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Abstract

Bone formation via intramembranous and endochondral ossification is necessary for successful
healing after a wide range of bone injuries. The pleiotropic cytokine, vascular endothelial growth
factor A (VEGFA) has been shown, via nonspecific pharmacologic inhibition, to be indispensable
for angiogenesis and ossification following bone fracture and cortical defect repair. However, the
importance of VEGFA expression by different cell types during bone healing is not well
understood. We sought to determine the role of VEGFA from different osteoblast cell subsets
following clinically relevant models of bone fracture and cortical defect. Ubiquitin C (UBC),
Osterix (Osx), or Dentin Matrix Protein-1 (Dmp1) Cre-ERT2 mice (male and female) containing
floxed VEGFA alleles (VEGFAM/ were either given a femur full fracture, ulna stress fracture, or
tibia cortical defect at 12 weeks of age. All mice received tamoxifen continuously starting two
weeks before bone injury and throughout healing. UBC CreERT2 VEGFAMl (UBC cKO) mice,
which were used to mimic non-specific inhibition, had minimal bone formation and impaired
angiogenesis across all bone injury models. UBC cKO mice also exhibited impaired periosteal cell
proliferation during full fracture but not stress fracture repair. Osx CreERT2 VEGFAMf (Osx
cKO) mice, but not Dmp1 CreERT2 VEGFAM/fl (Dmp1 cKO) mice, showed impaired periosteal
bone formation and angiogenesis in models of full fracture and stress fracture. Neither Osx cKO
nor Dmp1 cKO mice demonstrated significant impairments in intramedullary bone formation and
angiogenesis following cortical defect. These data suggest that VEGFA from early osteolineage
cells (Osx+) but not mature osteoblasts/osteocytes (Dmpl+) is critical at the time of bone injury
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for rapid periosteal angiogenesis and woven bone formation during fracture repair. On the other
hand, VEGFA from another cell source, not from the osteoblast cell lineage, is necessary at the
time of injury for maximum cortical defect intramedullary angiogenesis and osteogenesis.
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Introduction:

Bone repair is a complex multi-factorial process that is injury and site specific (1). Rapid
bone formation following injury is essential for proper healing. Unfortunately, healing is
compromised in 5-10% of all fractures, leading to increased post-injury disability and
financial burden (2-8). Therefore, there is substantial motivation to better understand the
biological factors influencing new bone formation, which can occur by intramembranous
and/or endochondral ossification following bone injury (1, 9-11).

One such factor, vascular endothelial growth factor A (VEGFA), has been shown to be
critical to bone formation during repair. VEGFA is a heparin binding pleiotropic cytokine
produced by many cell types within the bone microenvironment, including cells of the
endothelial and osteochondral lineages (12—20). VEGFA signals predominantly through
VEGFR2 (KDR), which functions as a receptor tyrosine kinase and is found on cells of the
osteoblast and endothelial lineage within bone (12, 19, 21-24). Previous /n vitro assays
show that exogenous VEGFA promotes human umbilical vein endothelial cell (HUVEC)
proliferation, migration and tubule formation (25-27). VEGFA has also been shown to
promote /n vitro osteoblast cell survival, differentiation and mineralization in a dose-
dependent manner (15, 22, 28-30). Therefore, VEGFA'’s role in promoting ossification
following bone injury is thought to be due to its role in supporting both angiogenesis and
osteoblast function, two processes necessary for bone formation 7 vivo (31-35). However,
the nonspecific nature of anti-VEGFA treatments used to block bone repair /n vivo (32, 36,
37) have not shed light on which cell types are critical sources of VEGFA for this process.

To address this knowledge gap, a recent study showed that constitutively deleting VEGFA
from osteoblast lineage cells, using the noninducible Osterix (Osx) Cre, but not from
endothelial lineage cells, using the noninducible Cadherin-5 (Cdh-5) Cre, led to impaired
intramembranous ossification following tibia defect repair (28). In the same study, the
authors also showed that this loss of VEGFA in Osx+ lineage cells impaired angiogenesis at
the bone defect site, thereby supporting previously mentioned /n vitro work. These results
demonstrate that VEGFA from Osx+ lineage cells but not Cdh-5+ lineage cells is necessary
for angiogenesis and bone formation following cortical defect. However, this study did not
address two important questions: 1) Is VEGFA from osteoblast lineage cells critical in more
clinically relevant models of bone fracture? 2) Is VEGFA essential in early or later
osteoblast lineage cells? VEGFA is highly expressed by osteoblast lineage cells following
bone injury (38-41). Its expression has also been shown to increase during osteoblast
differentiation and mineralization /n vitro (22). Therefore, we hypothesized that VEGFA
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from both early (Osx+) and later (Dentin Matrix Protein-1, Dmpl+) osteoblast lineage cells
is important in clinically relevant fracture repair.

To address these specific questions, we used an inducible Cre_LoxP system in mice
harboring VEGFA floxed alleles (VEGFAT/f) (42). Ubiquitin C (UBC) (43), Osx (44), and
Dmp1 (45) inducible Cre-ERT2 lines were crossed to mice carrying floxed VEGFAf!/
alleles to generate Cre-positive inducible and conditional knockout (cKO) and Cre-negative
mice (Control) (Figure 1A). Twelve-week old mice (male and female) underwent either
three-point bending of the femur (full fracture) or cyclic axial forelimb compression (stress
fracture), two procedures that model clinically relevant fractures that heal by periosteal
callus formation. They differ in that full fractures heal by combined intramembranous and
endochondral ossification (9, 46, 47), whereas stress fractures heal by intramembranous
ossification (48-50). To confirm previous results (28), we also injured bones by drilling of
the anterior medial cortex of the tibia (cortical defect). In this model, the predominant site of
new woven bone is intramedullary which is formed by intramembranous ossification (51,
52). All mice were given tamoxifen starting 2 weeks before bone injury and throughout
healing until sacrifice at predetermined timepoints (Figure 1B).

First, we deleted VEGFA in all cells using the UBC Cre-ERT2 to confirm previous
pharmacologic results that global VEGFA is necessary for angiogenesis and osteogenesis
following bone injury. Then Osx cKO and Dmp1 cKO mice were used to discern whether
VEGFA from early osteoblast lineage cells or more mature osteoblasts/osteocytes is
necessary for successful bone repair. Based on previous reports, the inducible Osx Cre-ERT2
would target VEGFA deletion in osteoblast lineage cells from osteoprogenitor to osteocytes
(38, 44, 53). On the other hand, the Dmp1 Cre-ERT2 would allow for targeting of only
mature osteoblasts and osteocytes (54, 55).

Our results show that UBC+ cell VEGFA is necessary for angiogenesis and osteogenesis
across the three models of bone injury. More importantly, we show for the first time that
VEGFA from Osx+ but not Dmp1+ cells is necessary for maximal angiogenesis and
osteogenesis following full fracture and stress fracture. These data indicate that VEGFA
from early osteoprogenitor cells but not mature osteoblasts is critical for rapid periosteal
bone formation and angiogenesis following fracture. Finally, we show that cortical defect
repair does not depend on VEGFA at the time of injury from Osx+ or Dmp1+ cell lineages.
This suggests another cell source of VEGFA is critical for maximal intramedullary bone
formation following tibial defect repair.

Materials and Methods:

Mouse Lines —

All mouse lines including UBC Cre-ERT2 (43), Osx Cre-ERT2 (44), Dmpl Cre-ERT2 (45),
Ai9 (RCL-tdTomato) (56), and VEGFAM/T (42) were previously generated and described.
UBC Cre-ERT2 (Catalog # 007001) and Ai9 (RCL-tdT; Catalog # 007909) breeders were
purchased from Jackson Laboratories. Osx Cre-ERT2 and Dmp1 Cre-ERT2 breeders were
shared from the laboratories of Drs. Henry Kronenberg and Paola Pajevic, respectively.
VEGFA/f breeders were provided by Dr. Bjorn Olsen with permission from Genentech. To
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generate inducible Cre reporter mice, male mice hemizygous for Cre were crossed to female
mice containing homozygous Ai9 alleles. These offspring were interbred to generate Cre
positive mice homozygous for Ai9 that were used separately for Cre specificity and lineage
tracing studies. Subsequently, to make VEGFA cKO mice, hemizygous Cre males
homozygous for Ai9*/* were bred to female VEGFAM/f mice. Mice from each Cre line were
then intercrossed to generate the following two genotypes: Cre-ERT2;VEGFA fIfl: Aj9
(cKO) and VEGFAf: A9 (Control) for each Cre line (Figure 1A). Mice were group housed
(4-5 per cage) under a standard 12-hour light/dark cycle and given access to food (Purina
LabDiet 5053, St. Louis, MO) and water ad libitum. All experimental procedures involving
animals were approved by the Institutional Animal Care and Use Committee (IACUC) at
Washington University in St. Louis School of Medicine in accordance with the Animal
Welfare Act (AWA) and PHS Policy on Humane Care and Use of Laboratory Animals.

Mouse Models of Bone Repair —

For all bone repair models the right limb was injured whereas the left contralateral limb
served as the uninjured control. Mice were anesthetized during all procedures with
isoflurane (1-3% v/v). For invasive procedures (full fracture and cortical defect), mice were
given buprenorphine SR (1 mg/kg, s.c.) 1 hr before surgery. The right limb was shaved and
sterilized with betadine and alcohol (70%) before surgery. For noninvasive procedures
(stress fracture), mice were given Buprenex (0.05 mg/kg, s.c.) immediately following
loading. Following all bone injury procedures, mice were returned to their cage and placed
on heating pads (Bean Farm) until awake and sternal. Mice were monitored daily for signs
of pain and open wounds were quickly resutured.

Full Fracture Model —

Right limbs were prepared before fracture as previously described (47). Briefly, a complete
(full) transverse bone fracture was made in the femoral mid-diaphysis via three-point
bending using a custom designed fixture on a materials testing machine (DynaMight 8841,
Instron). The fracture was stabilized with a 24 gauge stainless steel pin (Microgroup) and the
wound sutured with 3-0 nylon sutures (Ethicon). Immediately after fracture, 3x
magnification radiographs (Faxitron Ultrafocus 100) were taken to verify proper fixation of
the fracture site. Mice were excluded (34 out of 94) if they had an irreparable break (15
mice), loss of fixation during healing (9 mice), signs of infection (3), or processing artifacts
(7 mice).

Stress Fracture Model —

Cyclic axial fatigue using a 2 Hz haversine waveform was applied to the right forelimb as
previously described (57). Briefly, to ensure equal levels of fatigue-induced damage between
experimental groups, each mouse line underwent non-survival calibration loading to
determine the ultimate forelimb force (F;;, monotonic loading to failure) and cyclic
displacement increase to failure (from cycle 10, D1g to Ds,jj). To induce a stress fracture,
forelimbs were loaded at a peak force of 75% F; until displacement reached 50% of the
average displacement increase to failure determined from the calibration group
(Supplemental Table 3). This resulted in a non-displaced compressive cortical crack visible
by micro-CT. Specimens were excluded (56 out of 166) if they had visible cracks spanning
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the whole cortex (30 mice), ultradistal fractures through the growth plate (16 mice), or reach
displacement limits in under 50 cycles (10).

Cortical Defect Model —

The right tibia was prepared as previously described (51, 58). Briefly, a 0.78 mm circular
defect was made using a #68 sterilized drill bit attached to a Dremel tool (Model 395, Bosch
Tool Group). It was centered on the anterior medial cortex of the tibia and was located 4.3
mm from the tibial plateau. Following drilling, the cortical defect was irrigated with sterile
saline with the wound closed using 5-0 nylon sutures (McKesson). Specimens were
excluded (2 out of 47) due to premature death (1 mouse) or drilling through both cortices (1
mouse).

Cre Specificity and VEGFA Colocalization Testing —

In order to determine inducible Cre specificity and VEGFA protein localization during our
models of bone fracture repair, male and female mice hemizygous for UBC, Osx, and
Dmp1-Cre-ERT2 and containing Ai9 transgenic alleles were used. For this experiment only,
control animals contained wild-type VEGFA alleles (VEGFAWYWY) in order to visualize
wildtype VEGFA (Alexa-488) and Cre reporter (tdTomato) expression simultaneously. Mice
harboring Cre and Ai9 with VEGFAM/T alleles served as cKO. To induce Cre activated
recombination, mice were administered tamoxifen (TAM) via diet (Envigo; TD.130859) or
oral gavage (100mg/kg) starting two weeks before bone injury and throughout healing. Both
methods of tamoxifen gave similar Cre activated tdTomato expression patterns during
fracture healing. Mice undergoing full fracture were sacrificed at day 14 post-injury. Injured
limbs and their contralateral uninjured limbs were fixed in 4% paraformaldehyde (Electron
Microscopy Sciences; 15710) for 24 hrs and underwent standard decalcification for 14 days
(14% EDTA, pH 7.0) and frozen processing (30% sucrose infiltration followed by
embedding and freezing in OCT [Tissue-Tek; 25608-930]). Sections were cut longitudinally
at a thickness of 5 um using the Leica CryoJane Tape Transfer Staining for VEGFA protein
was completed on rehydrated sections by immunohistochemistry as previously described
(28). In brief, sections were first incubated with 10% goat serum (Abcam; ab7481) for 1
hour at room temperature to block endogenous binding sites. Next, immunostaining for
VEGF was performed (Santa Cruz; sc-152 1:50 dilution) overnight at 4°C. For visualization,
secondary antibody immunofluorescent incubation (Invitrogen; A-11034; 1:200 dilution)
was done for 90 minutes at room temperature. Sections were counterstained with DAPI
(Sigma: D9542; 1:1000 dilution) to visualize cell nuclei. Sections were imaged at 20x on a
Nanozoomer Slide Scanner (Hamamatsu) with DAPI, TRITC, and FITC channels for
nuclear, Cre activated tdTomato, and VEGF Alexa-488 expression, respectively. Final
images were exported with NDPView2.0 (Hamamatsu).

VEGFA Deletion Efficiency Testing —

Cre ERT2-VEGFA Tfl: Aj9 (ck0) and VEGFATT: Ai9 (Control) for each Cre line were
given TAM by either diet (Envigo; TD.130859) or oral gavage (100 mg/kg) starting 2 weeks
before injury and throughout healing as shown in Figure 1B. VEGFA deletion was assessed
at the level of DNA (tibia and kidney PCR) and RNA (gPCR of cortical bone from tibia).
VEGFA recombination at loxP sites was analyzed by PCR using primers spanning exon 3.
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DNA primers (forward - mVEGF322.F [5'-ACTTCATGGACAGGCTTCGG-3'] and
reverse - VEGFc5R.2 [5"-ACATCTGCTGTGCTGTAG GAAG-3']) and cycling conditions
have been previously described (59). VEGFA deletion efficiency was quantified by qPCR.
Following sacrifice at day 7, tibiae were flushed of marrow and the center third of the
diaphysis was snap frozen in liquid N»o. Bones were homogenized, resuspended in Trizol and
RNA was extracted and purified using a Qiagen RNeasy Kit. Bioanalyzer (Agilent
Technologies) was used to verify RNA integrity (all RIN’s > 7) as per MIQE standards (60).
Sybr based qPCR was run on a Step One Plus Machine (Applied Biosystems) using the
following primers: VEGFA (forward 5'-ATCTTCAAGCCGTCCTGTGT-3" and reverse 5'-
CTGCATGGTGATGTTGCTCT-3") from within exon 3 (15), Tbp and 1po8 served as
reference genes (IDT Mm.PT.58.42394711, Mm.PT.39a.22214844). Each biological sample
was run in triplicate. To determine VEGFA expression, each sample’s average VEGFA CT
value was subtracted by the average of the CT values from the reference genes (ACT);
relative expression was computed as 2*-(ACT). Note that chow and gavage methods of TAM
administration gave similar qJ°PCR VEGFA deletion efficiencies (not shown).

Mice were euthanized at previously mentioned timepoints (Figure 1B) and analyzed for
bone formation via micro-CT as described by (61). Right (injured) limbs and left (uninjured)
limbs were fixed in 10% neutral buffered formalin (Fisher Scientific) for 24 hrs and then
prepped for micro-CT. Fractured femurs were scanned in air in a VivaCT 40 system (Scanco
Medical) using the following parameters (X-ray tube potential 55 kV, integration time 300
ms, X-ray intensity 145 pA, isotropic voxel size 10.5 pm, frame averaging 1, projections
1000, high resolution scan). Analysis for bone formation was performed using the Scanco
software. First, an ROI spanning a 600 slice region (6.3 mm) centered around the fracture
site of each femur was contoured (Supplemental Figure 3A). This region covered the
majority of the callus. Then, images were unfiltered and thresholded at 183 per mille to
segment all mineralized tissue. Stress fractured ulnae and injured tibiae were embedded in
2% agarose and scanned at 10 pm resolution in a Scanco uCT 40 system using the following
parameters (X-ray tube potential 70 kV, integration time 300 ms, X-ray intensity 114 A,
isotropic voxel size 10 um, frame averaging 1, projections 1000, high resolution scan). For
stress fractured ulnae, analysis was done on an ROI consisting of the entire woven bone
callus excluding the original cortical bone and marrow cavity (Supplemental Figure 3B). For
the tibial defect injury model, analysis was done on an ROI spanning the cortical defect
(Supplemental Figure 3C). This ROI longitudinally encompassed a 55 slice region (0.55
mm) centered on the defect site of each tibia. All ROI’s were drawn and quantified by a
blinded user to animal 1D and experimental group. Outcome measures for all ROI’s included
contoured total volume (TV), thresholded bone volume (BV), bone volume fraction (BV/
TV), and volumetric bone mineral density (vBMD) as previously described (47). 3D
reconstructions of full fractured femurs and stress fracture ulnae were created by importing
DICOM stacks of the analysis region into Dragonfly bone 3D software (Object Research
Systems). 3D reconstructions of cortical defect tibiae were created within the Scanco
software suite.
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Histology and Histomorphometry —

Following micro-CT, specimens underwent decalcification for 14 days (14% EDTA, pH 7.0)
followed by standard paraffin processing. Injured femurs and tibia were then sectioned at 5
pum longitudinally near the middle of the fracture callus or defect site, respectively. Injured
ulnae were sectioned at a 5 um thickness transversely near the fracture line. Serial sections
were stained with picrosirius red alcian blue (PRAB; full fracture) or hematoxylin and eosin
(H&E; stress fracture and tibial defect) or left unstained for immunohistochemistry. PRAB
and H&E sections were imaged at 20x and 40x, respectively, on a Nanozoomer Slide
Scanner (Hamamatsu). For fractured femurs and ulnae, the total callus, cartilage and woven
bone areas were quantified by a blinded user to mouse 1D and experimental group 3x and
presented as previously described (62). Other tissue within the callus not classified as
cartilage or woven bone was called periosteal fibrous tissue. The relative proportion of each
of these three tissue types is presented as a percentage of the total callus area (adding up to
100%). Fractured femurs were analyzed by the Nanozoomer software (NDP viewer,
Hamamatsu). Fractured ulnae were analyzed by the software BIOQUANT (Nashville, TN).
Specific histomorphometric nomenclature were used as described in (63).

Cell Proliferation —

Cell proliferation was assessed by immunohistochemistry (IHC) for proliferating cell
nuclear antigen (PCNA, Invitrogen Systems Kit 93-1143) on paraffin sections from full
fracture (Day 5) and stress fracture (Day 3). At least one negative control section (incubated
without primary antibody) was run per batch using the same procedures. For full fracture
analysis, two 20x fields of view that were 1 mm and 2 mm from the fracture site for each
specimen were analyzed by the IHC Image Analysis Toolbox plugin (64) on FI1JI (65). First,
the cortical bone and surrounding skeletal muscle was removed so that just cells in the
expanded periosteum were visible. Second, positive pixel intensities representing “positive
DAB nuclei” were selected from all images in a set to build a color detection threshold.
Third, nuclei segmentation parameters were set to a window size of 15 pixels and seed size
of 100 pixels. Fourth, positive nuclei were automatically detected in all sample images using
this color threshold and segmentation regimen. Lastly, the number of number of positive
nuclei divided by the expanded periosteal area (defined as the area between the cortical bone
and skeletal muscle) was calculated to define the periosteal proliferation density (# PCNA*
cells/periosteal area (mm?2)). A similar protocol was followed for stress fracture analysis
except this time 10x fields of view encompassing the whole expanded periosteal region were
uploaded.

Angiogenesis —

Vascularity was analyzed at Day 5 and Day 14 for full fracture by quantifying blood vessels
in high powered fields (20x) of the expanded periosteum that were 1 mm and 2 mm from the
fracture site. For the stress fracture model, blood vessels in the entire expanded periosteal
callus (area between cortical bone and skeletal muscle) was quantified at Day 3, Day 5, and
Day 7. Vessels were visualized using immunohistochemistry with a rat monoclonal
endomucin (clone eBioV.7C7, ebisocience; 1:400 dilution) antibody on paraffin sections.
Continuous structures that were endomucin®™ were counted as blood vessels. Sections
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underwent standard IHC paraffin protocols including deparaffinization in xylene and
rehydration in graded ethanols. Antigen retrieval was done by proteinase K (5 min, room
temp) with subsequent processing done according to the Vectastain Elite ABC HRP kit
(Vector Labs; PK-6104). At least one negative control section was run per batch using the
same procedures but with an isotype control antibody (Clone eBR2a, ebioscience; 1:400
dilution). Detection was done with ImmPact DAB Peroxidase (HRP) Substrate (\Vector Labs;
SK-4105). Sections were imaged at 20x on a Nanozoomer Slide Scanner (Hamamatsu) and
analyzed by a blinded user to mouse ID and experimental group.

Callus Resorption —

Statistics —

Osteoclast activity was assessed by tartrate-resistant acid phosphatase (TRAP) staining of
full fracture (day 14) and stress fracture (day 7) paraffin sections. For full fracture
quantification, high powered (20x) sections 1 mm and 2 mm from the fracture site, were
analyzed by a blinded user. Multinucleated TRAP+ osteoclast number (N.Oc) and length
(Oc.S) were counted via the cell counter plugin and the tracing function respectively on F1JI
(65) and normalized by woven bone surface (BS) as reported previously (63). Stress fracture
specimens regardless of genotype had no multinucleated TRAP+ osteoclasts on woven bone
surfaces and therefore were not quantitated.

Sample sizes for each experimental outcome were calculated a priori based on a power
analysis with a = 0.05 and = 0.20. Estimates of sample variance and effect size was based
on previous experimental data and biological importance respectively. Target samples sizes
for outcomes per experimental group were as follows: qPCR: n = 6; MicroCT n = 8;
Histology: n = 6. Every effort was made to equally distribute male and female mice across
experimental groups for each outcome measure. Actual sample sizes are visible in the
results, directly within all figures. Data are presented as mean + SD and were analyzed via
GraphPad Prism Pro Software (Version 7; La Jolla, Ca). Due to differences in background
strain, direct comparisons of quantitative data of the two experimental groups (VEGFA cKO
vs. control) were only done within each Cre line. First, datasets were checked for normality
and then equal variance using the Shapiro-Wilk normality test and F test, respectively. If
datasets passed both of these conditions, they were then compared with an unpaired #-fest. If
either condition failed, datasets were compared with the nonparametric Mann-Whitney test.
Full fracture proliferation and vascular data were analyzed by a 2-way repeated measures
ANOVA for the effects of genotype, location, and interaction. Sidak’s post-hoc test was used
to correct for multiple comparisons. Stress fracture proliferation and vascular data were
compared by a 2-way ANOVA for the effects of genotype, timepoint, and interaction.
Sidak’s post-hoc test was used to correct for multiple comparisons. P values of < 0.10 were
considered trending while p values of < 0.05 were considered significant.
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Inducible Cre Lines Show Differential Efficiencies for VEGFA Deletion and Spatial
Targeting of the Fracture Callus

In order to test the utility of UBC, Osx, and Dmp1 inducible Cre lines for deletion of
VEGFA, we first assessed tail snip DNA for recombination. Only after 2 weeks of tamoxifen
exposure was recombination via gel electrophoresis apparent in each mouse Cre line (data
not shown). Therefore, a tamoxifen induction period of 2 weeks was used before bone
injury. UBC cKO mice demonstrated VEGFA recombination in kidney and tibial DNA
(Supplemental Figure 1A), whereas Osx cKO and Dmpl cKO demonstrated VEGFA
recombination only in DNA from the tibia. g°PCR of mRNA from diaphyseal cortical bone
following 3 weeks of tamoxifen exposure demonstrated that all three inducible Cre drivers
could downregulate VEGFA mRNA expression (Supplemental Figure 1B). UBC cKO
showed a dramatic and significant reduction in VEGFA expression (—96%) compared to
littermate controls. In addition, Osx cKO and Dmp1 cKO showed significant and similar
levels of downregulation of VEGFA expression (—34%) compared to littermate controls.

To determine inducible Cre specificity in UBC, Osx, and Dmpl Cre-ERT2 fracture calluses,
12-week old Cre+ mice carrying the Ai9 allele (56) and wildtype VEGFA alleles
(VEGFAWYWY) were subjected to full fracture or stress fracture with tamoxifen dosing before
and throughout fracture healing. Full fractured mice were also immunofluorescently co-
stained for VEGFA to determine protein localization with Cre reporters during fracture
healing. Subsequently, full fractured Cre+ Ai9 mice with VEGFAM/T were used to verify
spatial VEGFA deletion in callus tissues following Cre activation. First, uninjured limbs of
UBC:Ai9;VEGFAWYW! mice showed broad targeting of skeletal tissues with tdTomato
expression (indicating Cre recombination) in cortical bone, marrow and muscle (Figure 2A).
In contrast, Osx;Ai9;VEGFAWYW and Dmp1;Ai9;VEGFAWYWt yninjured limbs showed
tdTomato expression that was more confined to cortical bone. Fractured femurs from
UBC;Ai9;VEGFAYYW mice showed targeting of all newly formed callus tissues at day 14,
with tdTomato expression in woven bone and cartilage along the transition zone.
Osx;Ai9;VEGFAWUW fractured femurs showed tdTomato expression within the woven bone
and cartilage tissues at the transition zone, but not within the muscle.
Dmp1;Ai9;VEGFAWYW fractured femurs also had tdTomato expression within the woven
bone. In contrast, Dmp1; Ai9+ fractured femurs showed tdTomato expression in muscle
cells but not in the cartilage region of the callus. Fluorescent immunostained sections from
Cre-ERT2;Ai9;VEGFA Wt fractured femurs demonstrated that the majority of VEGFA
protein was localized within the woven bone regions of the callus (Figure 2B). This VEGFA
was also highly co-localized with tdTomato UBC+, Osx+ and Dmp1+ lineage cells.
Importantly, immunostained sections from all Cre-ERT2;Ai9;VEGFAM/ fractured femurs
showed markedly reduced VEGFA within woven bone regions of the callus versus Cre-
ERT2;Ai9;VEGFAW!W! fractured femurs. VEGFA protein was also present to a small degree
in some cartilage and muscle cells, but was not present in Cadherin-5 Cre-ERT2 activated
tdTomato+ endothelial cells (data not shown). Stress fractured limbs showed similar
tdTomato expression patterns in cortical bone and woven bone callus tissue (Supplemental
Figure 2).
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Deletion of VEGFA Ubiquitously and in Early (Osx+) but not Later (Dmp1+) Osteolineage
Cells Impaired Periosteal Bone Formation after Full Fracture and Stress Fracture

In order to determine the effects of UBC, Osx, and Dmp1 driven deletions of VEGFA on full
fracture bone formation (endochondral + intramembranous ossification), micro-CT was
performed on day 14 fracture calluses. Visualization and quantification of the full fracture
showed that femurs from the three control Cre lines produced robust and similar amounts of
bone callus 14 days after injury (Figure 3A-B, white bars; ROl in Supplemental Figure 3A).
However, healing was visibly and quantitatively altered in UBC cKO and Osx cKO. First,
UBC cKO calluses showed a significant and dramatic impairment in bone volume (BV;
-48%). Osx cKO calluses also showed a significant albeit not as severe impairment in bone
volume (=27%), compared to controls. Contrary to our hypothesis, Dmpl cKO calluses
showed no differences in bone volume compared to controls despite similar deletion
efficiency of VEGFA as Osx cKO at baseline. These micro-CT results were reinforced when
we examined hematoxylin and eosin (H&E) as well as serial picrosirius red/alcian blue
(PRAB) stained sagittal sections at the fracture midpoint from the same mice (Figure 3B-C).
Control calluses displayed a mixture of woven bone around the periphery of the fracture and
cartilage at the fracture site, confirming that this model heals by combined intramembranous
and endochondral ossification. Calluses from UBC cKO fractured femurs trended toward
being smaller (=39%; p = 0.06) compared to control mice. Furthermore, these smaller UBC
cKO fracture calluses had a significantly decreased percentage of woven bone with relative
increases in cartilage and fibrous tissue callus area fractions versus controls. Although Osx
cKO fracture calluses had less absolute woven bone, this scaled with callus size resulting in
no changes in woven bone area fraction versus controls. Dmp1 cKO mice showed no
decreases in callus size or composition versus controls. Further quantification of
multinucleated TRAP+ woven bone lining osteoclasts from full fracture callus serial
sections at day 14 demonstrated that the decreased woven bone formation in UBC cKO and
Osx cKO fractured femurs was not due to altered osteoclast abundance (Supplemental
Figure 4A).

To look solely at an intramembranous mechanism of healing we performed fatigue loading
to produce a stress fracture. On average, in all mouse strains, it took > 3000 cycles to
produce a stress fracture (Supplemental Table 1). The resulting periosteal woven bone was
quantified one week following stress fracture and generally mirrored results seen in the full
fracture model (Figure 4, ROI in Supplemental Figure 3B). Ulnae from the three control Cre
lines demonstrated robust periosteal woven bone formation that was localized around the
stress fracture (Figure 4A). UBC cKO ulnae showed no quantifiable bone formation as
assessed by micro-CT. Osx cKO calluses showed a significant reduction in bone volume
(BV; —54%) versus controls. The smaller BV in Osx cKO ulnae was due in part to
significantly less bone along the length of the ulna (bone extent; —40%; data not shown).
Dmp1 cKO calluses showed no differences in bone metrics compared to controls via micro-
CT. H&E stained transverse sections from the same stress fractures illustrated a region of
woven bone and expanded periosteum (E.Ps) near the crack in all Cre lines (Figure 4B).
Histomorphometry quantification found lower callus area in UBC cKO (-39%), Osx cKO
(—-31%), and Dmp1 cKO (-43%) ulnae, however these differences reached significance only
for the Dmp1 cKO. Due to similar reductions in total volume and bone volume, bone area
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fraction of the callus was not significantly altered in UBC, Osx, or Dmpl cKO mice versus
controls. Quantification of TRAP+ multinucleated cells on day 7 serial histological sections
demonstrated no osteoclasts lining woven bone surfaces, indicating that the smaller woven
bone formation found via micro-CT in UBC and Osx cKO stress fractured ulnas versus
controls was not likely due to altered osteoclast abundance (Supplemental Figure 4B).
However, the absence of a large relative cartilage area per callus area following stress
fracture confirmed that this model healed predominantly by intramembranous ossification
unlike the full fracture model.

Deletion of VEGFA Ubiquitously but not in Early (Osx+) Osteolineage Cells Impairs
Periosteal Proliferation after Fracture

Cellular periosteal proliferation is a hallmark of the bone injury response to fracture and is
necessary for maximal bone formation (66-68). To determine if the reduced bone formation
in UBC cKO and Osx cKO was due to impaired cellular proliferation, the expanded
periosteal layer of full and stress fracture calluses at day 5 and day 3, respectively, were
stained with proliferating cell nuclear antigen (PCNA, Figure 5). First, regardless of bone
injury type there was positive PCNA staining providing evidence for cellular proliferation in
all control and conditional knockout calluses (Figure 5A;5B). However, proliferation density
(# PCNAT cellssmm?2) was on average an order of magnitude higher in full fracture versus
stress fracture expanded periosteal layers, which correlates with the relative magnitudes of
periosteal bone formation between the two models. In the full fracture model, it was noted
that cellular proliferation appeared heterogeneous within the expanded periosteum and
therefore two periosteal locations, 1 and 2 mm from the fracture site, were analyzed for
proliferation density. UBC cKO femur calluses demonstrated significantly lower
proliferation density near the fracture site (~60%; 1 mm; Figure 5A) versus controls. This
effect was not observed further from the fracture site (2 mm region). This impairment in
cellular proliferation coincides with the trending decrease in callus area seen in UBC cKO
day 14 full fracture calluses versus controls (-39%; Figure 3B). Osx femurs showed no
significant differences in cellular proliferation based on genotype or location in the full
fracture model. In the stress fracture model, proliferation density of the entire expanded
periosteum, the area between the fractured cortical bone and skeletal muscle, was not
significantly different in UBC cKO or Osx cKO ulnae calluses versus controls (Figure 5B).

Deletion of VEGFA Ubiquitously and in Early (Osx+) Osteolineage Cells Impairs Periosteal
Angiogenesis Following Full Fracture and Stress Fracture

Angiogenesis is a prerequisite for bone formation in models of full fracture and stress
fracture repair (21, 31, 33, 69). Since VEGFA is the prototypical angiogenic factor, we
assayed whether the reduced periosteal bone formation in UBC and Osx cKO calluses was
due to impairments in post fracture angiogenesis at timepoints preceding and concurrent
with osteogenesis. At day 5 after full fracture, before robust osteogenesis, the tissues in the
expanded periosteal layer of all calluses (control and cKO) were highly vascularized (Figure
6A). For example, there were no significant impairments in vessel density (# endomucin
*/mm?) of the expanded periosteal layer in UBC c¢KO and Osx cKO femurs compared to
controls at either 1 mm or 2 mm locations from the fracture site. By day 14 however, there
was a large detectable impairment in the vessel density of cKO callus tissues. For example,
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there was a significantly lower vessel density in UBC cKO (-76%; Figure 6B; 1mm) and
Osx cKO (-53%; Figure 6B; 1mm) callus tissues versus controls. This effect may be due in
part to changes in callus tissue type at the 1 mm site, where UBC cKO displayed
predominantly cartilage and Osx cKO displayed transitional tissue, compared to
predominantly woven bone in controls. However, looking strictly within woven bone tissue
at the 2 mm site, vessel density was still significantly impaired in UBC cKO (-50%) and
Osx cKO (-25%). Following stress fracture, there was significantly reduced callus vessel
density due to UBC cKO (-22%; Figure 7) of VEGFA versus controls. Osx cKO only
showed decreased callus vessel density at day 3 (-38%; Figure 7A) but not day 7 (Figure
7B) versus controls. When looking solely within woven bone tissue, UBC cKO calluses
again displayed a strong and significant reduction in woven bone vessel density at day 5 and
day 7 (-90%; Supplemental Table 2). Although Osx cKO calluses displayed lower woven
bone vessel densities (Supplemental Table 2) than controls at these same timepoints, this
result didn’t reach significance.

Deletion of VEGFA Ubiquitously but not in Early (Osx+) or Late (Dmpl) Osteolineage Cells
Impaired Cortical Defect Repair

To extend our results from the stress fracture model to another model of intramembranous
bone formation (51, 52), as well as compare to previously published results (28), we
performed a cortical defect in the tibia of UBC, Osx and Dmp1 cKO mice. In contrast to
both fracture models that showed robust periosteal bone formation, the cortical defect model
only showed intramedullary woven bone formation localized near the defect site (Figure 8F).
A week following drilling of the anterior-medial face of the tibia, all control tibiae showed
infilling of the cortical defect ROI regardless of background strain (Figure 8A-8B, ROl in
Supplemental Figure 3C). UBC cKO demonstrated significantly less bone within the defect
site compared to control (-75% BYV; Figure 8C). However, unlike in the full fracture and
stress fracture injuries where loss of VEGFA from Osx+ cells inhibited bone formation, Osx
cKO had normal defect healing. Dmp1 cKO also had normal defect healing. Histological
H&E and endomucin stained sections also qualitatively demonstrated impaired woven bone
(Figure 8D) and vasculature (Figure 8E) across the defect site in UBC cKO defects. On the
other hand, Osx cKO and Dmp1 cKO tibiae demonstrated normal bone formation and
vasculature at the defect site.

Discussion:

VEGFA, due to its strong affinity to promote angiogenesis, has been previously studied in
the context of bone repair, a process that requires angiogenesis (31, 69). In this study, we
tested the requirement of VEGFA from all cells and then from various osteolineages for
successful healing in multiple models of bone injury. Our short-term deletion strategy did
not cause any observable complications or adversely affect cortical bone properties
(Supplemental Table 3), thereby allowing us to look at VEGFA’s role in injury induced
ossification without a major underlying phenotype.

Overall, we showed that global loss of VEGFA dramatically impairs angiogenesis and
osteogenesis in models of full fracture, stress fracture, and cortical defect healing (Figure 9).
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More importantly, our results show for the first time that VEGFA from osteoprogenitors/
early-stage osteoblasts (Osx+), but not from more mature osteoblasts/osteocytes (Dmpl+), is
necessary for maximal periosteal osteogenesis after both full fracture and stress fracture
(Figure 9A). Thus, Osx+ cellular VEGFA is a prominent signaling molecule supporting
periosteal angiogenesis and osteogenesis necessary for successful full fracture and stress
fracture repair. In partial contrast to the results for periosteal bone healing, both Osx+ and
Dmp1+ cellular VEGFA were dispensable for intramedullary bone formation during cortical
defect repair (Figure 9B). Taken together, these results only partial support our hypothesis
that both Osx+ and Dmp1+ cellular VEGFA are important for successful bone repair, and
thus highlight the cell lineage and injury specific requirement of VEGFA for bone healing.

We showed that UBC cKO cortical bone demonstrated a potent decrease in VEGFA gene
expression and protein production within the bone injury microenvironment that resulted in
a dramatic decrease in post injury angiogenesis and osteogenesis across all injury models. To
our knowledge, this is the first study to globally delete VEGFA using a genetic approach.
Our results support previous /n vivo studies that used soluble, neutralizing antibodies to
block VEGFA signaling during bone repair (32, 37). These studies also showed a dramatic
decrease in angiogenesis and osteogenesis that results in impaired healing. These results as
well as our own highlight the global importance of VEGFA for the processes of
angiogenesis and osteogenesis critical to bone repair.

Furthermore, we showed that Osx cKO but not Dmp1 cKO of VEGFA impaired periosteal
osteogenesis in two models of fracture. Even though the deletion efficiencies of VEGFA
expression in cortical bone from Osx cKO and Dmp1 cKO mice were similar (Supplemental
Figure 1B), and even though both Cre’s downregulated VEGFA protein in the woven bone
callus (Figure 2B), our results indicate that VEGFA is only indispensable from early
osteoprogenitor cells (Osx+) and not mature osteoblasts or osteocytes (Dmpl+). Therefore.
we propose that during fracture repair VEGFA may function more to support osteoblast
differentiation rather than mature osteoblastic bone apposition. This is supported by recent
studies that show VEGFA deletion in constitutive Osx Cre mice impairs /n7 vitroand in vivo
osteoblastogenesis during long bone development (70) and repair (28). Importantly, we also
showed that the decreased bone formation in Osx cKO mice versus controls is not due to
enhanced bone turnover at early bone formation timepoints since osteoclast surface and
number on newly formed woven bone surfaces were not significantly altered in day 14 full
fracture or day 7 stress fracture repair (Supplemental Figure 4). In addition, we showed that
Osx cKO of VEGFA impaired periosteal angiogenesis following full fracture (Figure 6).
This was especially true at timepoints concurrent with osteogenesis such as day 14. This
provides strong evidence that VEGFA from Osx-lineage cells is a chemotactic signal for
vascular infiltration of the callus. This effect has been described previously, where Osx:GFP
(pre-osteoblast) but not Col1:GFP (mature osteoblast) cells were show to co-invade
developing long bones with CD31 positive vessels (38). Maes et al. noted that Osx+
osteoblast precursors but not Coll+ mature osteoblasts may be directly driving vascular
invasion; our data affirms the author’s hypothesis, showing that VEGFA from Osx+ cells
promotes vascular invasion necessary for periosteal osteogenesis.
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Ubiquitous deletion of VEGFA (UBC cKO) during full fracture healing resulted in smaller
calluses made up of primarily cartilage and fibrous tissues (Figure 3C). Consistent with the
smaller callus, UBC cKO mice showed a decrease in periosteal cellular proliferation near the
fracture at a site that readily undergoes endochondral ossification (1 mm; Figure 5A).
Although VEGFA signaling has been shown to be important for chondrocyte survival and
differentiation (13, 36, 71), our UBC cKO full fracture calluses demonstrated elevated
relative amounts of cartilage compared to controls, with chondrocytes that appeared
hypertrophic at day 14 via morphology (Figure 3B;3C). Therefore, it appears that cartilage
formation is not impaired due to loss of VEGFA, and that the relative lack of bone in UBC
cKO full fracture calluses is likely due to the impaired vascular invasion necessary for
endochondral ossification rather than a failure to form cartilage callus. In support of this,
impaired endochondral ossification marked by cartilage tissue accrual was seen in the
growth plate and fracture calluses of mice treated with pharmacological inhibitors that block
VEGFA signaling (32, 34, 72). Similarly, inhibition of VEGF signaling blocked
endochondral ossification of fetal bone and skeletal stem cell transplants without impairing
chondrogenesis (73). In addition, previous fracture studies showing decreased angiogenesis
have also demonstrated impaired periosteal proliferation (33, 69, 74, 75). Collectively, these
data indicate that VEGFA, by promoting periosteal angiogenesis and proliferation, supports
endochondral ossification necessary for full fracture repair.

In contrast to endochondral ossification, intramembranous ossification occurs without a
cartilage intermediate and is the predominate ossification mechanism of periosteal bone
formation in stress fractures (9, 48, 50, 76). Our stress fracture model showed little to no
cartilage formation (Figure 4B), and thus allowed us to determine the role of cellular
VEGFA in periosteal intramembranous healing. Loss of VEGFA in Osx cKO but not Dmpl
cKO impaired osteogenesis at day 7 in the healing stress fracture (Figure 4A) without
alterations in osteoclast number (Supplemental Figure 4B), which indicates that VEGFA
from early osteoprogenitor (Osx+) cells is crucial for de novo periosteal intramembranous
ossification. Osx cKO of VEGFA also showed impaired periosteal angiogenesis (Figure 7),
but not cellular proliferation (Figure 5B), both of which are necessary for stress fracture
repair (31, 48, 76). These results are consistent with the view that VEGFA’s primary role is
to recruit periosteal vasculature necessary for intramembranous ossification of the stress
fracture callus.

Lastly, we show that that UBC cKO but not Osx or Dmp1 cKO of VEGFA impairs
osteogenesis associated with repair of a cortical defect (Figure 8A;8B). Osteogenesis
following cortical defect occurs predominantly through an intramembranous mechanism
since there is little to no cartilage at the site of new bone formation (50, 51, 57, 77).
Histologically, the new bone appears to derive from the bone marrow (Figure 8D;8E).
Moreover, we showed that removal of the periosteum does not impede cortical defect
healing (Supplemental Figure 5), although others have shown it does block full fracture
repair (66, 67). This suggests that the bone forming osteoblasts during cortical defect repair
are not derived from the periosteum but instead are likely from progenitor cells in the
endocortical or marrow spaces (intramedullary). This is further supported by the fact that
UBC;Ai9 mice show more tdTomato targeting of marrow cells than either Osx;Ai9 or
Dmp1;Ai9 (Figure 2A) and that VEGFA from UBC+ cells but not Osx+ cells is necessary
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for cortical defect repair. Overall, these results highlight the injury specific requirement of
cellular VEGFA since it is required in Osx+ lineage cells for maximal periosteal
osteogenesis but not intramedullary osteogenesis.

Our study had several limitations. First, our Osx and Dmp1 cKO mice showed modest
deletion efficiencies in uninjured cortical bone compared to others (Supplemental Figure
1B). Liu et al., using the noninducible Osx Cre showed a 70% knockdown of VEGFA in
diaphyseal cortical bone (15). However, we observed a clear, localized reduction in VEGFA
protein in the woven bone regions of the fracture callus of UBC, Osx, and Dmpl cKO mice
versus controls. Whether a more efficient knockdown in our Osx cKO mice would have led
to more robust impairments in angiogenic and osteogenic outcomes remains to be
determined, but it is possible that the importance of VEGFA from Osx-expressing cells may
be underestimated in the current study. Importantly we note that even with similar deletion
efficiencies in cortical bone we did see differences in bone formation responses between Osx
and Dmp1 cKO mice. A second limitation is that Osx;Ai9;VEGFAYYW! mice showed Cre
activation in hypertrophic chondrocytes that also stained positive for VEGFA during full
fracture repair (Figure 2B). Therefore, the partial impairment in full fracture repair using
Osx cKO mice may also be due to loss of VEGFA in hypertrophic chondrocytes. Deletion of
VEGFA using a chondrocyte-specific Cre would be needed to address this possibility.
Nonetheless, our findings of reduced periosteal bone formation after stress fracture, and of
reduced periosteal vasculature in the regions of intramembranous bone formation after full
and stress fracture, indicate that VEGFA from osteoblast lineage cells is essential. A third
limitation is that our continuous tamoxifen dosing schedule ensured that VEGFA was
deleted throughout the entire timecourse of bone repair. We did this to achieve maximal Cre-
ERT2 activation in each mouse line and to ensure that each cellular source of VEGFA first
was important for bone repair. However, previous results have suggested that there may be a
critical timeframe for angiogenesis following fracture in order to prevent delayed healing/
nonunion (33, 78). Therefore, future work is needed to determine the temporal requirement
of VEGFA for successful repair.

In conclusion, our UBC cKO results support the role of nonspecific VEGFA in angiogenic
and osteogenic processes during bone repair. More importantly, the consistent results
showing impaired periosteal angiogenesis and periosteal osteogenesis in both the full
fracture and stress fracture models indicate that early osteoprogenitors (Osx+) but not
mature osteoblast lineage cell (Dmp1+) VEGFA is critical in supporting periosteal
angiogenesis and bone formation. This however is not the case during tibial defect repair,
where VEGFA from Osx+ lineage cells is dispensable for intramedullary bone formation.
These novel results highlight the cellular and injury specific role that VEGFA plays during
bone repair and thus may aid in the development of future bone fracture therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Mouse Genotype Abbreviation
UBC-CreERT2- ; VEGFA"; Aig9*-  UBC Control
UBC-CreERT2*-; VEGFA"; Ai9*- UBC cKO
Osx-CreERT2- ; VEGFA"; Ai9*-  Osx Control
Osx-CreERT2*- ; VEGFAM: Ai9+-  Osx cKO
Dmp1-CreERT2-- ; VEGFAM:; Ai9*- Dmp1 Control
Dmp1-CreERT2*- ; VEGFA™: Ai9*- Dmp1 cKO
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Figure 1. Experimental overview of mouse lines and models of bone repair.
A) All bone injury experiments used female and male mice from three different genetic

backgrounds carrying VEGFA floxed (VEGFA f/fly and tdTomato (Ai9*/") alleles. Mice
containing UBC, Osx, or Dmp1 inducible Cre transgenes (CreERT2%/~) served as Cre
specific VEGFA inducible conditional knock-out (cKO) animals. Littermate mice from the
same genetic background not harboring Cre (CreERT27/~) served as control animals. B) All
mice received tamoxifen (2x weekly; red arrow) by oral gavage (100 mg/kg) starting 2
weeks before injury. Mice had bone injuries induced at 12 weeks of age (green arrow) by 3-
point bending of the femur (full fracture), cyclic axial compression of the ulna (stress
fracture), or tibia drilling (cortical defect). Full fracture induced periosteal bone formation
by endochondral ossification (EO) and intramembranous ossification (10). Stress fracture
and cortical defect induced bone formation by periosteal or intramedullary 10, respectively.
Mice were sacrificed at predefined timepoints (red X).
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Uninjured Femoral Diaphysis | | Fracture Callus | | Transition Zone

| - | Dmp1 Cre-ERT2: Ai9 || Osx Cre-ERT2: Ai9 | | UBC Cre-ERT2: Ai9 | >

Control (VEGFA")

cKO (VEGFA™)

Figure 2. Inducible Crelines spatial targeting and VEGFA deletion in fracture callus.
A) TdTomato reporter images (20x) counterstained with DAPI demonstrate spatial inducible

Cre activation in Cre-ERT2 Ai9 VEGFAWYWt mice following tamoxifen schedule as shown
in Figure 1B. tdTomato expression from the midpoint of intact diaphyseal bone (femur).
UBC targets periosteum and marrow cells. Osx targets most of periosteum but no marrow.
Dmpl targets some periosteum and no marrow. Day 14 full fracture tdTomato reporter
images (5x). UBC targets muscle and all callus tissues. Osx targets woven bone and some
cartilage in callus. Dmp1 targets woven bone and muscle. White box shows magnified view
(20x) of transition zone; the part of fracture callus where cartilage is undergoing
endrochondral ossification to become woven bone. Ps = Periosteal Surface; Ec =
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Endocortical Surface; Mu = Skeletal Muscle; Ct.B = cortical bone; Ma = marrow. Wo.B =
woven bone; Cg = cartilage. B) Fluorescent immunostained femur fracture sections from
control Ai9 mice (VEGFAWYWY) show that VEGFA (Alexa-488 signal) protein is
predominantly localized in woven bone (Wo.B) regions of the callus near UBC, Osx and
Dmpl Cre activated woven bone lining osteoblasts. VEGFA is also localized near
chondrocytes that show UBC and Osx Cre activation. UBC, Osx, and Dmp1l cKO calluses
show less VEGFA protein expression in woven bone regions than respective control
calluses.
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Figure 3. Deletion of VEGFA ubiquitously and in early (Osx+) but not later (Dmp1+)
osteolineage cellsimpaired periosteal bone formation after full fracture.

A) 3D reconstruction of analyzed bone volume for each Cre line depicted with heat map
based on degree of mineralization. UBC cKO full fractured femurs showed minimal
appreciable woven bone. Osx cKO full fractured femurs showed impaired woven bone
formation. DMP1 cKO full fractured femurs showed comparable woven bone formation to
controls. Thresholded bone volume of full fracture microCT calluses after 14 days of healing
showed impaired bone formation in UBC cKO and Osx cKO mice versus controls (unpaired
t-test; * p<0.05). Bone metrics were quantified from 600 slices (6.3 mm) at 10.5 micron
resolution centered around the fracture midpoint including the original cortical bone
(Supplemental Figure 3A). As a result the y-axis begins at 5 mms3, which is the average bone
volume from intact (non-fractured) femurs from all 3 inducible Cre lines. There were no
significant differences in bone volume between femurs from non-fractured Cre lines
(Supplemental Table 3). B) Hematoxylin and Eosin (H&E) day 14 sagittal sections from the
fracture midpoint to show callus cellularity and size. Black box shows a magnified (20x)
view of the transition zone. UBC cKO fracture calluses trended toward having a smaller
callus area versus controls (p =0.06). Osx cKO and Dmp1 cKO fracture calluses weren’t
significantly smaller. C) Serial picrosirius red alcian blue day 14 sagittal sections from the
fracture midpoint. Control mice displayed a mixture of woven bone (Wo.B; red stain) around
the periphery of the fracture site (black arrow heads) and cartilage (Cg; blue stain) near the
fracture site. UBC cKO femurs displayed as a percentage of total callus area significantly
less (a p <0.05) woven bone and significantly more cartilage (b p <0.05) and fibrous tissue
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(c p <0.05). Osx cKO femurs had calluses with less woven bone present but this wasn’t
significant when normalized to callus area. Dmp1 cKO femurs had comparable composition
compared to controls.
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Figure 4. Deletion of VEGFA ubiquitously and in early (Osx+) but not later (Dmp1+)
osteolineage cellsimpaired periosteal bone formation after stressfracture.

A) 3D reconstruction of analysis region shows representative bone formation for each Cre
line around stress fracture site (red arrow). UBC cKO stress fractured ulnae showed no
quantifiable woven bone via micro-CT. Osx cKO stress fractured ulnae showed impaired
woven bone extent and volume. DMP1 cKO stress fractured ulnae showed comparable bone
formation to controls. Thresholded bone volume (BV) for entire periosteal callus tissue
(which excludes intact cortical bone; Supplemental Figure 3B) on day 7 after stress fracture
showed impaired bone formation in UBC cKO and Osx cKO mice versus controls (unpaired
t-test; * p<0.05). B) Hematoxylin and Eosin (H&E) transverse sections taken near the crack
site (red arrow) of day 7 post stress fractured ulnae displayed a region of woven bone
(Wo.B) and expanded fibrous periosteum (Fb; dashed black line) around the stress fracture
crack (black arrow heads) for all Cre lines. Quantification of this expanded periosteum area
showed that Dmp1 cKO stress fracture calluses trended toward being smaller (p = 0.06)
versus controls. UBC and Osx cKO calluses weren’t significantly different in size versus
controls. Woven bone (Wo.B), cartilage (Cg) and fibrous (Fb) tissue areas were quantified at
higher magnification (Black Box - 20x) and normalized to callus area. No cKO stress
fracture calluses had a significantly altered callus composition compared to controls across
all Cre lines. Note the minimal amount of cartilage in the stress fracture model.
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Figure 5. Deletion of VEGFA ubiquitously but not in early (Osx+) osteolineage cellsimpaired
periosteal proliferation after fracture.

A) Representative day 5 full fracture PCNA stained images (20x) of the expanded
periosteum at sites 1 mm and 2 mm from the fracture site. The ROI consisted of the region
above the cortical bone (black solid line) in each image. PCNA staining of the expanded
periosteum 1 mm from the full fracture site revealed a significant reduction in the periosteal
proliferative density (# PCNA* cells/expanded periosteal area) following UBC cKO but not
Osx cKO of VEGFA at day 5 (2-Way ANOVA with Sidak Post Hoc Test (* = p < 0.05)). A
field of view 2 mm from the full fracture site demonstrated no differences between groups in
proliferation density. B) Representative day 3 stress fracture PCNA stained images (40x)
showing an enhanced view around the fracture site (black arrows). Stress fracture PCNA
staining of the entire expanded periosteum (area between solid black line and dotted black
line) after 3 days revealed no reduction in the proliferative density following VEGFA
deletion.
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Figure 6. Deletion of VEGFA ubiquitously and in early (Osx+) osteolineage cellsimpairs
periosteal angiogenesis following full fracture.

A) Representative endomucin stained images (20x) of the expanded periosteum at day 5
following full fracture. The ROI consisted of a region between the cortical bone (black solid
line) and periphery of the callus near the skeletal muscle (dashed black line). At day 5,
endomucin staining of the expanded periosteum 1 mm and 2 mm from the full fracture site
revealed no significant changes in periosteal vessel density (# endomucin*/expanded
periosteal area) due to loss of VEGFA (2-Way ANOVA with Sidak Post Hoc Test). B)
Representative endomucin stained images (20x) at day 14 following fracture however show
a dramatic loss of vascular infiltration in UBC cKO callus tissue and a less severe loss in
Osx cKO femurs at locations 1 mm from the fracture site. Similar results were found within
woven bone fields of view 2 mm from the full fracture site. At 14 days, endomucin staining
of callus tissue 1 mm and 2 mm from the full fracture site revealed significant reductions in
vessel density in UBC cKO and Osx cKO mice (2-Way ANOVA with Sidak Post Hoc Test; *
p< 0.05).
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Figure 7. Deletion of VEGFA ubiquitously and in early (Osx+) osteolineage cellsimpairs
periosteal angiogenesis following stressfracture.

A) Representative day 3 endomucin stained images (40x) highlight the region around the
stress fracture crack (black arrow heads). The ROI (tan region on schematic) consisted of the
expanded periosteal region between the cortical bone (black solid line) and skeletal muscle
(dashed black line). Note the absence of appreciable woven bone in all groups at day 3.
Endomucin staining quantification of the ROI between genotypes at various timepoints
(days 3, 5, 7) revealed a significant decrease in periosteal vessel density (# endomucin*/
expanded periosteal area) due to genotype in UBC cKO (2-Way ANOVA, # p<0.05 for
genotype) and only at day 3 due to genotype in Osx cKO mice (Sidak Post Hoc Test, * p<
0.05). B) Representative day 7 endomucin stained images (40x) highlight the region around
the stress fracture crack (black arrow heads). At day 7, there is now woven bone (Wo.B)
infiltrated with blood vessels within the periosteal space. Callus vessel density of the
periosteal ROI (# endomucin*/expanded periosteal area) at day 7 (2 way ANOVA,; # p-value
< 0.05 for genotype).
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Figure 8. Deletion of VEGFA ubiquitously but not in early (Osx+) or late (Dmp1+) osteolineage
cellsimpaired cortical defect repair.

A) 3D reconstruction of representative tibiae with defect site (white box) for each Cre line
shows that only UBC cKO mice failed to fill in the cortical defect by day 7. B)
Reconstruction of thresholded bone tissue that was quantified within the defect site. C)
Thresholded bone volume (BV) of cortical defect site using microCT after 7 days of healing
showed impaired bone formation in UBC cKO cortical defects versus controls (unpaired t-
test; *p<0.05). Bone metrics were quantified from 55 slices (0.58 mm) at 10 micron
resolution centered around the drill site which excluded original intact cortical bone
(Supplemental Figure 3C). D) Magnified H&E section (10x) depicting woven bone
formation (Wo.B) at the defect site for each specimen represented in panels A and B. E)
Endomucin stained serial sections from panel D that show the co-occurrence of vasculature
at sites of woven bone formation. F) Hematoxylin and Eosin (H&E) sagittal sections
depicting location of defect site (4.3 mm) and subsequent woven bone formation (Wo.B;
black dashed box) 7 days after injury. Note how local the response is and the absence of
large amounts of periosteal woven bone.
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Figure 9. Graphical summaries of the results from full fracture, stress fracture and cortical
defect models.

A) Each of the VEGFA results are put into the context of normal fracture repair, that
requires periosteal proliferation, angiogenesis, and osteogenesis for healing. Loss of UBC+
cell VEGFA leads to dramatically impaired periosteal angiogenesis and osteogenesis and to
a lesser extent impaired cellular proliferation which prevents successful bone healing. Loss
of Osx+ cell VEGFA but not Dmp1+ cell VEGFA prevents periosteal angiogenesis and
osteogenesis thereby leading to reductions in maximal bone formation. B) UBC+ cell
VEGFA was required for maximal angiogenesis and osteogenesis for cortical defect repair.
VEGFA from Osx+ or Dmp1+ cells was dispensable for angiogenesis and osteogenesis for
cortical defect repair. Green check = Cell source of VEGFA dispensable for biological
process; Red arrows = cell source of VEGFA required for biological process. N.T. = not
tested.
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