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Osteoblast-Specific Loss of IGF1R Signaling Results in Impaired
Endochondral Bone Formation During Fracture Healing

Tao Wang!:2, Yongmei Wang?, Alicia Menendez!, Chak Fong?l, Muriel Babey!, Candice GT
Tahimicl, Zhigiang Cheng?, Alfred Lil, Wenhan Chang?, and Daniel D. Bikle!

1Endocrine Unit, VA Medical Center and University of California, San Francisco, CA, USA

?Department of Orthopedics, Civil Aviation General Hospital, Beijing, China

Abstract

Insulin-like growth factors (IGFs) are important local regulators during fracture healing. Although
IGF1 deficiency is known to increase the risk of delayed union or non-union fractures in the
elderly population, the underlying mechanisms that contribute to this defect remains unclear. In
this study, IGF1 signaling during fracture healing was investigated in an osteoblast-specific IGF1
receptor (IGF1R) conditional knockout (KO) mouse model. A closed tibial fracture was induced in
IGF1RfloX/flox/2 3 kb a.1(1)-collagen-Cre (KO) and IGF1RfoX/flox (control) mice aged 12 weeks.
Fracture callus samples and nonfractured tibial diaphysis were collected and analyzed by uCT,
histology, immunohistochemistry, histomorphometry, and gene expression analysis at 10, 15, 21,
and 28 days after fracture. A smaller size callus, lower bone volume accompanied by a defect in
mineralization, bone microarchitectural abnormalities, and a higher cartilage volume were
observed in the callus of these KO mice. The levels of osteoblast differentiation markers
(osteocalcin, alkaline phosphatase, collagen 1a.1) were significantly reduced, but the early
osteoblast transcription factor runx2, as well as chondrocyte differentiation markers (collagen 2a.1
and collagen 10a.1) were significantly increased in the KO callus. Moreover, increased numbers of
osteoclasts and impaired angiogenesis were observed during the first 15 days of fracture repair, but
decreased numbers of osteoclasts were found in the later stages of fracture repair in the KO mice.
Although baseline nonfractured tibias of KO mice had decreased trabecular and cortical bone
compared to control mice, subsequent studies with mice expressing the 2.3-kb a.1(1)-collagen-Cre
ERT?2 construct and given tamoxifen at the time of fracture and so starting with comparable bone
levels showed similar impairment in fracture repair at least initially. Our data indicate that not only
is the IGF1R in osteoblasts involved in osteoblast differentiation during fracture repair, but it plays
an important role in coordinating chondrocyte, osteoclast, and endothelial responses that all
contribute to the endochondral bone formation required for normal fracture repair.
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Introduction

Insulin-like growth factor 1 (IGF1) is the most abundant growth factor stored in bone, and
with its receptor IGF1R forms a major growth-promoting signaling system for the
skeleton.(t) IGF1 plays many important roles in both bone development and remodeling. The
growing skeleton is modulated by IGF1 through endocrine, paracrine, and autocrine
mechanisms including its role in mediating the skeletal actions of growth hormone and
PTH.(@ IGF1 exerts its action by binding to the IGF1R, which triggers a number of
intracellular signaling pathways.(®

A prospective clinical study showed that impairment of the growth hormone (GH)/IGF1 axis
correlated to the quality of fracture healing, suggesting its involvement in the
pathphysiological mechanisms determining delayed or failed fracture healing, and found that
serum IGF1 concentrations of the non-union group were below those of the union group.®
Members of the IGF family have been detected locally in the fracture callus of patients,(®)
and these levels are increased during fracture healing in rats.(® Circulating IGF1 is mainly
produced in the liver stimulated by GH. Unlike classical peptide hormones, IGFs are widely
expressed by cells with rapid rates of proliferation and in regenerating tissues such as
osteoblasts, and function in a paracrine and autocrine manner in those tissues. Thus,
circulating IGF1 has a role in bone remodeling, but endogenous, ie, skeletal, IGF1
production is likely to play the major role.(")

The majority of fractures heal by the combination of both intramembranous and
endochondral bone formation. The process includes cellular condensation, hypertrophic
chondro-genesis, matrix mineralization, vascularization, bone formation, and callus
remodeling through osteoclastic activity. During fracture healing, IGF1 is involved in cell
proliferation and differentiation of mesenchymal cells, periosteal cells, osteoblasts,
osteoclasts, and chondrocytes in an autocrine and/or paracrine fashion. There are numerous
studies now showing evidence of communication between those cells, and a closed
biological connection exists between these cells during fracture healing. IGF1 regulates
osteoblastic proliferation, differentiation, survival, and the synthesis of bone matrix in
vivo.(8-10) Osteoblasts also depend on IGF1 signaling to regulate osteoclastogenesis per se
and as stimulated by PTH.(11.12) |GF1 stimulates VEGF secretion from both osteoblasts and
chondrocytes to promote angiogenesis.(!3) Moreover, osteoblasts and chondrocytes promote
each other’s differentiation process.(14) These data suggest that osteoblasts orchestrate
interactions between different cell populations, playing a central role in fracture healing by
coordinating the actions of the different cell types involved, and that most of those cell—cell
communication functions are dependent on IGF1 signaling. However, the specific functions
of IGF1 signaling in osteoblasts and their communication with other cells during fracture
healing have not been previously determined. In this study, we hypothesized that disrupting
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IGF1 signaling in osteoblasts would alter endochondral bone formation, mineralization,
neovascularization, and callus remodeling during fracture healing. To test this hypothesis,
we created an osteoblast-specific IGF1 signaling—deficient mouse model in which the /gfir
gene was ablated specifically in osteoblasts (OBIGF1R™") by Cre-/ox recombination. Our
results demonstrated that deletion of the IGF1R from osteoblasts profoundly affected all
aspects of fracture healing.

Materials and Methods

Generation of osteoblast-specific IGF1R knockout mice

The OBIGF1R™/~(KO) mice were made by breeding floxed-Igfir (Igf1r70X/floX) mice that
carry JoxPsequences flanking exon 3 of the gene(X® with transgenic mice (¢"¢Co/Ia1)
expressing Cre recombinase under the control of a 2.3-kb Collagenlal [Colla 1]
promoter(16) (Jackson Laboratories, Bar Harbor, ME, USA). We also generated tamoxifen-
inducible, osteoblast-specific IGF1R knockout mice that permit osteoblast-specific knockout
of /gfirjust prior to fracture. The inducible OBIGF1R ™~ (iKO) mice were generated by
breeding /gf1r70%/flox mice with mice expressing a Cre ert2 2.3kbcollal transgene, which
encodes a fusion protein of the Cre recombinase and a mutated estrogen-responsive element
to confer sensitivity to Tam.(?) Littermates not expressing the Cre recombinase served as
controls. Gene disruption was induced by five i.p. injections of tamoxifen in oil (75 mg/kg
body weight), and fracture was performed after the second Tam injection. Both experimental
and control mice received the tamoxifen. All animal studies were done in accordance with
and approval by the Animal Use Committee of the San Francisco Veterans Affairs Medical
Center, where the animals were raised and studied.

Genotyping and determination of tissue-specific deletion of the IGF1R gene

Genomic DNA was extracted from tail snips and other tissues (spleen, muscle, lung, heart,
gut, liver, growth plate cartilage, callas and bone) of the mice using DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA, USA) for purification and Phire Animal Tissue Direct
PCR Kit for amplification (Thermo Fisher Scientific Inc., Marietta, OH, USA). Polymerase
chain reaction (PCR) analyses of the DNA were performed to detect Cre and floxed-IGF1R
alleles using corresponding primer sets with standard conditions (5 min at 98°C; 5 s at 98°C,
5sat 61°C, and 20 s at 72°C for 37 cycles; 1 min at 72°C; oo at 4°C). PCR was performed
with a mixture of three primers (two forward primers, 5"-CTT CCC AGC TTG CTA CTC
TAG G-3” and 5'-TGA GAC GTA GCG AGA TTG CTG TA-3’, and a reverse primer, 5'-
CAG GCTTGC AAT GAG ACA TGG G-3") to detect 320-bp and 120-bp products from the
non-excised and excised gene alleles, respectively.(18) The Cre transgene was detected by
PCR using the primers 5"-GCA AAA CAG GCT CTA GCG TTC G-3’ (forward) and 5’-
CTG TTT CAC TAT CCZ GGT TAC GG-3’ (reverse) to amplify a 560-bp DNA product.
Cre-positive and gene excision (A-IGF1R) positive littermates were designated as
experimental groups whereas Cre-negative littermates were used as controls.

Nonstabilized tibial fracture model and biomechanical testing

Twelve-week-old female KO mice, iKO mice, and their control littermates were anesthetized
with isoflurane using a rodent gas anesthesia instrument. A Bose Electroforce 3200
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mechanical instrument (Eden Prairie, Minnesota, USA) was used to create a closed tibial
fracture model without fixation. Three-point bending was used to create the fracture in these
mice, and both bending stiffness and strength were recorded at a rate of 0.05 mm/s. The
fracture site occurred in the upper-middle portion of the right diaphysis and maximum load
were evaluated for fractured legs. Mice received analgesics after fracture. The mice were
allowed to recover on a heated pad, and, after awakening, they were returned to their cages
and allowed to ambulate freely. Mice were sacrificed at 10, 15, 21, and 28 days after
fracture. Calluses from the KO mice, iKO mice, and their control littermates were harvested
for analysis.

All uCT measurements were carried out using a SCANCO MicroCT 50 scanner (SCANCO
Medical AG, Bassersdorf, Switzerland). All scanning and evaluation was performed using a
voxel size of 10 pm and slice increments of 10 um. Quantitative analyses were carried out
using the SCANCO Evaluation Program v6.0. Non-fractured control tibias (KO, iKO mice
and their control mice, 7 =5 or 6 for each group, 12 weeks old) were evaluated at both the
secondary spongiosa of the proximal metaphysis and at the cortical region where the
fractures were made. For trabecular analysis in secondary spongiosa, we analyzed a region
beginning at the growth plate and extending proximally for 100 slices. A lower threshold of
300 units, a Gaussian sigma of 0.5, and a Gaussian support of 2 were chosen as trabecular
evaluation settings. For evaluation of cortical bone, a 40-slice region centered on the mid-
diaphysis of the tibia was analyzed. This region was chosen to represent a similar anatomical
location as the fracture sites in the contralateral tibias. A lower threshold of 380 units, a
Gaussian sigma of 0.8, and a Gaussian support of 1 were chosen as cortical evaluation
settings. For fracture callus analysis, we evaluated a 2-mm region of the callus centered on
the site of fracture. Our analysis segregated newly formed bone by manually delineating a
mask to exclude preexisting cortical bone. A thresholding algorithm protocol was used to
segment mineralized tissue. Its settings are characterized by a lower threshold of 240 units,
with a Gaussian sigma and support of 0.8 and 1, respectively. pCT imaging was performed
at 10, 15, 21, and 28 days after fracture (n7=5 or 6 per group). The following measures of
bone and callus structure and composition were evaluated from the uCT data for each
specimen: total volume (TV, mm3), bone volume (BV, mm3), bone volume fraction (BV/TV,
%), trabecular thickness (Tb.Th, um), trabecular number (Th.N, 1/mm), and trabecular
separation (Th.Sp, um), total cross-sectional area (Tt.Ar, mm2), cortical bone area (Ct.Ar,
mm?), cortical area fraction (Ct.Ar/Tt.Ar, %), and cortical thickness (Ct.Th, um).(9)

Bone histomorphometry

The mice were injected with calceindemeclocycline 4 days and 1 day prior to euthanasia.
After uCT measurements, undecalcified tibias were embedded in methyl methacrylate
(MMA). A microtome (RM 2265; Leica, Germany) was used to cut the embedded samples
with sections taken through the entire callus tissue. Five-um-thick plastic sections were
stained with Goldner, von Kossa-safranin O/Fast Green, Toluidine blue, or tartrate-resistant
acid phosphatase (TRAP) for visualization of osteoblasts and osteoclasts, respectively. The
stained specimens were used for determining static and structural measurements while 10-
um-thick plastic sections was used for assessing dynamic measurements of bone formation.
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The section stained by Von Kossa-safranin O/Fast Green, marking cartilage as red or pink
and bone tissues as black, were used for the histomorphometric analyses of total callus and
cartilage volumes. Three equidistant sections spaced at 250 pm apart throughout the
midsagittal section of the callus were evaluated. Images of stained sections were captured
using a Zeiss light microscope (Axio Imager 2; Carl Zeiss, Germany) with an attached high-
resolution digital c-mount camera. Callus area was determined by selecting all pixels within
the callus excluding the original cortical bone, bone marrow compartments, and soft tissues.
The total area of the callus, cartilage, trabecular, and osteoid bone in mm? was determined
by their stained color. Sections were analyzed semiautomatically using the Bioquant Osteo
computerized image analysis system (R&M Biometrics, Nashville, TN, USA). Standard
nomenclature was used to express the histomorphometric values: callus tissue area (T.Ar,
mm?2), callus bone area (B.Ar, mm?), callus bone volume (BV/TV, %), callus cartilage area
(Cg.Ar, mm?), callus cartilage volume (CV/TV, %), trabecular number (Th.N, 1/mm),
trabecular width (Th.Wi, um), trabecular separation (Th.Sp, um), callus osteoid volume/bone
volume (OV/BV, %), osteoblast number (N.Ob/BS, 1/mm), osteoclast number (N.Oc/BS, 1/
mm), mineralization lag time (MIt, D), mineral apposition rate (MAR, um/day), and bone
formation rate (BFR/BS, um3/um2/day). (29) Those parameters were calculated by the
Bioquant program. The mean of a set of data values was calculated from three sections per
animal.

Immunohistochemistry

Callus samples were serially fixed in 10% normal buffered formaldehyde for 1 day,
decalcified in 10% EDTA solution for 10 days, and then embedded in frozen blocks. Tissue
sections at the fracture site were cut longitudinally by microtome at a thickness of 7 um.
Immunohistochemistry was performed using enzymatic Avidin-Biotin Complex—
diaminobenzidine staining with hematoxylin used for counterstaining. Antibodies to IGF1R
1:200 (ab39398; Abcam) and CD31 1:50 (ab28364; Abcam) were used according to the
manufacturer’s instructions. Each immunostaining reaction was accompanied by a negative
control, where the primary antibody was not included. Optical density per stained area (I0D/
area) was used to quantify the CD31 expression by detecting in six different images taken at
%100 magnification from the location of the callus with Image Pro Plus 6.0 software (Media
Cybernetics, MD, USA). Immunohistochemical staining was evaluated by computerized
optical density (OD) measurements, which corresponded to the staining intensity. The
standardization procedures for computer-assisted immunohistochemical staining
quantification were described in detail elsewhere.(?1) Briefly, positively stained regions of
the image were selected by HSI (hue, saturation, and lightness) with S from 0 to 255, | from
0 to 210, and H from 0 to 25, and then the brown color was converted into grayscale signal.
The grayscale CD31 signal was measured as mean optical intensity of staining (mean optical
density [MOD]) within the tissue masks. For immunohistochemistry studies, at least four
mice per group were examined. Three equidistant sections spaced at 250 um apart
throughout the midsagittal section of the callus were evaluated.

RNA levels in bone

RNA was isolated from fracture callus tissues at 10, 15, 21, and 28 days after fracture (=4
or 5 at each time point). The callus of the fracture site was harvested and total RNA was
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extracted and reverse transcribed into cDNA, as described.(?2) Expression of osteocalcin
(OCN), alkaline phosphatase (ALP), collagen typel, alpha 1 (Collal), runt-related
transcription factor 2 (Runx2), collagen type 2, alpha 1 (Col2al), collagen type 10, alpha 1
(Col10al), receptor activator of NF-xB (RANK), receptor activator of NF xB ligand
(RANKL), osteoprotegerin (OPG), and nuclear factor of activated T-cells cytoplasmic 1
(NFATc1) were determined by quantitative real-time PCR using specific murine primers and
probes as described.(2324) The ACtvalues were obtained by subtracting the L19 (as
endogenous control) Ctvalues from the target gene Ctvalues of the same samples. The
relative quantification of the target genes was calculated by the formula: 27A¢%.

Bone marrow stromal cell culture

Statistics

Results

Bone marrow stromal cells (BMSCs) were isolated from 12-week-old KO and their control
littermates. Cells were cultured in 2 mL of modified essential medium (a-MEM) containing
10% fetal bovine serum (FBS) at a seeding density of 5 x10° cells/well in 6-well plates.
After 7 days in culture, the medium was replaced with medium containing 10 mM B-
glycerophosphate and 50 mg/mL of ascorbic acid. This medium was changed every 2 days
thereafter. On day 14 after plating, cells were harvested for mRNA isolation using the
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). After 14 days in culture, cells were also
fixed and stained for alkaline phosphatase (ALP) positive colonies using a kit (Sigma
Chemical, St. Louis, MO, USA). On day 21 after plating, cells were fixed for von Kossa
staining to determine mineralization. The colonies greater than 2 mm?2 showing positive
staining were quantified with Image Pro Plus 6.0 software.

Based on literature and on our previous experience, for the uCT analysis of the bone volume
fraction, with an SD of 8% and mean difference of 15% between the gene mutation group
and control groups, 0.8 power will be achieved with a sample size of 5 for each group.
Results were presented as mean + SD and compared using the one-way ANOVA or unpaired
Student’s ¢test (Microsoft Excel 2010; Microsoft Corp., Redmond, WA, USA). All
statistical tests were two-sided. Significance was assigned at p <0.05.

Gene excision and immunolocalization of IGF1R proteins

We confirmed the specificity of gene excision in the KO and iKO mice by PCR analyses of
genomic DNA from different tissues with primers flanking exon 3 of the IGF1R gene and
Cre transgene. As shown in Fig. 1A, B, the gene excision (A-IGF1R) and Cre transgene
occurred in bone from the KO and iKO mice but not in other tissues from the same animals
or in bone from the IGF1R0¥/flox (control) mice, although a faint presumably nonspecific
higher molecular weight band was seen in control liver tissue. The expression of IGF1R
protein was profoundly reduced in osteoblasts in the woven bone of the callus in KO mice
(Fig. 1D, H) compared to CON mice (Fig. 1C, G) and in iKO mice (Fig. 1%, J) compared to
inducible control (iCON) mice (Fig. 1£, /).
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Biomechanical testing analysis

Results of three-point bending testing showed that maximum load to create a tibial fracture
was significantly decreased in KO mice compared to CON mice (0 <0.05), whereas there
were no significant differences in maximum load between iKO mice and their control mice
(iCON) (Table 1).

MCT analysis of normal bone and callus

UCT data showed that both BV and BV/TV of the secondary spongiosa in the proximal tibial
metaphysis were significantly decreased in baseline nonfractured KO mice compared to their
control mice (Table 2). Cortical bone parameters, such as Ct.Ar, Ct.Ar/Tt.Ar, and Ct.Th at
the targeted fracture site were also significantly decreased in the nonfractured KO mice
(Table 2). uCT scout views taken at different times after fracture showed that the callus size
in KO mice was smaller than that of CON mice. A clear fracture line can be seen in the
callus of KO mice at 15 and 21 days indicating incomplete bony callus formation (Fig. 2).
Both TV and BV at fracture sites were significantly decreased in KO mice compared to
CON mice at early time points (day 10) and late time points (days 21 and 28) postfracture (p
<0.05) (Fig. 34, B). BVITV, Th.N, and Th.Th at fracture sites were significantly decreased
in KO mice at the last time point (day 28) (v <0.05) (Fig. 3C-£), and Th.Sp was
significantly increased in KO mice compared to CON mice at 10 days and 28 days
postfracture (p <0.05) (Fig. 3F). These quantitative data demonstrated the delay in fracture
healing in the KO mice.

No significant differences were found in the structural parameters of the spongiosa and
cortical bone between nonfractured iKO and their CON genotypes, indicating that iKO and
their CON mice were comparable prior to fracture (Supporting Table 1). However, TV and
BV at the fracture site were significantly decreased in iKO mice compared to CON mice by
day 10 postfracture (0 <0.05) (Supporting Fig. 1A, B). Unlike the KO mice, the iKO
appeared to recover by day 28 with an increase in BV (p <0.05) (Supporting Fig. 1B). We
attribute this to the recovery of IGF1R in newly formed osteoblasts that are no longer
exposed to tamoxifen.

Histomorphometric analyses of bone formation and mineralization

Histologic examination showed a reduction in new woven bone at 10, 21, and 28 days after
fracture and increased cartilage within the callus at 10 and 15 days after fracture (Fig. 4).
Quantification of the histomorphometric analyses is shown in Table 3. Both T.Ar and B.Ar
were significantly decreased by days 10, 21, and 28 in the KO mice, compared to CON mice
(0 <0.05), and BV/TV, Th.N, and Th.Wi were significantly decreased in KO mice compared
to CON mice at day 28 postfracture (p <0.05). Th.Sp was significantly increased by days 10
and 28 in the KO mice (p <0.05). OV/BV was decreased at day 10 but increased by day 15,
suggesting an initial delay in osteoblast formation followed by a delay in osteoblast function
(mineralization). MAR and BFR/BS were significantly decreased by days 10 and 21 in the
KO mice compared to CON mice (p <0.05), whereas MIt was increased significantly in the
KO at day 21 (p<0.05). Consistent with the pCT data, KO mice showed significantly
smaller callus size, lower bone volume, and bone microarchitectural abnormalities that were
accompanied by a defect in bone formation and mineralization during fracture healing.
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These defects in bone formation and mineralization were accompanied by fewer osteoblasts
over the surfaces of bone in the KO callus, relative to CON callus, with significant
reductions on days 10, 21, and 28 (p <0.05) and near significance on day 15 (N.Ob/BS in
Table 3).

Impaired osteoblastogenesis in the fracture of osteoblast-specific IGF1R knockout mice

We then examined markers of osteoblast differentiation in the fracture site. mMRNA levels of
OCN and ALP were significantly decreased on days 10 and 15 postfracture in the KO mice,
and both ALP and Collal were decreased on day 21 in the KO mice compared to CON mice
(0 <0.05) (Fig. 5A-C). On the other hand, Runx2 mRNA levels were significantly increased
in the KO mouse fracture sites compared to that of CON mice at all time points (p <0.05)
(Fig. 5D). Reduced osteoblast number despite the increase in Runx2 expression in the callus
of KO mice indicated a block in osteoblast development at the osteoprogenitor stage in mice
lacking IGF1R in their more mature osteoblasts.

Similar observations were made in iKO mice with decreased mRNA levels of OCN at 10,
15, and 21 days postfracture, decreased Collal at 15 and 21 days postfracture, and increased
Runx2 at 15 and 21 days postfracture compared to their control mice (p <0.05) (Supporting
Fig. 2). On the other hand, these Col1lal mRNA levels rebounded by day 28, consistent with
the rebound in the BV of iKO mice noted earlier in uCT analysis of callus (Supporting Fig.
1B).

To determine whether mesenchymal stem cells from KO mice have impaired osteogenic
potential, BMSCs flushed from KO and CON mice were isolated and placed in culture. Total
RNA was extracted from the bone marrow cultures to examine the expression of genes
associated with osteoblast differentiation. OBIGF1R ™/~ BMSC cultures had reduced
expression of OCN and ALP (p<0.05) (Fig. 5G, H), compared to CON mice after 14 days in
culture. This was associated with a reduction in alkaline phosphatase—positive and Von
Kossa—positive colonies (Fig. 5/, J).

Delayed endochondral bone formation in the fracture of osteoblast-specific IGF1R
knockout mice

As noted in Fig. 4, there was more cartilage scattered within the callus of the KO mice, and
the cartilage volume (CV/TV, %) was increased quantitatively at days 10, 15, and 21 in the
KO callus compared to CON callus. At day 28, the cartilage area was no longer detectable in
either KO or CON mice (Table 3). Real-time PCR measurement confirmed these findings.
Relative gene expression of Col2al and Col10al, early and late markers of chondrocyte
differentiation, respectively, showed that Col2al was significantly upregulated at all time
points (p <0.05) (Fig. 5£), and Col10al was significantly increased at the day 15, 21, and 28
time points (p <0.05) (Fig. 5F). These findings indicated that there was a lag in
endochondral bone formation in KO mice, which tended to have very high expression of the
cartilage markers during the early stages (days 10 and 15) of fracture healing and stronger
persistence of cartilage markers in the later stages (days 21 and 28) of fracture healing.

In iKO mice, CV/TV was increased at 10 days postfracture compared to their CON mice (p
<0.05) (Supporting Fig. 3A). Likewise, the levels of Col2al were significantly increased in
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the iKO compared to their CON mice at all time points, and Col10al was significantly
increased at the 15-day and 21-day time points (p <0.05) (Supporting Fig. 3B, C). These
data indicate that iKO results in the same delayed endochondral bone formation during
fracture healing as the KO.

Biphasic effects of osteoclastogenesis in the KO mice

Osteoclastic activity is associated with both cartilage resorption and subsequent remodeling
of the primary and secondary bone over the time course of fracture healing.(2® Significant
increases in TRAP+ osteoclasts were observed in KO fracture sites, relative to CON, on day
15. However, at 21 and 28 days postfracture there was a decreased number of TRAP+
osteoclasts in KO calluses, compared to CON calluses (Fig. 6 A-F). Quantitative analysis of
the histomorphometric data showed that osteoclast number was significantly increased on
day 15 but decreased on days 21 and 28 in the KO mice compared to CON mice (0 <0.05)
(N.Oc/BS in Table 3). We hypothesized that RANKL from the increased number of
chondrocytes in the KO during the initial stages of fracture repair stimulated the increased
number of osteoclasts, whereas a reduction in RANKL producing osteoblasts at later time
points when high numbers of chondrocytes were no longer present would serve to reduce
osteoclastogenesis. To test this hypothesis, we first measured expression of RANKL and
OPG, two of the most prominent proteins involved in regulation of osteoclast formation.(26)
The relative ratio of RANKL/OPG, an index of osteoclastogenesis, was increased at 15 days
postfracture, but decreased by days 21 and 28 postfracture in KO mice compared to CON
mice (p<0.05) (Fig. 6Q). NFATcl and RANK expression was elevated, respectively, in the
callus at days 10 and 15 in the KO mice, but both were reduced by days 21 and 28,
compared with CON mice (p <0.05) (Fig. 6 Q). These osteoclast-specific gene expression
patterns were consistent with the observations of osteoclast numbers (N.Oc/BS) found in the
KO calluses showing increased osteoclast numbers at the early time point (day 15) but
decreased osteoclast numbers at later time points (day 21 and day 28).

Impaired angiogenesis in the callus of knockout mice

Angiogenesis and bone formation are coupled during skeletal development and fracture
healing. The lack of oxygen (hypoxia) and the subsequent generation of angiogenic factors
have been shown to be critical in achieving successful bone regeneration and fracture
healing.(2”) In order to assess vascular invasion of fracture calluses, CD31
immunohistochemical staining was used to quantify angiogenesis. CD31 is a transmembrane
glycoprotein and is qualified as an endothelial cell marker. Microscopic image analysis
showed that CD31 expression in KO callus was significantly decreased at the day 15 time
point compared to CON mice (p <0.05) (Fig. 7A-/), paralleling a significant decrease in
VEGF gene expression at this time point (p <0.05) (Fig. 7.). However, by day 21 this trend
had reversed as VEGF expression increased.

Discussion

IGF1 plays a prominent regulatory role in skeletal development and bone remodeling.
Deletion of /gfirin osteoblasts impairs both the autocrine/paracrine and endocrine effects of
IGF1 on osteoblasts. During the process of endochondral bone formation and fracture
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healing, the immature osteoblast is essential for coupled vascular and osteogenic
transformation.(?8) Therefore, to reveal the role of IGF1 signaling in osteoblasts during
fracture repair we used a transgenic mouse model expressing cre recombinase under control
of a 2.3-kb collagenlal promoter, which enables specific expression in early differentiating
osteoblasts.(29:30) |n this animal model, no significant reductions in body size, femoral
length, and tibial length by 12 weeks of age were found (data not shown), but there were
significant reductions in proximal metaphyseal trabecular BV/TV (17.87%) and cortical
bone parameters at the targeted fracture site, such as Ct.Ar (9.45%), Ct.Ar/Tt.Ar (8.37%),
and Ct.Th (19.94%). Biomechanical tests showed reduced mechanical strength in the tibial
diaphysis in these KO mice. Thus, deletion of /gfIrin osteoblasts using 2.3-kb Collal
promoter caused both trabecular and cortical bone loss and mechanically weaker cortical
bone. For this reason we repeated the essence of our fracture experiments with a model in
which IGF1R was deleted at the time of fracture with the same 2.3-kb collal cre but under
tamoxifen regulation. Because this construct does not delete genes (ie, /gfir)) in stem cells,
and we desired only a limited exposure to tamoxifen to avoid its skeletal effects, the iKO
model likely provided only a transient deletion of /gf1r, sufficient, however, for comparisons
to the KO model during the earlier time points postfracture.

Although the role of osteoblasts during fracture healing has been previously shown, the role
of IGF1 signaling in osteoblasts during endochondral fracture repair had not been previously
shown. Results from this study suggest that not only is IGF1 signaling in osteoblasts
required for endochondral bone formation including the angiogenic response during fracture
repair, but was also required for osteoclast activation in the later stages of fracture repair
during remodeling of the bony callus. Blocking the IGF1-induced differentiation of
osteoblasts at the stage of collal expression resulted in a backlog of osteoprogenitors as
indicated by the increase in Runx2 expression and decreased numbers of mature osteoblasts
capable of bone formation during fracture repair. Moreover, although Runx2 directs
multipotent mesenchymal cells toward an osteoblastic lineage, it maintains osteablastic cells
in an immature stage.(31) Overexpression of Runx2 inhibits osteoblast maturation and the
transition of osteoblasts to osteocytes.(32:33) Therefore, in these KO mice, the overexpression
of Runx2 due to disrupted IGF1 signaling may have contributed to the attenuation of
osteoblast differentiation.

The increased cartilage volume, increased expression of markers of chondrocyte
differentiation, and reduced bone in the KO and iKO mice suggest that the disruption of
IGF1 signaling in osteoblasts also leads to a pileup of chondrocytes perhaps due to a defect
in their terminal differentiation. Indeed it has been suggested that chondrocytes differentiate
directly into osteoblasts, although our data do not speak to this point. The mechanism for the
delayed conversion of cartilage to bone in KO and iKO mice is not understood at present,
although it has been reported that there are interactions between chondrocytes and
osteoblasts in co-culture that induce hypertrophic differentiation of the chondrocytes. (14
More recent studies have shown that EphB4, a member of the tyrosine kinase receptor Eph
family, is expressed in osteoblasts as is its ligand ephrinB2, and both ephrin B2 and EphB4
are also expressed in late stage proliferating and prehypertrophic chondrocytes. The
expression of ephrin B2 and EphB4 is stimulated by IGF1 and may provide a cell—cell
communication mechanism between osteoblasts and chondrocytes to promote the transition

J Bone Miner Res. Author manuscript; available in PMC 2017 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 11

from cartilage to bone during endochondral bone formation.(34) This mechanism would be
impaired in the OBIGF1R™~. However, the factors and interactions between osteoblasts and
chondrocytes that contribute to fracture repair under the regulation of IGF1 signaling remain
for future investigation.

The increase in osteoclasts during the initial stages of fracture repair but their decrease at
later time points (day 21 and day 28) in the callus of KO mice was unexpected. However,
chondrocytes produce RANKL, and their increased numbers during the early but not later
stages of fracture repair in KO mice are consistent with the finding that the relative ratio of
RANKL/OPG was increased at 15 days postfracture, but decreased by days 21 and 28
postfracture in KO mice compared to CON mice. The expression of RANKL and OPG plays
an essential role in osteoclast recruitment during both the period of cartilage resorption and
later during the remodeling of the primary and secondary bone over the time course of
fracture healing.(3®) It is also tempting to link these changes in the ratio of RANKL/OPG in
KO mice to that of Runx2 expression, which was also quite elevated in the KO mouse callus
on day 15 postfracture followed by a decrease at the 21-day and 28-day time points. Other
studies have found that Runx2 overexpression in osteoblasts using the 2.3-kb Collal
promoter enhances osteoclastogenesis in vivo and ex vivo by upregulating RANKL, and
reducing OPG expression.(33:36) The increased number of osteoclasts may have resulted in a
reduced template for endochondral bone formation, which in turn interfered with the
transition from cartilage to bone and impaired fracture healing.(3”) However, with time the
ratio of RANKL/OPG significantly decreased at 21-day and 28-day time points in KO mice.
This is likely due to the reduction of osteoblasts in the callus of the KO mice compared to
CON at a time of reduced chondrocytes as well, and the requirement for IGF1 signaling to
promote RANKL expression in osteoblasts(34) and osteoblast-stimulated
osteoclastogenesis.(11)

VEGF signaling plays a central role in neoangiogenesis and in endochondral bone
formation. Osteoblasts and hypertrophic chondrocytes express VEGF, and have been
implicated as primary regulators of angiogenesis in fracture healing.(38:39) IGF1, by
activation of the PI3K pathway, induces VEGF expression in osteoblasts through
transcriptional activation of hypoxia response genes.(#9) CD31 immunohistochemistry and
VEGF gene expression data showed decreased angiogenesis in the KO calluses at day 15.
Oxygen is required for osteogenesis;(41) therefore, hypoxic conditions associated with
decreased angiogenesis in the callus of KO mice may have contributed to the suppression of
bone callous formation during the initial stages of fracture healing. However, angiogenesis
recovered by day 21. Because VEGF mRNA expression by osteoblasts can be potently
upregulated by hypoxia,#? the initial hypoxia due to delayed angiogenesis appeared to be
self correcting.

In conclusion, disrupting IGF1 signaling in the immature osteoblast significantly alters
several phases of the fracture healing process. Our analyses indicate that there is a close link
between osteoblasts and other cell populations involved with fracture healing, such as
chondrocytes, osteoclasts, and vascular endothelial cells, which directly or indirectly is
under the regulation of IGF1 signaling. Therefore, we believe that there is an increased risk
of delayed unions and non-unions in patients with IGF1 signaling deficiency. However,
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future studies are necessary to investigate the exact nature of the interactions between those
cells contributing to fracture repair that are responsive to IGF1 signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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L
Tamoxifen-inducible OBIGF-1R/~(iKO)
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Specificity of the ablation of the /gfZrgene in osteoblasts. (A, B) PCR analyses of genomic
DNA extracted from different tissues as specified from the KO and iKO mice and their
control littermates with /gf1rgene excision (A-IGF-1R). (C-F) Immunohistochemistry for
the expression of IGF1R in the osteoblasts (arrows) along the woven bone surface in the
callus of KO and iKO mice and their control littermates (10 days after fracture). Bars =10
pum. (G-J) These observations are further confirmed by higher magnification. Bars =10 um.
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10D

15D

Fig. 2.
UCT scout view of fracture healing in KO and CON mice. After closed tibial fracture the

time-course imaging of the callus showed that KO mice had a smaller size of callus and a
residual fracture line (arrow) within the callus even after 21 days.
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Disruption of IGF1 signaling in osteoblasts impairs osteogenesis and fracture healing in KO
mice. uCT data showed that KO mice had a reduction in TV (Fig. 3A4), BV (Fig. 38), Th.N
(Fig. 3D) and Th.Th (Fig. 3£) in the callus, although BV/TV ((Fig. 3C) was not significantly
reduced until 28 days postfracture. Th.Sp was significantly increased in KO mice compared
to CON mice at 10 days and 28 days postfracture (Fig. 3F) (=5 or 6 per group at each time
point). *p <0.05; **p <0.01 versus control at the same time point. Data are expressed as
mean + SD.
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Fig. 4.

Higstological analysis of fracture healing in KO and CON mice. von Kossa-safranin O/Fast
green staining was used to stain bone black and cartilage red (arrow) in undecalcified
sections of tibial fractures. A reduction in new woven bone at 10, 21, and 28 days after
fracture and increased cartilage within the callus at 10 and 15 days after fracture are found in
the callus of KO mice compared to CON mice. Bar =500 pum (77 =5 per group at each time
point).
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Time in culture (Day)

Time in culture (Day)

Time in culture (Day)

Gene analysis of fracture healing and bone marrow cultures. Gene expression levels of (A)
OCN, (B) ALP, (O) Collal, (D) Runx2, (£) Col2al, and (F) Coll10al in tibia fracture
calluses. Gene expression levels of (G) OCN, (H) ALP, and the osteoblast differentiation and
mineralization indicators of (/) ALP colonies and (J) bone nodules in bone marrow stromal
cell culture. 7=4 or 5 per group at each time point. The mRNA levels were normalized to
those of L1g. Cultures were assayed in triplicate wells. *p < 0.05, **p < 0.01 versus control
at the same time point. Mean + SD is shown.
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Deletion of 1gflr in osteoblasts induces a biphasic effect on osteoclastogenesis. (A-H)
TRAP staining was performed on undecalcified sections of fractured tibia, and
representative photomicrographs are shown at x 200 original magnification. Osteoclast
numbers (arrows) were counted in 3 sections per mouse. Bars =200 pum. (~A) These
observations are further confirmed by higher magnification. Bars =20 pm. (n=4 or 5 per
group at each time point). (¢) RANKL/OPG, NFAc1, and RANK RNA levels in the fracture
callus were determined by RT-PCR (n7=4 or 5 per group at each time point). *p <0.05, **p
<0.01 versus control at the same time point. Mean + SD is shown.
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Fig. 7.

Dgletion of Igflr in osteoblasts impairs angiogenesis during the initial phase of fracture
healing. (A-D). Immunohistochemistry for the expression of CD31 in the woven bone of
callus. A representative section is shown. Bars =200 um (7 =4 or 5per group at each time
point). Magnification: x 200. (£~H) The CD31 signal of brown DAB staining (arrows in
higher magnification of the black-framed area) in the fracture callus was evaluated using
computerized optical density (OD) measurements by Image Pro Plus in decalcified sections
of fractured tibia. Bars =20um. (/) The grayscale CD31 signal was measured as mean optical
intensity of staining (mean optical density [MOD]) within the tissue masks. (J) The levels of
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VEGF in the fracture callus were examined by RT-PCR (=4 or 5 per group at each time
point). *p <0.05 versus control at the same time. Mean + SD is shown.
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Table 1

Three-Point Bending Test

Group Maximum load (N)

CON 27.83+334
KO 2252+236"
iCON 28.64 +3.10
iKO 27.46 +2.04

Values are shown as mean + SD; n7=10 per group at 12 weeks.

CON =control; KO =knockout; iCON =inducible control; iKO =inducible knockout.

*
<0.05 versus CON group.
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UCT Determination of the Structure of the Proximal Tibia and Cortical Bone at Fracture Site

Table 2

Trabecular parameters TV (mmd) BV (mmd) BV/TV (%) TB.Th (um)

CON
KO

1.72+006 022+004  1293+126  40.70+4.62
162£010 016+004" 1062+134"  3531£6.33

Cortical parameters

Tt.Ar (mm?)  CtAr(mm?) CLAY/TLAr (%) Ct.Th (um)

CON
KO

1.19+0.11 0.74 £0.05 61.86 + 1.87 191.53 + 19.09

119+0.08 0671005 5668+1.70° 153.33+7.08"

Values are shown as mean + SD; /7= 6 per group at 12 weeks.

CON =control; KO =knockout.

*
p<0.05 versus control.
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