography (LCT) (Scanco Medical PCT 50). Native scans were performed in 70% ethanol
at 55 kVp, 145 pA, 300 ms integration time, and at 6-um isotropic voxel edge along a length
of the tibia centered on the fracture line. Volumetric analysis of tissue composition was
measured only in the callus by narrowing the analysis from the first proximal to the last
distal sign (indicated by periosteal enlargement) of the callus formation when examining the
coronal plane of the uCT images as reported.(53, 54) Further narrowing to within the
fracture line was done by including only areas with signs of breaking within the cortical
bone in the transversal plane, as reported.(53, 54) In this region, we evaluated with a direct-
model morphometric measure of bone volume (BV) over total volume (TV), and HA/BV
segmentation(55) was performed based on a calibration curve derived from manufacturer-
supplied phantoms containing known hydroxyapatite (HA) composition: voxels with a linear
attenuation coefficient > 1.76 cm™1 (corresponding to 330 mg HA/cm3) were considered
mineralized tissue. A Gaussian segmentation filter with kernel of 2 and standard deviation of
1.2 voxels was uniformly applied to the volume of interest. Within the mineralizing callus,
different ranges of thresholds were identified based on a parametric thresholding study
combining serial uCT scanning and histological analysis, described previously (Low
mineralized tissue = 100-325; High mineralized tissue = 326-425).(53, 54) Results
presented are volumes of each threshold range divided by the number of slices
encompassing the callus to normalize for varying callus size. Soft tissues were evaluated by
using a post-mortem phosphotungstic acid (PTA) contrast-enhanced scanning that allows a
better visualization of soft tissue through PTA-collagen binding at basic amino side chains.

Bone. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Esposito et al.

Page 6

(56, 57) Samples were stained with 5% PTA in 70% ethanol for 10 days before scanning.
The volume of soft tissue in the callus was obtained by subtracting the volume of total
mineralized tissue from the total tissue volume measured with contrast-enhanced scanning.
Three-dimensional reconstructions were done using 3D software of Scanco Medical uCT 50.

2.5. Biomechanical testing

The mechanical properties of the fractures were measured with a standardized four-bending
technique. Fractured tibias were dissected 21 days after fracture and loaded into the
ElectroForce 3200 (TA Instruments, New Castle, DE) for four-point bending test. The
loading rate was set at a constant speed of 5 mm/minute until failure. Force- bending and
stress-strain curves were recorded to identify the ultimate bending load (maximum force at
failure) and bending stiffness (slope of the linear part of the curve).(58)

2.6. Staining, immunohistochemistry and immunofluorescence studies

Tibias from at least four individual animals per time point per study were dissected and
subjected to staining, immunohistochemistry (IHC) or immunofluorescence (IF) analysis.
Tibias were fixed in cold 0.2 % glutaraldehyde for 2 hours (young) or 18 hours (adult and
fractured), then decalcified in 14% EDTA solution for 3 days (young) or 7-10 days (adult
and fractured) before soaking in 30% sucrose for approximately 24-48 hours. Tissue was
embedded in OCT and sectioned on a cryostat at 7-8 pm. Cryo-sectioned tibias were
subjected to LacZ histochemical staining, as previously described.(53) Briefly, cryo-sections
were fixed in 4% paraformaldehyde for 90 minutes at 4°C, then washed in PBS and finally
incubated in staining solution overnight at 37°C; then, the sections were subjected to
Safranin-O/Orange G or Safranin-O/Fast Green staining. In fractured tibias, the center of the
fracture gap was identified as the largest diameter of the callus in which the fracture line was
clearly seen following a serial Safranin O/Orange G staining. All further histological
analyses were performed within 500 um of the center of the fracture line.

For IF, to mitigate autofluorescence, sections were pretreated with 1% NaBH4 for 20
minutes, blocked for endogenous mouse IgG using M.O.M Kit (Mouse on Mouse Kit,
Jackson ImmunoResearch) combined with 5% normal donkey serum (NDS) or goat normal
serum (0.1 M PBS with 0.01% Triton X) for 1 hour and incubated in primary antibodies in
2% NDS buffer overnight at room temperature; sections were incubated in the appropriate
secondary antibody diluted in 2% NDS buffer for 1 hour. For IHC analysis, Vectastain ABC
kit (\ector Laboratories) was used according to the manufacturer’s instructions. Briefly,
sections were incubated in 3 % H,0O, diluted with 0.01M PBS for 10 min, blocked for 1
hour with appropriate serum and incubated in primary antibody (diluted in blocking
solution) overnight at room temperature. Sections were incubated in the appropriate
biotinylated secondary antibody diluted in blocking buffer for 1 hour. Sections were then
incubated in Avidin-Biotin complex and then visualized with diaminobenzidine. As a
control, sections were processed with the omission of primary antibodies which completely
abolished specific staining. The list of used primary and secondary antibodies are reported in
Supplemental Table 1. Sections for IF analysis were counterstained with DAPI for nuclear
staining and mounted with Aquamount (Thermofisher). Images were taken with either an
Olympus BX60 Microscope with a DP71 camera or an Olympus FVV1000 MPE SIM Laser
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Scanning Confocal Microscope with a 60x PlanApo oil immersion lens zoomed 2x using
sequential scanning. Images were viewed with Olympus FV10-ASW Viewer software and
final images merged with Image J or Photoshop.

2.7. Quantification of positive cells

For histological analysis, at least six sections per animal and four animals per genotype,
were analyzed and examined. For quantification of genetically-labeled periosteal and
endosteal cells in early and late postnatal development studies, tibias of Prx1-CreER-
GFP:ROSA26-lox-STOP-lox-pGal mice, as well as their littermate controls, were sectioned
by vibrating microtome (7 um), LacZ/Safranin O stained at every sixth section and imaged
using a predetermined area (100 x 150 pm) from the growth plate to the fibula-tibia
insertion, hereby called ROI (Region of Interest). LacZ+ cells were counted in each
predetermined area and in each section. Supplemental Table 3 shows the relative number of
LacZ+ cells of the total number of cells [(% LacZ+ cells/Total number of cells) + SD]. For
quantification of immunohistochemically-labeled 5-iodo-2’-deoxyuridine (IdU) and Ki67,
tibias of Prx1-CreER-GFP-ROSA-LacZ mice were sectioned, stained, and imaged as
described above. Both IdU+ cells and Ki67+ cells were counted in each predetermined area
and in each section and reported as the relative number of positive cells of the total number
of BpGal+ cells [(% IdU+ cells/pGal+ cells) £ SD; % Ki67+ cells/Gal+ cells) + SD]. For
immunofluorescence analysis, at least four sections per animal and three-five animals per
genotype, were analyzed and examined. For quantification of genetically-labeled pGal cells
in periosteum of Prx1CreER-GFP-ROSA-LacZ mice, tibias were cryo-sectioned (8 pum),
stained at every sixth section, and imaged using a predetermined area (50 x 50 um). BGal+
cells were counted in each predetermined area and in each section and reported as the
relative number of Gal+ cells of the total number of Prx1+ cells [(% pGal+ cells/Prx1+
cells) = SD] or GFP+ cells [(% BGal+ cells/GFP+ cells) £ SD]. For quantification of
genetically-labeled tdTomato cells in fractured Prx1CreER;R26-DTA-tdTomato mice, as
well as R26-DTA-tdTomato littermate controls, calluses were cryo-sectioned (8 pm), stained
at every sixth section, and imaged using a predetermined area (50 x 50 um). tdTomato+ cells
were counted in each predetermined area and in each section and reported as the relative
number of tdTomato+ cells of the total number of cells [(% tdTomato+ cells/DAPI+ cells) £
SD]. For quantification of other labeling (i.e. Sox9, Osx, Ocn, DMP1, PECAM), calluses
were cryo-sectioned, stained and imaged as described above. Positive cells were counted in
each predetermined area and in each section and reported as the relative number of positive
cells of the total number of cells [(% positive cells/DAPI+ cells) + SD].

2.8. IdU incorporation study

In order to label slow-proliferating cells, 3-month Prx1-CreER-GFP-ROSA-LacZ old mice
received IdU during the postnatal life through daily supply of drinking water (1 mg/mL) for
one month; after a washout period of 58 days, mice received daily 7p. injections of 40H-
TAM (0.5 mg/each) for 5 days. The mice were sacrificed 3 days after last injection and tibias
were subjected to IF analysis.
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2.9. Periosteal and endosteal cell isolation

Periosteal and endosteal cells were freshly isolated from long bones of 5 month-old Prx1-
CreER-GFP:ROSA26-l0x-STOP-lox-pGal mice. Tissues attached to the periosteal surface
of tibias and femurs were scraped off and pooled in a Petri dish. Following digestion with
Collagenase D (1 mg/ml) for 45min, all periosteal cells were pooled and suspended in
aMEM medium containing 1% penicillin and streptomycin, 1% glutamine and 10% fetal
bovine serum (Atlanta Biologicals, Norcross, GA, USA). Endosteal cells were isolated from
the BM of tibias and femurs using the procedure of Balduino et a/.(13, 59, 60) Briefly, tibias
and femurs were dissected and then treated with five incubations for 30 min in 0.1%
collagenase and 0.125% trypsin in Hank’s balanced salt solution. The BM was removed by
flushing and bones were broken into segments and treated twice with 0.1% collagenase for
40 min at 37°C, for isolating endosteal cells. Cells were grown in Dulbecco’s modified
Eagle’s medium with antibiotics and 10% fetal bovine serum (Maintenance media) (Atlanta
Biologicals) to allow confluence (undifferentiated conditions). Cells were grown at 37°C
and 5% CO,, for three passages before being using for experiments. Osteoblastic
differentiation was carried out using StemXVivo osteogenic base media plus 0.5x
StemXVivo osteogenic supplement (R&D Systems). Media was changed every three days
for the length of the experiment. For in vitro AMD3100 treatment of confluent endosteal
cells, osteogenic differentiation was initiated as described above; beginning on day 7,
AMD3100 (400 uM) was added to the cells every three days until day 14, when cells were
harvested.

2.10. FACS sorting, RNA isolation and gRT-PCR

Before cell sorting, periosteal and endosteal cell suspensions were filtered with a cell
strainer and kept on ice. GFP-positive and -negative cells were sorted into 15 ml plastic
tubes containing aMEM modification medium (10% FCS, 2X P/S, 1X Fungizone) by MoFlo
Astrios cell sorter (Beckman Coulter Life sciences, Indianapolis, IN, USA) located in the
Flow Cytometry Core at the University of Illinois at Chicago. When indicated, mRNA was
harvested from cells using the mMMACS mRNA Isolation kit (Miltenyi Biotec, San Diego,
CA, USA). Contaminating DNA was removed with DNase | (New England BioLabs,
Ipswich, MA, USA) and extracted mRNA was converted to cDNA using mMMACS One-Step
cDNA Kit (Miltenyi Biotec). To determine the expression of marker genes, we performed
gRT-PCR using 2_ Sso Advanced SYBR Green Supermix and StepOnePlus™ Real-Time
System and StepOne™ software (Applied Biosciences, Beverly Hills, CA, USA). Analysis
of relative gene expression was made using the Pfaffl method with GAPDH and/or 18s as
housekeeping gene. Primers are reported in Supplemental Table 2.

2.11. Statistical analysis

Data are expressed as mean + SD. For cell culture, each experiment included 3-5 samples.
Statistical analyses were performed in GraphPad Prism 8, using a two-tailed unpaired
Student’s t-test for single comparisons or one-way ANOVA followed by Sidak’s test for
multiple comparisons. Statistical significance was set at p < 0.05.
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3. Results

3.1. Temporal expression pattern of Prx1 and Prxl-expressing cells during fracture repair

We explored the expression of Prx1 mRNA in fractured bones using a semi-stabilized tibia
fracture model in which intramedullary fixation enables relative stability to facilitate
endochondral ossification. As shown in Fig. 1A, Prx1 mRNA expression increased rapidly
after fracture, peaked by day 7 and decreased by day 10 and day 21. We then explored the
expression pattern in fractured tibias using Prx1-CreER-GFP-ROSA-LacZ mice in which
40H-TAM induces Prx1-Cre-driven recombination that results in LacZ expression. As
shown in Fig. 1, B-C, to evaluate Prx1-CreER-BGal cells, we have used two different
studies based on the timeline of 4OH-TAM administration. In Study 1 that was aimed at
labeling cells that express Prx1 during fracture repair 4OH-TAM (0.5 mg/day /.p.) was given
for 5 days, from 2 days before to 2 days after fracture (Fig. 1B). In Study 2 that was aimed at
tracing cells that expressed Prx1 before fracture and their progeny contribution to repair,
40H-TAM was given for 5 days starting 33 days before fracture (Fig. 1C). For both studies,
mice were euthanized 7 days after fracture and tibias were subjected to LacZ staining. We
found that at this early stage of fracture repair (7 days after fracture), Prx1-CreER-pGal
positive cells were detected within the periosteum and endosteum adjacent to the fracture
line (Fig. 1, B1-B2), but no Prx1-CreER-BGal cells was detected in the cartilaginous callus
(Fig. 1, B3). Differently from Study 1, in Study 2 at the same time point (7 days after
fracture), Prx1-CreER-BGal positive cells that expressed Prx1 before fracture (or their
progeny) were found within the endochondral callus resembling hypertrophic chondrocytes
and within the intramembranous callus (Fig. 1, C1-C2). This difference seemed to indicate
that Prx1-CreER-pBGal cells differentiate into chondrocytes and bone cells, but they lose
Prx1 expression during the differentiation.

Of note, as shown in Supplemental Figure 1, A-B, we did not detect any BGal positive cells
in the CreER-negative littermate controls, supporting the specificity of the LacZ staining for
Prx1-CreER-BGal positive cells. To evaluate potential Cre-recombination leakage (in the
absence of TAM) we analyzed Prx1-CreER-GFP;R26-LacZ and Prx1-CreER-GFP;R26-
tdTomato fractured mice (n=>5 for each transgene) that did not receive TAM. We did not
detect either any pGal positive staining in Prx1-CreER-GFP;R26-LacZ or positive IF signal
for tdTomato in Prx1-CreER-GFP;R26-tdTomato fractured tibias.

To test the hypothesis that Prx1-CreER-BGal positive cells can differentiate in bone and
cartilage cells but lose Prx1’s protein expression with differentiation, we used Prx1CreER-
GFP mice in which GFP is driven by the 2.4kb-Prx1 enhancer allowing detection of cells
actively expressing Prx1 and performed IF analyses for GFP respectively at 7 and 14 days
after fracture. We found that in callus at 7 days after fracture, cells actively expressing Prx1
(GFP+) localized within the fracture line (Fig. 2, A4), within the endosteum (Fig. 2, A3,
white arrows) and periosteum (Fig. 2, A4) adjacent to the fracture line but they were almost
undetectable within the cartilaginous callus (Fig. 2, Al). In the callus at 14 days after
fracture, GFP+ cells were detected in the region surrounding (Fig. 2, B4) but not within the
osteo-cartilaginous callus (Fig. 2, B3).
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Then, we detected Prx1 expression by IF using Ab against Prx1. We found that at 14 days
after fracture, GFP positive cells that were also positive for Prx1, were found within the
periosteum (Fig. 2, C1) and endosteum, but we did not detect neither Prx1+ or GFP+ cells
within the cartilaginous callus (Fig. 2, C2). In addition to the Prx1-CreER-GFP-ROSA-LacZ
mice, to evaluate the pattern of cells tagged by Prx1-CreER induced recombination we used
Prx1-CreER-GFP-ROSA-tdTomato mice in which 40OH-TAM induces Prx1-Cre-driven
recombination that results in tdTomato (tdT) expression. Mice received 40H-TAM during
fracture (as in Study 1 regimen) but they were sacrificed 14 days later and analyzed for Prx1,
tdT, Sox9, Osx, Ocn and DMP1 expressions by IF. As shown in Fig. 2D, we found that
within the cartilaginous callus, cells that expressed Sox9 did not express Prx1 (Fig. 2D-D1),
while most of the tdT positive cells were positive for Sox9 (63.87%0.13; n=3) (Fig. 2D-
D2). However, Prx1 expressing positive cells did not co-localize with tdT expressing cells
(Fig. 2E-D3). Furthermore, within the mineralized callus tdT positive cells co-expressed
Osx (72.88%0.13; n=3), Ocn (69.69%+0.17; n=3) and DMP1 (78.98%x0.09; n=3)
(Supplemental Fig. 2). Taken together data indicate that fracture elicits an early increase of
Prx1 expression and Prx1-expressing cells (and their progenies) that become differentiated
cells within the forming callus, with concurrent loss of Prx1 expression.

In order to determine the nature of Prx1 actively expressing cells, we isolated Prx1-GFP+
cells from endosteum and periosteum of tibias and femurs of Prx1CreER-GFP mice (5
weeks-old). Prx1-GFP+ cells were cultured in osteogenic medium for 21 days. We noted
that Prx1 mRNA expression decreased with osteogenic differentiation (Day 21) in periosteal
and endosteal cells, while mRNA expressions of osteogenic markers, Osx, Collal and Ocn
increased (Supplemental Fig. 3). The /n vitro data support the /n7 vivo observation that Prx1-
expressing cells are capable of osteogenic differentiation, but differentiation is associated
with a decrease in Prx1 expression.

3.2. Phenotypic characterization of Prx1-expressing cells

We then explored the expression pattern of Prx1-expressing cells in postnatal intact tibias by
using Prx1-CreER-GFP-ROSA-LacZ mice. For the early postnatal study, 4OH-TAM
(0.25mg/g body weight) was given at P3 and tibias collected at P6, P9, P12, P15, P18 and
P21 were subjected to LacZ/Safranin O staining. As shown in Fig. 3B, we found that as
early as P6, Prx1-CreER-BGal+ cells were localized in the endosteum and periosteum,
where they persisted throughout the later time points. As showed in Supplemental Table 3,
we found that at any given time, more than 10% of cells in the periosteum and endosteum
were Prx1-CreER-BGal+ cells and they gradually decreased over time. In older Prx1-CreER-
GFP-ROSA-LacZ mice (16-18 weeks), 4O0H-TAM was given at 0.5 mg/day for 5 days and
mice sacrificed 6, 28, 168 days later. Similarly, to younger mice but in a lower percentage,
we found that Prx1-CreER-BGal+ cells were localized in the periosteum (Supplemental
Table 3); no Prx1-CreER-BGal+ cells were localized in the endosteum. We also noted that in
older mice the percentage of Prx1-CreER-BGal+ cells did not change over the time, and less
than 1% of the Prx1-CreER-pGal+ cells were also positive for Ki67 (0.69%z0.11; n=3)

(Fig. 3D). To determine whether Prx1-CreER-pGal+ cells were slow-proliferating, we
performed a long-term (93 days, Fig. 3E) 1dU incorporation study and found that the number
of low proliferating 1dU+ cells over the total (DAPI+) was low (IdU+/DAPI+ 2.5%+0.11;
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n=4), but more than 70% of IdU+ were also Prx1-CreER-BGal+ (IdU+/BGal+ 79.8%+0.14;
n=4) (Fig. 3E-F). Taken together, our findings indicate that in young adult mice (at the age
we perform fracture) Prx1-CreER-BGal+ cells are slow-proliferating cells.

To verify the specificity of p-Gal (tagging CreER-recombination of Prx-1), and GFP
(reporting Prx1 expression), we performed a short-term 40H-TAM study, in which 40H-
TAM was given 0.5 mg/day for 5 days to Prx1-CreER-GFP-ROSA-LacZ and mice were
sacrificed at day 6, and sectioned bones were subjected to IF using antibodies against B-Gal,
GFP and Prx1. As shown in Supplemental Fig. 4, we found that almost all -Gal+ positive
cells were Prx1+ cells (73.4%=0.17; n=3) and almost all GFP+ cells were p-Gal+ cells
(83.2%=0.22; n=3).

In order to characterize the nature of Prx1-expressing cells we analyzed both Prx1-CreER-
GFP-ROSA-LacZ unfractured mice that have received short-term 40H-TAM (0.5 mg/day
for 5 days then sacrificed at day 6) and fractured mice that had received 40H-TAM (0.5
mg/day 7.p.) 2 days before and 2 days after fracture and were sacrificed 3 days after fracture.
In unfractured mice (Fig. 4, A1-A2), as well as fractured mice (Fig. 4, B1-B2), pGal+ cells
were found to be in the perivasculature. Perivascular cells closely surround endothelial cells
and have been termed pericytes in capillaries and microvessels.(61) Beyond their function to
support angiogenesis, pericytes are recently emerging as multipotent cells with osteogenic,
chondrogenic and adipogenic potentials. (2, 4, 36, 38, 39, 62-67) We found that in
unfractured (Fig. 4C) and fractured mice (Fig. 4D),pGal+ cells surround both PECAM+ and
vWF+ endothelial cells, and they co-express the pericyte markers aSMA and NG2.

3.3. Prx1 expression pattern during fracture repair is regulated by the interplay between
BMP2 and CXCL12

We were intrigued by the expression pattern of Prx1 that peaked at an early stage of fracture
repair and then declined with callus formation, and by the fact that Prx1-expressing cells
were perivascular. BMP2 has been reported to have a critical role in the initiation of fracture
repair through regulation of CXCL12’s expression by perivascular cells.(13) Thus, we
investigated if Prx1 expression was related to BMP2 and CXCL12 in fracture repair. As
shown in Fig. 5A, we found that fracture-induced Prx1-GFP+ perivascular cells co-
expressed CXCL12, and were also positive for pSMAD1,5,8. We then investigated the
expression pattern of Prx1 in relationship with expressions of CXCL12 and BMP2. We
found that fracture elicited an upsurge of Prx1, BMP2 and CXCL12 as early as 1 day after
fracture, with BMP2’s increase being the greatest (Fig. 5B). We also observed, as shown in
Fig. 5B, a consistent inverse relationship between BMP2 expression and the expressions of
Prx1 and CXCL12: BMP2 had the highest level at day 1 followed by a dramatic decrease by
day 3, while Prx1 and CXCL12 peaked later by day 7 when BMP2 had the lowest level.
Consistently, at day 14, an increase of BMP2 corresponded with decreasing levels of Prx1
and CXCL12. We have previously reported that mice that carry a Cre-Prx1 mediated
conditional inactivation of BMP-2 (either BMP2¢KO/CKO or BMP2cKO/*) have abnormally
high levels of CXCL12 that is specifically elevated at the endosteal site of fractured and
unfractured tibias, and in isolated endosteal cells.(13) We now report that in BMP2cKO/+
mice, Prx1 is elevated compared to control, with the greatest increase noted at 7 days after
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fracture when CXCL12 also reaches the highest level (Fig. 5C). To investigate whether the
deranged expression of Prx1 in BMP2cKO/+ mice could be downstream from CXCL12
signaling, we treated BMP2cKO/+ mice with AMD3100, an antagonist of CXCR4 (the main
receptor for CXCL12), 2 days before and from day 2 to day 7 after fracture (Fig. 5D), a
regimen that had showed to be able to partially rescue the fracture healing of BMP2cKO/+
mice.(13) As shown in Fig. 5E, AMD3100 dramatically decreased the expression of Prx1 in
BMP2cKO/+ mice and had no effect on the Prx1 expression of control fractured mice. At
day 14 after fracture, BMP2cKO/+ mice showed reduced levels of cartilage and bone
markers that were normalized by AMD3100 treatment (Fig. 5, F-G), confirming our
previous findings that AMD3100 is effective in BMP2cKO/+ mice.(13) We next studied the
interplay between BMP2, CXCL12, and Prx1 /n vitro by using BMP2cKO/cKO endosteal
cells. We found that BMP2cKO/cKO endosteal cells, at any given time points during
osteogenic differentiation in culture, have increased levels of Prx1 and CXCL12 (Fig. 6A).
To further determine that BMP2 and in turn CXCL12 signaling regulates Prx1 expression,
BMP2cKO/cKO cells were treated with AMD3100 (400 UM, every 3 days from day 7 to day
14) (Fig. 6B). AMD3100 normalized both Prx1 and CXCL12 expression in cells from
BMP2cKO/cKO mice (Fig. 6C) while it had no effect on control cells.

3.4. Prxl-expressing cells are required to initiate fracture repair

The finding that fracture elicits an early response of Prx1-expressing cells led us to analyze
their functional role in initiating the fracture repair process. To this purpose, we have
generated the Prx1CreER;R26-DTA mice to genetically ablate Prx1-expressing cells through
toxicity of DTA, whose expression is activated via Prx1-CreER recombination after TAM.
Prx1CreER;R26-DTA-tdTomato mice and ROSA26-DTA-tdTomato littermate controls
received 40H-TAM for 5 days (2 days before and 2 days after fracture) (Fig. 7A). As shown
in Supplemental Fig. 5, we found that within the fracture, ~64% (63.72%=0.36; n=5) of
tdTomato+ cells were ablated in Prx1CreER;R26-DTA-tdTomato mice compared to control,
indicating incomplete ablation of Prx1-CreER-expressing cells, as reported previously.(50)
UCT-PTA and pCT-native analyses showed that 14 days after fracture, the callus of
Prx1CreER;R26-DTA compared to R26DTA controls was reduced in total volume and had
less soft tissue (Fig. 7, B-C). UCT-PTA and uCT-native analyses at 21 days after fracture
showed that compared to R26-DTA controls, Prx1CreER;R26-DTA mice continued to have
a smaller and less mineralized callus with some healing reaction surrounding a fracture line
center that was still open (Fig. 7, D-E). Histological Safranin O/Fast Green staining (Fig.
8A), IF (Fig. 8B), IHC studies (Fig. 8C), as well as qRT-PCR analyses (Fig. 8D) showed that
the calluses of Prx1CreER;R26-DTA mice had less bone and cartilaginous content.
Biomechanical testing analyses at 21 days after fracture, showed a significant decrease in
stiffness, and a no significant downward trend in ultimate force in Prx1CreER;R26-DTA
calluses compared to R26-DTA controls (Supplemental Fig. 6). Interestingly, we found that
the small callus formed by Prx1CreER;R26-DTA exhibited an increase in vasculature
(Supplemental Fig. 7), as indicated by the increased number of PECAM+ cells. Collectively,
our studies in Prx1CreER:R26-DTA mice indicate that Prx1-expressing cells have a key role
in initiating the fracture repair process.
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4. Discussion

Despite compelling evidence showing that Prx1 is expressed in the postnatal skeleton,(6, 10,
37, 38) its function and regulation are not fully understood. Our study sought to shift the
current research pattern that has primarily focused on the identification of markers for
postnatal skeletal progenitors and instead to characterize the function of a specific cell
population (Prx1+ cells) and their expressing marker (Prx1) as a crossroad in fracture repair.
Using a comprehensive approach that combined cell-tracing, current animal models, and /n
vitro studies to identify the localization, fate and phenotype of Prx1+ cells before and after
fracture, we determined that Prx1-expressing cells are critical in fracture repair and Prx1
expression is regulated by BMP2 through CXCL12 expression. As presented in the graphic
model depicted in Fig. 9, our studies determined that: 1) fracture elicits a population of
Prx1+ pericytic cells co-expressing CXCL12; 2) Prx1-expressing cells contribute to the
cartilaginous and bone callus, but lose Prx1’s expression with differentiation into bone or
cartilaginous cells; 3) BMP2’s upregulation after fracture leads to a decrease of CXCL12
that in turn down-regulates Prx1, allowing cells to commit into differentiation; 4) Prx1-
expressing cells are essential to initiate a normal fracture healing process; 5) when BMP2 is
deficient in osteo-chondroprogenitors (BMP2cKO), CXCL12 and consequently Prx1 remain
upregulated leading to a defective fracture healing that can be corrected by blocking the
CXCL12 signaling.

The characterization of cells actively expressing Prx1 and the understanding of the
mechanisms regulating Prx1’s expression during fracture repair provide the opportunity to
better evaluate the regenerative capacity of a skeletal progenitor population and opens the
opportunity for cell-based therapies to promote fracture healing. Several sources have been
suggested for the skeletal progenitors that participate in the fracture healing process,
including the periosteum, endosteum, BM, adipose and muscle tissues adjacent to the
fracture, vascular and perivascular cells, and circulating cells recruited at the fracture site.(5,
12, 13, 36, 39, 42, 66, 68—70) Although it has been shown that the periosteum is critical in
the repairing process and markers for periosteal cells have been identified, most of the
studies have been based on tracing cells after tagging with an imaging reporter system
through Cre-recombination.(11-14) Information on a functional role of specific progenitor
cells during fracture healing is still partial. Furthermore there is evidence that the endosteum
contributes to the repair, either by providing cell population(s) derived from the BM that
seem to be critical in the early stage of fracture repair or contributing to the formation of the
intramembranous callus.(5, 21, 71, 72) Identifications of specific population(s) of cells,
characterization of their role during the fracture repair process, and identification of their
natural niches has major clinical relevance. Those findings can shed light on the defective
mechanisms underlying non-unions and can lead to the development of cell-based therapies
to treat them. Intense research efforts, including from our laboratory, have demonstrated the
capacities of skeletal stromal cells to repair injured tissues including fractures.(12-14)
Perivascular cells, namely pericytes, are emerging as multipotent cells capable of myogenic,
chondrogenic and osteogenic potentials.(21, 54, 62—-64, 73-77) Our studies identified that
fracture elicits a periosteal and endosteal response of perivascular Prx1+ cells that
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participate in the fracture healing process and showed that Prx1-expressing cells have a
functional role in the repair process.

In embryonic life, Prx1 is highly expressed in developing limbs and in midline skeletal and
craniofacial elements.(16, 17) Although Prx1 is expressed in adult tissues, its function in
postnatal life still needs to be fully characterized.(23, 24, 73, 78-80) A 2.4 kb Prx1
promoter/enhancer directing the transgene’s expression in osteo-chondrogenic mesenchyme
progenitors has been identified and has led to the generation of Prx1-Cre mice that have
been useful in directing tissue-specific conditional recombination of numerous genes, and
imaging tagging cells (and their differentiated progeny) that expressed Prx1-2.4kb-Cre
either during embryonic life or at some point during post-natal life.(6, 81) Progeny of Prx1-
2.4 kb-driven-embryologically-derived cells, have been detected in the periosteum and in
fractured bones.(71) Interestingly this study noted that 14 days after fracture, no Prx1-
actively-expressing cells were found within the callus, but further investigations were not
pursued. Importantly, Prx1-Cre tagged adult cells presumably derived from the periosteum
were detected within the callus.(6, 10, 12, 14, 22, 23, 79) Postnatally, Prx1-expressing cells
have been identified within the skull and contributed to the regeneration of calvaria defects.
(24) Moore et al. reported that primary cilia are necessary for cambium layer Prx1-
expressing cells to contribute to skeletogenesis.(22) The function of cells actively expressing
Prx1 and the role of Prx1 in fracture repair have been largely unknown. Our studies
demonstrate that fracture induces a rapid increase of Prx1 expression and cells actively
expressing Prx1 are required for fracture regeneration as indicated by the fact that ablation
of Prx1-expressing cells lead to fracture healing impairment. We acknowledge that having
eliminated Prx1+ cells in other osteochondrogenic sites may affect repair, i.e. by failure to
recruit circulating Prx1+ osteochondroprogenitors. However, we estimate that the number of
circulating Prx1+ expressing osteochondroprogenitors should be low.(50) Incomplete
ablation of Cre-ER-expressing cells by DTA system has been extensively reported, and the
percent of Prx1+ ablated cells (~64%) observed in our studies is consistent or even higher
than the percentage detected in other studies.(82—84) However, even this incomplete ablation
was sufficient to affect the fracture healing, the biomechanical properties and the
expressions of chondrogenic and osteogenic markers. In agreement with Comai et a/, we
speculate that the limited DTA-mediated ablation can be: 1) either because the short window
of opportunity for Cre (in our case Prx1-Cre) to be expressed and therefore recombine the
loxP sites from the generic Rosa locus as indicated by the fact that its expression levels drop
rapidly with fracture repair progression, 2) or an indicator of the differential regulation/
processing of the genetically modified (IRES)-Cre allele versus endogenous gene (in our
case Prx1) transcripts /n vivo. Although in vitro studies using hairpin RNA to knock-down
Prx1 might provide some information on the function of Prx1 gene they would not be able to
provide information on the role of Prx1 expressing cells. Lastly, we acknowledge that the
intramedullary pinning in our fracture model by injuring the BM may have contributed in
the response of endosteal osteo-progenitor cells.

The difficulty in identifying adult regenerative cells is multifactorial, due to: population
heterogeneity, changes in expression pattern after and depending on the injury, lack of
unique markers and poor knowledge of the function of these markers, and the fact that cell
identification has largely relied on embryological labeling. This hampers the study of those
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cells beyond Cre-reporting engineered organisms and the translation of findings to humans.
Our approach enabled identification of a novel population of cells that actively express Prx1
in intact and fractured bones. We and others have also identified markers for injury-induced
skeletal progenitors.(9, 74-76, 86—88) However, we are still at the early stage of discovery
and we are far from having reached a consensus on markers that are either exclusive to
skeletal progenitors or expressed by all skeletal progenitors.(89) Our in vitroand in vivo
studies showed the phenotypic and changes of Prx1-expressing cells after fracture and in the
context of other markers.

Although studies in human subjects are needed to evaluate the role of Prx1 expression and
expressing cells in a clinical context, it is interesting to note that expression of Prx1 was
found to be differentially expressed in the femurs from subjects with osteoporotic femur
neck fractures compared to femurs from subjects without known bone pathology.(90)

This study is the first to demonstrate /7 vivo postnatal regulation of Prx1 expression, and to
relate it to fracture healing. We found that Prx1 expression decreases concurrently with
callus formation and the differentiation into cartilaginous and bone cells, similarly to when
Prx1+ cells are cultured in differentiating conditions. Using /in7 vivo and in vitro approaches
we determined the mechanism by which Prx1 is downregulated. In particular, we found that
Prx1 is downstream of CXCL12 and that CXCL12 signaling is the mediator through which
BMP2 down-regulates Prx1. We and others have found compelling evidence that BMP2 is
essential in fracture repair and that BMP2 exerts its regenerative effects though CXCL12.
(13, 31) We now report that fracture elicits an early increase of BMP2 that leads to a
decrease of CXCL12 that in turn down-regulates Prx1, allowing cells to commit to
osteochondrogenesis. Our results provide /n vivo support to previous /n vitro studies that
reported that Prx1 inhibits osteogenic differentiation, by downregulating Osterix and
RUNX2, and adipogenesis by activating TGF- signaling.(25, 26) They also corroborate the
hypothesis that Prx1 plays a role in maintaining stemness, as postulated in neural cells.(27)
The effects of AMD3100 in BMP2¢KO/CKO ce|ls and BMP2¢KO/* mice provided mechanistic
evidence of the interplay between CXCL12 and Prx1 in committing skeletal progenitors to
differentiation, suggesting potential therapeutic application to treat fracture non-unions.
AMD3100’s clinical use is FDA-approved for patients with BM ablation or failure to induce
hematopoietic stem cell mobilization. Its pharmacokinetic properties in rodents and humans
are well known, and in the course of many years of clinical use w has shown an excellent
safety profile.(46, 47, 49) Our findings on AMD3100 regulation of Prx1 expression by
modulating the BMP2-CXCL12 axis might represent a significant breakthrough in the
search for a pharmaceutical treatment for non-unions. In future studies, we will further
investigate the BMP2 signaling and CXCL12 signaling pathways that regulate Prx1’s
expression.

In conclusion, our studies led to the characterization of Prx1-expressing skeletal cells and
Prx1 expression in fracture repair. Together, the roles of Prx1 illustrated in this study provide
evidence for the regenerative capacity of a skeletal progenitor population and opens the path
for more investigations to elucidate the source, the recruitment, and the function of
progenitor cell populations. Such findings will help identify targets for cell-based therapies
to treat fracture non-unions.
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Highlights

The regenerative capacity of bones after fractures implies the existence of
adult progenitor cells

In fracture repair, the nature and regulation of progenitor cells remain elusive
Our studies identified the functional role of Prxlexpressing cells in fracture

Our studies characterized a novel BMP-CXCL12-Prx1 regulatory cascade in
fracture
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Figure 1.
Temporal expression pattern of Prx1 in fracture healing.

(A) mRNA expression levels of Prx1 in fractured Prx1-CreER-GFP mice quantified by gRT-
PCR. Data are reported as mean + SD of triplicate assays, each with n=10 separate samples
normalized to unfractured (Unfract). *, p< 0.05, **, p<0.01, *** p< 0.001, compared to
Unfract by one-way ANOVA and Sidak’s multiple comparison test. #, p< 0.05, ##, p< 0.01,
by unpaired two-tail t-test. (B) Representative histological LacZ/Safranin O/Orange G
staining for cell lineage tracing Study 1 and Study 2 (C) in Prx1-CreER-GFP-ROSA-LacZ
mice. Dotted squares indicate areas magnified in B1, B2, B3, C1 and C2. PO= periosteum;
F= fracture line; CB= cortical bone; EO= endosteum; BM= bone marrow; EC=
endochondral callus; IC= intramembranous callus. Scale bars = 100um.
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Figure 2.
Expression pattern of Prx1-expressing cells within the repairing fracture sites.

(A) Representative histological Safranin O/Orange G (Saf O/OG) staining of fractured Prx1-
CreER-GFP mice at 7 days after fracture. Dotted squares indicate areas magnified of
adjacent frozen section stained with GFP antibody (green). White arrows indicate GFP+
cells localized within the endosteum site. See text for more details. (B) Representative
histological Saf O/FG staining of fractured Prx1-CreER-GFP mice at 14 days after fracture.
See text for more details. Dotted squares indicate areas magnified of adjacent frozen section
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stained with GFP antibody (green). (C) Representative IF images of fractured Prx1-CreER-
GFP mice at 14 days after fracture, immunostained with GFP (green) and Prx1 (red)
antibodies. Dotted squares indicate areas magnified in periosteum, C1, and cartilaginous
callus, C2. (D) Representative IF images of fractured Prx1-CreER-GFP-ROSA-tdTomato
mice at 14 days after fracture, immunostained with Prx1 (red) and Sox9 (green) antibodies.
The genetically-labeled tdT cells are shown in red. Dotted squares indicate area magnified in
D1, D2 and D3. (E) Representative IF images of fractured Prx1-CreER-GFP-ROSA-
tdTomato mice at 14 days after fracture, stained with Prx1 (green) antibody in cartilaginous
callus. The genetically-labeled tdT cells are shown in red. PO= periosteum; EO= endosteum;
CB= cortical bone; EC= endochondral callus; IC= intramembranous callus, BM=bone
marrow. Scale bars = 100um.
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Figure 3.
Lineage tracing studies of Prx1-expressing cells in intact tibias.

(A) Schematic representation of 4OH-TAM injections in postnatal development studies in
Prx1-CreER-GFP-ROSA-LacZ mice. (B) Representative histological LacZ/Safranin O
staining of early postnatal study. For all pictures, periosteal surface is facing the right side of
the images. (C) Representative histological LacZ/Safranin O staining of late postnatal study.
For all pictures, periosteal surface is facing the top of the images. (D) Representative IF
images in periosteum of Prx1-CreER-GFP-ROSA-LacZ mice, immunostained respectively
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with B-Gal (green) and Ki67 (red) antibodies, counterstained with DAPI (blue). (E)
Schematic representation of slow-proliferating study in Prx1-CreER-GFP-ROSA-LacZ
mice. (F) Representative IF images in Prx1-CreER-GFP-ROA-LacZ mice, immunostained
respectively with p-Gal (green) and 1dU (red) antibody, counterstained with DAPI (blue).
White arrows indicate the Prx1-CreER-BGal+/IdU+ cells. Mus=muscle; CB= cortical bone;
BM= bone marrow; PO= periosteum. Scale bars = 100um.
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Figure 4.
Prx1-expressing cells co-express pericytes markers, surrounding endothelial cells in

unfractured and fractured mice.

(A) Representative histological LacZ/Safranin O staining of unfractured Prx1-CreER-GFP-
ROSA-LacZ mice, that have received short-term 40H-TAM received (0.5 mg/day for 5 days
then sacrificed at day 6) and (B) fractured Prx1-CreER-GFP-ROSA-LacZ mice that had
received 40H-TAM (0.5mg/day) 2 days before and 2 days after fracture and were sacrificed
3 days after fracture. Dotted squares indicate areas magnified in A1, A2, B1 and B2. (C)
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Representative IF images of the periosteum of unfractured Prx1-CreER-GFP-ROSA-LacZ
mice that have received short-term 40H-TAM (0.5 mg/day for 5 days then sacrificed at day
6), immunostained with B-Gal (green) and aSMA, NG2, PECAM or vVWF (red) antibodies,
counterstained with DAPI (blue). (D) Representative IF images of Prx1-CreER-GFP-ROSA-
LacZ fracture tibias obtained 7 days after fracture, stained with p-Gal (green) and PECAM,
NG2 or VWF (red) antibodies, counterstained with DAPI (blue). White arrows indicate
double-positive cells. Dotted squares indicate magnified regions. PO= periosteum;
CB=cortical bone; Mus=muscle. Scale bars = 100um.
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Prx1 expression is regulated by BMP2/CXCL12 signaling.

(A) Representative IF images of fractured Prx1-CreER-GFP tibia sections obtained 7 days
after fracture, immunostained with GFP (green), pSMAD1,5,8 (red) and CXCL12 (blue).
Scale bars = 100um. (B) mRNA expression levels quantified by gRT-PCR of BMP2,
CXCL12 and Prx1 in calluses from fractured Prx1-CreER-GFP mice by gRT-PCR. Data are
reported as mean + SD. of triplicate repeats from n=6 (unfractured) or n=10 (D1, D3, D7,
D14) samples normalized to unfractured (Unfract) to which it was given a value of 1; *, p<
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0.05, **, p<0.01, ***, p<0.001, compared to Unfract by one-way ANOVA and Sidak’s
multiple comparison test. #, p < 0.05, ##, p< 0.01, by unpaired two-tail t-test. (C) mRNA
expression levels quantified by gRT-PCR of CXCL12 and Prx1 in calluses from fractured
BMP2cKO/+ (Het) or control (Con) mice obtained at 0 (30 minutes after fracture), 7 and 14
days after fracture. Data are reported as mean + SD. of triplicate repeats from n=6 (Het) or
n=10 (Con) samples normalized to day O control. *, p< 0.05, **, p< 0.01, compared to day
0 control by one-way ANOVA and Sidak’s multiple comparison test. #, p< 0.05, ##, p<
0.01, compared to control by unpaired two-tail t-test. (D) Schematic representation of
AMD3100 injections in fractured BMP2°KO/* mice and control mice. See Materials and
Methods section for more details. (E) mRNA expression levels quantified by gRT-PCR of
CXCL12 and Prx1 in calluses from fractured BMP2°KO/* (Het) or control (Con) mice,
treated with AMD3100 or vehicle (PBS), obtained 14 days after fracture. Data are reported
as mean + SD of triplicate repeats from n=6 (Het) or n=10 (Con) samples normalized to day
14 control. *, p< 0.05, compared to Con day 14 by unpaired two-tail t-test. ##, p< 0.01,
compared to Het day 14 by unpaired two-tail t-test. (F) mMRNA expression levels of
osteogenic (Osx, Collal, Ocn) and (G) chondrogenic marker (Sox9, Col10al, Col2al) in
calluses from BMP2¢KO/* (Het) or control mice (Con), treated with AMD3100 or vehicle
(PBS), obtained 14 days after fracture. Data are reported as mean £ SD. of triplicate repeats
from n=6 (Het) or n=10 (Con) samples normalized to day 0 control. *, p< 0.05, **, p<
0.01, ***, p<0.001, by one-way ANOVA and Sidak’s multiple comparison test. #, p < 0.05,
##, p< 0.01, by unpaired two-tail t-test.
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Figure 6.
Prx1 expression pattern in isolated BMP2¢KO/CKO endosteal cells.

(A) mRNA expression levels quantified by gRT-PCR of CXCL12 and Prx1 in isolated
endosteal cells from BMP2¢KO/CKO (K Q) and control (Con) cultured under undifferentiated
conditions (Day 0) or osteogenic differentiation conditions (Day 7, Day 14 and Day 21 of
culture). See in the Materials and Methods section for more details. Data are reported as
mean + SD. of triplicate repeats from n=6 samples normalized to day 0 control. *, p< 0.05,
** 0p<0.01, *** p<0.001, compared to day 0 control by one-way ANOVA and Sidak’s
multiple comparison test. #, p< 0.05, ##, p< 0.01, ###, p<0.001, compared to Con by
unpaired two-tail t-test. (B) Schematic representation of AMD3100 treatment in endosteal
cells isolated from BMP2cKO/CKO and control mice and cultured under osteogenic
differentiation conditions, with or without 400 uM AMD3100 every 3 days beginning on day
7 through day 14. See in the Materials and Methods section for more details. (C) mRNA
expression levels quantified by gRT-PCR of CXCL12 and Prx1 in isolated endosteal cells
from BMP2¢KO/cKO (K(Q) and control (Con) cultured with or without AMD3100 (as
schematically presented in B). Data are reported as mean + SD. of triplicate repeats from 6
separate samples normalized to day 14 control. *, p < 0.05, compared to control by one-way
ANOVA and Sidak’s multiple comparison test. ##, p < 0.01, compared to KO by unpaired
two-tail t-test.
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Figure 7.

Defective fracture healing in Prx1CreER;R26-DTA mice.
(A) Schematic representation of 4OH-TAM injections in fractured Prx1CreER;R26-DTA
and R26-DTA, control. (B) Representative pCT images of control and Prx1CreER;R26-DTA
mice at 14 days after fracture, with or without PTA staining (10 days). Scale bars= 1mm. (C)
Volumes of total callus, soft tissue and mineralized callus are normalized to the number of
slices (mm3/slice) comprising the callus (see Material and Methods section for more details).
Data are reported as mean + SD of duplicate repeats from 5 separate samples. *, p < 0.05,
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compared to Control by unpaired two-tail t-test. (D) Representative three-dimensional uCT
images of control and Prx1CreER;R26-DTA and R26-DTA mice at 21 days after fracture.
Scale bars= 1Imm. (E) Volumes of total mineralized callus, low mineralized callus and high
mineralized callus are normalized to the number of slices (mm3/slice) comprising the callus.
Data are reported as mean + SD of duplicate repeats from 5 separate samples. *, p< 0.05,
compared to Control by unpaired two-tail #test.
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Figure 8.

Histological, immunostaining and gRT-PCR analyses of Prx1-CreER;R26-DTA calluses. (A)
Representative coronal images of histological Safranin O/Fast Green (Saf O/FG) staining of
fractured tibias from Prx1CreER;R26-DTA mice and R26-DTA littermate controls at 14
days after fracture. Adjacent sections were subjected respectively to: B) IF for Osterix [Osx]
and Sox9 (Green) and counterstained with DAPI (Blue), areas shown correspond to the
dotted squares of mineralized callus indicated in the Saf O/FG images, scale bars = 100pum;
C) IHC respectively for Osx, Collagen 1 [Collal] and Osteocalcin [Ocn]; scale bars =
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100um. D) mRNA expression levels quantified by gRT-PCR of Sox9, Col2al, Col10al,
Runx2 and Osx in fractured Prx1CreER;R26-DTA and R26-DTA control calluses obtained
14 days after fracture; data are reported as mean + SD of duplicate repeats from 5 separate
samples normalized to control to which was given value=1; *, p < 0.05, compared to control
by unpaired two-tail #test.
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Figure 9.
Graphic model describing the functional role of Prx1 and Prx1-expressing cells in fracture

repair. Following fracture, a population of Prx1+ periosteal and endosteal pericytic cells, co-
expressing BMP2 and CXCL12, are elicited and contribute to the cartilaginous and
mineralizing calluses, but Prx1’s expression decreases with callus maturation. BMP2’s
upregulation after facture leads to a decrease of CXCL12 that in turn down-regulates Prx1,
allowing cells to commit to callus maturation. In absence or insufficiency of BMP2
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(BMP2¢KO), 'such regulation of CXCL12 and therefore of Prx1 is lost, leading to abnormal
angiogenesis and impaired fracture healing.
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