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Lnk-dependent axis of SCF—cKit signal
for osteogenesis in bone fracture healing

Tomoyuki Matsumoto,’? Masaaki Ii, Hiromi Nishimura,! Taro Shoji,!?
Yutaka Mifune,? Atsuhiko Kawamoto,! Ryosuke Kuroda,?

Tomoaki Fukui,!? Yohei Kawakami,!? Tomoya Kuroda,»? Sang Mo Kwon,!
Hiroto Iwasaki,! Miki Horii,! Ayumi Yokoyama,! Akira Oyamada,!

Sang Yang Lee,? Shinya Hayashi,? Masahiro Kurosaka,? Satoshi Takaki,*
and Takayuki Asahara'®

'Group of Vascular Regeneration Research, Institute of Biomedica! Research and Irnovation, 2Department of Orthopedic
Surgery, Kobe University Graduate School of Medicine, 3Department of Pharmacology, Osaka Medical College, 565-8686,
Osaka, Japan

*Division of Immunology, Department of Microbiology and Immunalogy, Institute of Medical Science, University of Tokyo,
Tokyo,113-0033, Japan

Department of Regenerative Medicine Science, Tokai University School of Medicine, Kanagawa, 251-1193, Japan

The therapeutic potential of hemataopoietic stem cells/endothelial progenitor cells (HSCs/
EPCs) for fracture healing has been demonstrated with evidence for enhanced vasculogenesis/
angiogenesis and osteogenesis at the site of fracture. The adaptor protein Lnk has recently
been identified as an essential inhibitor of stem cell factor (SCF)-cKit signaling during
stem cell self-renewal, and Lnk-deficient mice demonstrate enhanced hematopoietic recon-
stitution. In this study, we investigated whether the loss of Lnk signaling enhances the
regenerative response during fracture healing. Radiological and histological examination
showed accelerated fracture healing and remodeling in Lnk~deficient mice compared with
wild-type mice. Molecular, physiolagical, and morphological approaches showed that vascu-
logenesisfangiogenesis and osteogenesis were promoted in Lnk-deficient mice by the mobi-
lization and recruitment of HSCS/EPCs via activation of the SCF-cKit signaling pathway in
the perifracture zone, which established a favorable environment for bone healing and
remodeling. In addition, ostecoblasts (OBs) from Lnk-deficient mice had a greater potential
for terminal differentiation in response to SCF~cKit signaling in vitro. These findings sug~

gest that inhibition of Lnk may have therapeutic potential by promoting an environment
conducive to vasculogenesisfangiogenesis and osteogenesis and by facilitating OB terminal
differentiation, leading to enhanced fracture healing.

Embryonic stem cells in the blastocyst stage
have the potential to generate any terminally
differentiated cells in the body; however, other
adult stem cell types, including hematopoietic
stem cells/progenitor cells (HSCs/HPCs), have
limited potency for postnatal tissue/organ
regeneration. The hematopoietic system has
traditionally been considered unique among
phenotypically characterized adult stem/pro-
genitor cells (Slack, 2000; Blau et al., 2001;
Korbling and Estrov, 2003) in that it is an orga-
nized, hierarchical system with multipotent,
self renewing stem cells at the top, lineage-
committed progenitor cells in the middle, and
lineage-restricted precursor cells, which give rise
to tenminally differentiated cells, at the bottom

www,em.org/cgi/doif10.1084/jem. 20100321
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(Weissman, 2000). Recenty, Takaki et al.
(2002) reported that Lnk is expressed in hema-
topoietic cell lineages, and BM cells of Lnk-
deficient mice are competitively superior in
hematopoietic population to those of WT mice.
They also clarified that not only HSC/HPC
numbers but also the self-renewal capacity of
some HSCs/HPCs were markedly increased in
Lnk-deficient mice (Ema et al., 2005). In addi-
ton, they identified the functional domains of
Lnk and developed a dominant-negative Lnk

® 2010 Matsumoto et al.  This article is distributed under the terms of an At-
tribution-Noncommercial-Share Alike-No Mirror Sites license for the first six
months sfter the publication date (see http:/fwww.rupress.orgfterms). After six
months it is zvailable under a Creative Commons License (Attribution-Noncom-
mercial-Share Alike 3.0 Unported license, as described st http:fjcreativecommons
orgflicensesfby-nc-saf3.0f].

2207

1102 ‘12 ludy uo Bio ssaidni-wsal woiy papeojumo



Published September 20, 2010

JEM

mutant that inhibits the functions of Lnk that are endoge-
nously expressed in the HSCs/HPCs and thereby potentiates
the HPC:s for engraftment (Takizawa et al., 2006). Lnk shares
a pleckstrin homology domain, a Src homology 2 domain,
and potential tyrosine phosphorylation sites with APS and
SH-2B. It belongs to a family of adaptor proteins implicated
in integration and regulation of multiple signaling events (Huang
etal,, 1995; Takaki et al., 1997; Yokouchietal., 1997; Liet al.,
2000; Ahmed and Pillay, 2003) and has also been suggested
to act as a negative regulator in the stem cell factor (SCF)—
c-Kit signaling pathway (Takaki et al., 2000, 2002).

In another category of regenerative medicine, bone for-
mation and regeneration has been extensively researched to
meet clinical demand. A biologically optimal process of frac-
ture repair results in the restoration of normal structure and
function in the injured skeletal tissue. Although most frac-
tures heal within a certain time period with callus formation
that bridges the fracture gap while bone repair takes place, a
large number of patients with fractures lose valuable time
because of disability or confinement, leading to a loss of pro-
ductivity and income. Moreover, a significant amount (5—-10%)
of fractures fail to heal and result in delayed union or persis-
tent nonunion (Marsh, 1998; R odriguez-Merchan and Forriol,
2004). Among various causes of failed bone formation and
remodeling, inappropriate neoangiogenesis is considered to
be a crucial factor (Harper and Kalgsbrun, 1999; Colnot
and Helms, 2001). Notably, appropriate vasculogenesis by BM
endothelial progenitor cells (EPCs; Asahara et al., 1997) is
emerging as a prerequisite for bone development and regen-
eration, and there appears to be a developmental reciprocity be-
tween endothelial cells (ECs) and osteoblasts (OBs; Karsenty
and Wagner, 2002). We have recently proved a patho-
physiological role and contribution of murine BM-derived
Scal*Lin~ (SL) cells, HSC/EPC-enriched fraction, for bone
healing (Matsumoto et al., 2008). Another group has also re-
ported the increase of CD34*/AC133* cells in peripheral
blood (PB) of patients with fracture, suggesting the contribu-
tion of PB EPCs to bone healing (Laing et al., 2007). How-
ever, previous studies have demonstrated that the majority of
callus—formed cells in fracture were derived from the perios-
teum rather than from PB (Nakazawa et al., 2004), indicating
a minor contribution of BM-derived cells to fracture healing.
Moreover, periosteal cells, but not endosteal BM cells, have
recently been shown to be competent to produce fracture callus
(Calnot, 2009). Therefore, emerging the concept of enhanced
osteogenesis/angiogenesis by HSCs/EPCs, one of the novel
factors responsible for stem/progenitor cell mobilization from
BM, that is Lnk, attracted our research interests to develop
therapeutic strategy using circulating EPCs for bone fracture.

SCF has already been reported to stimulate proliferation
and differendation of HSCs (Broudy, 1997} and mobilize
HSCs/EPCs into PB (Mauch et al., 1995; Takahashi et al.,
1999) by binding with cKit. Thus, we have investigated the
hypothesis that a lack of Lnk signaling, dependent on the
SCF—cKit signaling pathway, enhanced the regenerative re-
sponse via vasculogenesis and osteogenesis in fracture healing

2208

by HSC/EPC mobilization and recruitment to sites of frac-
ture in Lnk-deficient mice. In our series of experiments, we
showed that a negatively controlled Lnk system contributed
to a favorable environment for fracture healing by enhancing
vasculogenesis/angiogenesis and osteogenesis via activation of
SCF—cKit signaling pathway, which leads to prompt recovery
from fracture. In contrast, cKit expression was observed in
several tissues and cells, including OBs (Bilbe et al., 1996).

This is the first study showing interaction between the
Lnk system and fracture healing that provides a new insight
into negatively controlling the Lnk system not only to pro-
mote an environment conducive to vasculogenesis/angio-
genesis and osteogenesis but also to up-regulate the potential
of OB terminal differenuation so that fractures can promptly
heal. Therefore, negatively regulating the Lnk system has im-
portant implications for the formulation of new therapeutic
strategies to enhance bone repair.

RESULTS
Pre- and post-fracture phenotypic characterization
of BM and PB
We first attempted to compare the frequency of BM HSC/
EPC fraction identified as cKit*SL (KSL) cells at pre-fracture
and 7 d after fracture in Lnk KO mice and age-matched WT
mice (C57BL/6). The percentage of BM KSL fraction was
significantly higher in post-fracture bone than in pre-fracture
bone, regardless of mouse phenotype; however, it was signif-
icantly high in both pre- and post-fracture bone in Lnk KO
mice compared with WT mice (pre-fracture: Lnk KO, 19.3 +
0.5, WT, 5.6 + 0.2; post-fracture: Lnk KO, 23.7 = 0.5, WT,
8.3 £ 0.4%, respectively; P < 0.05 for Lok KO vs. WT in
both pre- and post-fracture bone; pre- vs. post-fracture bone
in both Lnk KO and WT; n = 5; Fig. 1 a). Also, the number
of KSL cells in 105 of PB mononuclear cells (MNCs) was sig-
nificantly greater in post-fracture bone than in pre-fracture
bone, regardless of mouse phenotype, and it was significandy
great in both pre- and post-fracture PB in Lnk KO mice com-
pared with WT mice (prefracture: Lnk KO, 1,141.4 £ 192.0;
WT, 581.9 + 97.7, post-fracture: Lnk KO, 1,467.1 + 235.2;
WT, 941.9 * 300.0, respectively; P < 0.01 for Lok KO vs.
WT in both pre- and post-fracture; P < 0.05 for pre- vs.
post-fracture in both Lnk KO and WT; n = 5; Fig. 1 b).
We next investigated which cell populations were mobi-
lized into PB under fracture stress. Because the KSL cell pop-
ulation is extremely small in PB, there was no significant
difference between the number and the percentage in PB at pre-
fracture and 7 d post-fracture (unpublished data). We there-
fore attempted to make a comparison of the frequency of PB
HSC/EPC-enriched fraction identified as cells at prefracture,
1,4,7, and 14 d after fracture in Lnk KO and WT mice. The
percentage of post-fracture HSC/EPC-enriched fraction in
PB was significantly higher, peaking at day 1 in both Lnk KO
and WT mice, than that of pre-fracture (pre-fracture: Lnk KO,
39.7 £ 3.1, WT, 44.9 £ 0.8; 1 d post-fracture: Lnk KO, 56.2 +
1.6, WT, 59.3 £ 3.1; 4 d post-fracture: Lnk KO, 53.5 + 3.0,
WT,57.7 £ 1.1; 7 d post-fracture: Lnk KO, 43.8 £ 4.1, WT,

Lnk-depzndent axis of SCF-cKit signal for osteogenesis | Matsumaoto et al.
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Figure 1. Phenotypic characterization of

BM and PB pre- and post-fracture. (a) The
percentage of KSL fraction in BMMNCs was
assessed by FACS analysis at pre- and 7 d
post-fracture (fx) stage in WT and Lnk KO

mice, and expressed on the top right quadrant
of the dot-blot graph. *, P < 0.05 versus WT; t,

P < 0.05 vs. pre-fx. (b) The number of KSL cells

in BMMNCs was also assessed by FACS at

a WT pre-fx WT post-fx Lnk KO pre-fx Lnk KO post-fx
56+02% 83%04% 193+05%
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© 15004 2
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pre- and 7 d post-fx stage in WT (open
square) and Lnk KO (open rhombus) mice.

* P<001vs. WT; +, P < 0.05 vs. pre-fx.

(c) The number of SL cells in 1 ml of PB was
assessed by FACS in WT (open square) and Lnk
KO (open rhombus) mice in the indicated time
course. t1, P < 0.01; 1, P < 0.05 versus pre-fx;
* P < 0.05 versus WT. All data averaged from
five independent experiments. All the mean

-0~ Lnk KO

Pre Day 7 Pre

Day 1

55.0 £ 1.2; 14 d post-fracture: Lnk KO, 41.0 £ 1.9, WT,
52.6 £ 2.4%; P < 0.01 for pre-fracture vs. 1 d post-fracture
in both Lnk KO and WT; P < 0.05 for pre-fracture vs. 4 d
post-fracture in both Lnk KO and WT; n = 5). The number
of post-fracture SL cells per 1 ml of PB was significantly high,
peaking at day 1 compared with pre-fracture (pre-fracture:
Lnk KO, 15.1 £ 1.0, WT, 7.2 + 1.1; 1 d post-fracture: Lnk
KO, 35.6 3.7, WT, 22.1 £ 6.1; 4 d post-fracture: Luk KO,
29.5 £ 2.8, WT, 15.6 = 9.7; 7 d post-fracture: Lnk KO, 25.3 =
5.4, WT, 13.7 £ 1.9; 14 d post-fracture: Lnk KO, 24.8 + 5.4,
WT, 8.4 £ 1.9 X 10* cells/ml; P < 0.01 for pre-fracture vs.
1 d post-fracture in both Lnk KO and WT; P < 0.05 for pre-
fracture vs. 4 d post-fracture in both Lnk KO and WT, Lnk
KO vs. WT at each time point; n = 5; Fig. 1 ¢). These results
indicate that both fracture stress and lack of Lnk induce the mo-
bilization of SL cells, including KSL cells from BM, resulting
in a high SL/KSL cell number in PB in Lnk KO fractured
mice compared with that in WT mice.

Tie2* stem/progenitor cell contribution to vasculogenesis
and osteogenesis

Based on the aforementioned evidence, we looked for BM-
derived Tie2* stem/progenitor cells in sites of fracture using
a mouse BM transplantation (BMT) model. First, we gener-
ated Tie2/LacZ Lnk KO mice, in which the LacZ gene is
expressed under the regulation of promotor Tie2 (lacking the
Lnk gene), by crossing Tie2/LacZ transgenic and Lnk KO
mice. We then performed BMT from Tie2/LacZ Lnk KO
mice to Lnk KO mice and from Tie2/LacZ WT mice to WT
mice. Fracture was induced 4 wk after BMT, after reconsti-
tution of BM with Tie2/LacZ Lnk KO cells in Lnk KO and
WT mice, and granulation tissue was analyzed histologically in
sites of fracture 7 d after surgery. Double-fluorescent immuno-
staining was performed for 3-galactosidase (-gal), which can
detect BM-derived Tie2" cells and CD31, an EC marker, or
for B-gal and osteocalcin (OC). The 3-gal™ and CD31 double-
positive ECs were frequently observed in Tie2/LacZ Lnk
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values with SEM were obtained from tripli-
cated assays.

KO-BMT Lnk KO mice, whereas the double-positive
cells were rarely identified in Tie2/LacZ WT-BMT WT
mice (Fig. 2 a). The number of double-positive cells was sig-
nificantly increased in Tie2/LacZ Lnk KO-BMT Lnk KO
mice compared with that in Tie2/LacZ WT-BMT WT mice
(Lnk KO, 410.0 = 37.6 vs. WT, 230.0 = 56.7/mm?; P < 0.05;
n = 3; Fig. 2 b). The B-gal™ and OC double-positive OBs
were frequently observed as lining cells along with newly
formed bone surface in Tie2/LacZ Lnk KO-BMT Lnk KO
mice, whereas only a few double-positive cells were identi-
fied in Tie2/LacZ WT-BMT WT mice. (Fig. 2 a) The num-
ber of double-positive cells was significantly increased in
Tie2/LacZ Lnk KO-BMT Lnk KO mice compared with
that in Tie2/LacZ WT-BMT WT mice (Lnk KO, 195.0 =
31.0 vs. WT, 105.0 £ 21.5/mm?; P < 0.05; n = 3; Fig. 2 c).
These results suggest that enhanced recruitment of mobilized
Tie2* stem/progenitor cells to fracture sites contributes to
vasculogenesis and osteogenesis, leading to accelerated frac-
ture healing in Lnk KO mice.

BM-derived SL cells exhibit multilineage differentiation
potential in vitro

To explore whether SL cells have multilineage differentiation
potental, specifically to ECs, OBs, and adipocytes (ADs),
BM-denved SL cells were cultured in differentiation induc-
tion medium for each lineage, and each marker expression was
examined by real-time RT-PCR and immunocytochemistry
after culture for 7 and 14 d, respectively. The mRINA expres-
sion of EC markers (CD31: 243.8 £ 7.3 vs. 372.1 £ 7.0, P <
0.05,n=3; vWF:49.1 = 1.0vs. 396.0 = 24.1,P < 0.01, n= 3;
Fig. 2d), OB markers (OC: 6.7 £ 0.8 vs. 182.6 = 9.5, P < 0.001,
n = 3; Collagen 1-A1: 784.6 = 107.8 vs. 22,667 £ 2,114,
P < 0.001, n = 3; Fig. 2 €), and AD markers (LPL: 1.4 = 0.1
vs. 642.0 = 17.2, P < 0.0001, n = 3; PPARYy: 7.1 £ 0.3 vs.
162.7 £ 6.7, P < 0.0001, n = 3; Fig. 2 f) were significantly
up-regulated by culture with each lineage induction medium.
These lineage marker expressions were further confirmed by
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Figure 2. Immunohistochemical detec-
tion of Tie2/B-gal* BM-derived stem/
progenitor cells in sites of fracture and
multilineage differentiation capacity of SL
BM cells. (a) Double-immunofluorescent
staining for B-gal (red) and CD31 (green) and
B-gal (red) and OC (OC, green) were per-
formed in peri-fracture sites 7 d after surgery
in Lnk KO mice (left) and WT mice (right).
Arrows indicate 3-gal/CD31 and B-gal/0C
double-positive capillaries and OBs, respec-
tively. Alcian blueforange G-stained sections
were also shown in parallel with immuno-
stained sections. (a, top) Dotted line indicates
bone surface. Bars, 50 um. Quantification of
-0al* ECs (b) and OBs (c). B-gal and CD31 or
OC double-positive cells were counted in
three randomly selected high-power fields
and averaged. *, P < 0.05 versus WT. EC

(d; CD31 and VWF), OB (e; OC and collagen 1-
A1), and AD (f; LPL and PPAR+y) marker gene
expressions were assessed by real-time RT-
PCR in SL cells cultured for 7 d with each cell
lineage differentiation medium (*, P < 0.05;
** P < 0.001) and fluorescent immunostaining
analyses with CD31 and vWF for ECs (g), OC
for OBs for OBs (h), and LPL and PPARy for
ADs (i) were also performed in SL cells after
14 d in culture. The differentiated SL cells
were also stained with alizarin red (h) and oil
red O (i) for detecting OB and AD, respectively.
Bars, 50 um. Arrows indicate staining of posi-
tive cells. All data averaged with SEM from
three independent experiments. All experi-
ments were obtained from triplicated assays.

Molecular evidence of enhanced
angiogenesis and osteogenesis

in Lnk KO mice

To explore specific gene expression dif-
ferences under fracture stress between

OilRed O

Lnk-deficient and WT mice, anglogen-
esis (96)— and osteogenesis (96)—related
'e .| genes of the tissue at the fracture site
's spotted on cDNA microarrays were
hybridized with biotin-labeled cDNA
probes according to the manufacturer’s

instructions. In angiogenesis gene array,
relative expression levels of 12 genes
(ANG, Fisp12 [Cyf], VEGEFR]|FIt1],
HGEF, IL-10, Gelatinase B [Mmp9|, SR-
A [Msr1], Restin [Rsn], BM40 [Spard,
ALK-5|Tgfbr1], THBS1, and VCAM-1)
of Lnk-deficient fractured mice in-
creased by >1.5-fold, but 5 genes (Ephtin B4 | Ephb4), IFNr [Ifng],
NOS3, Osteopontin [Spp1], and THBS2) decreased by >2-fold
compared with WT fractured mice (Fig. 3 a). In osteogenesis
gene array, 24 genes (annexin A5 [Anxa5], OC [Bglap1], Bgn,

Lnk-dependent axis of SCF-cKit signal for osteogenesis | Matsumoto et al.
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Alk-6 [Bmprla), BMPR2, Col11al, Collal, Col1A2, Col4aé,
Col6a2, Ctsk, Den, FLG [Fgfi1], Smad2 [Madh1], Smad3 [Madh3),
Collagenase-3 [Mmp 13], MMPS8, Gelatinase B[Mmp9], Osf2/Cbfal
[Runx2], SPARC, TGFb3, ALK-5 [Tgfbr1], VCAM-1, and Vi)
of Lnk-deficient fractured mice increased by >1.5-fold compared
with WT fractured mice (n = 3; Fig. 3 b).

Real time RT-PCR analysis of the tissue that was RNA
isolated from the peri-fracture site was also performed in the

Article

expression of several key genes as a quantitative analysis. The
results demonstrated a significandy higher expression of EC
markers (CD31, VE-cadherin [VE-cad], and KDR/Flk1) in
Lnk KO group compared with WT group (CD31: Lnk KO,
5.803 + 0.667, WT, 1.171 £ 0.029, P < 0.01; VE-cad: Lnk
KO, 7.693 = 0.602, WT, 1.244 = 0.006, P < 0.01; KDR:
Lnk KO, 11.082 + 1.036, WT, 1.415 £ 0.035, respectively,
P < 0.01; n = 3; Fig. 3 c). The expression of bone-related
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Figure 3. Angiogenesis- and osteogenesis-related gene expressions in sites of fracture. (a and b) A series of gene expressions detected by DNA
microarray analysis in granulation tissue samples of peri-fracture sites 7 d after surgery in Lnk KO and WT mice. Red circles indicate >1.5-fold and blue
circles do over 2-fold-increased blots in Lnk KO mice compared with WT mice. The selected EC-related (c) and OB-related (d) gene up-regulation in the
same samples as those in DNA microarray analysis were further confirmed by quantitative real-time RT-PCR analysis. VE-cad, Flk-1 (VEGF receptor 2);
Col1A1, Col1A1; and Cbfa1, Cbfal. ** P < 0.01 versus WT. All data averaged with SEM from three independent experiments. All experiments were obtained
from triplicated assays.
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markers (OC, collagen1A1 [Col1A1], and Core binding factor 1
|Cbfal]) were significantly enhanced in Lnk KO group com-
pared with WT group (OC: Lnk KO, 29.707 = 3.116, WT,
1.294 £ 0.056, P < 0.01; Col1A1: Lnk KO, 46.189 * 0.870,
WT, 1.225 = 0.225, P < 0.01; Cbfal: Lnk KO, 13.586 *
1.767; WT, 0.999 £ 0.049, P < 0.01; n = 3; Fig. 3 d). These
results indicate the enhancement of osteogenesis, as well as
angiogenesis, at fracture sites in Lnk KO mice.

Morphological evidence of enhanced angiogenesis

and osteogenesis in fractured Lnk KO mice

Enhanced angiogenesis and osteogenesis were further con-
firmed by immunohistochemistry. Vascular staining with
CD31 (marker for mouse EC) 7 d after fracture demonstrated

2212

Figure 4. Histological and radiographical
evidences of enhanced angiogenesis/vas-
culogenesis and osteogenesis in Lnk KO
fractured mice. Immunofluorescent stzining
for CD31 (green; a) and OC (OC, green; c)
were performed in granulation tissue samples
of peri-fracture sites in Lnk KO (left) and WT
(right) mice 7 d after fracture. Alcian blue/
orange G-stained sections were also shown
in parallel with immunostained sections.
(bottom) Dotted line indicates bone surface.
Bar, 50 um. Quantification of capillaries
(b) and OBs (d). CD31 positive capillaries and
0OC positive OBs were counted in 3 randomly
selected high power fields and averaged.
** P < 0.01 versus WT. () Radiographical
assessment of callus area in sites of fracture 7 d
. after surgery. Callus area is indicated in dotted
line. (f) Relative callus areas are quantified and
averaged. * P < 0.05 versus WT. All data aver-
aged with SEM from three independent experi-
1 ments. All experiments were obtained from
triplicated assays.

Lnk KO WT

LnkKO wr enhanced neovascularization around
the endochondral ossification area in
Lnk KO mice compared with that in
WT mice (Fig. 4 a). Neovasculariza-
tion assessed by capillary density was
significantly enhanced in Lnk KO mice
. compared with that in WT mice (Lnk
KO, 1,101.8 + 97.7 vs. WT, 628.7 +
28.5/mm?; P < 0.01; n = 3; Fig. 4 b).
OB staining with OC (marker for
T mouse OB) 7 d after fracture also re-
vealed the augmentation of osteogenesis
in newly formed bone area in Lnk KO
mice compared with WT mice (Fig. 4 c).
Osteogenesis assessed by OB density
was significantly enhanced in Lnk KO
mice compared with WT mice (Lnk
KO, 111.7 £ 132, WT, 66.7 = 6.5/
mm? P < 0.05; n = 3; Fig. 4 d). Callus
formation was monitored radiographically to evaluate fracture
healing process, and the relative callus areas detected by radiog-
raphy were quantified at week 1 in Lnk KO and WT group
(Fig. 4 ¢). The relative callus area was significant larger in the
Lnk KO group compared with the WT group (Lnk KO, 22.3 £
2.0, WT, 10.0 £ 3.0; P < 0.05; n = 3; Fig. 4 f). These results
indicate the morphological enhancement of angiogenesis
and osteogenesis in Lnk KO mice compared with WT mice
in fracture-induced environment.

Lnk KO WT

Physiological, radiological, and histological evidences

of promoted fracture healing in Lnk KO mice

Blood perfusion and morphological fracture healing in each
group was evaluated by laser Doppler perfusion imaging (LDPI)

Lnk-dependent axis of SCF-cKit signal for osteogenesis | Matsumoto et al.
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system and radiological examinations at subsequent time
points after fracture. LDPI analysis (Fig. 5 a) demonstrated a
severe loss of blood flow at the fracture sites 1 h after fracture
creation in both groups. However, the blood flow of the
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Figure 5. Increased blood perfusion and
radiographically accelerated fracture
healing in Lnk KO mice. (a) Tissue blood
perfusion evaluated by LDPI system after
surgery in the indicated time course. The frac-
tured sites are indicated in red square and
intact contra-lateral sites are indicated in
black square. (b) The mean flux-ratio was
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Wk2 WK3  calculated by dividing mean flux value in red

square with that in blue square and expressed
as a relative mean flux value. **, P < 0.01 ver-
sus Week O and *, P < 0.05 versus WT. Data
averaged with SEM from four independent
experiments. Radiographical (c and e) and
histological (f) assessment during fracture
healing process in Lnk KO (left) and WT (right)
mice. (c) Callus area is indicated in dotted line
and the number of healed bones out of 20 is
indicated in upper right corner of the image.
Arrows indicate fracture sites. (d) The number

of relative callus density is quantified. * and
ns, P < 0.05 versus WT, n = 20 each. () The
bone structure after healing was further as-
sessed by micro CT 28 d after surgery. (f) Bone
density and number of trabecular bones were
4 quantified in the micro CT images and aver-

* aged. *, P < 0.05 versus WT. Data averaged
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with SEM from four independent experiments.
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(g) Biomechanical function test for healed
bone in Lnk KO and WT mice 28 d after frac-
ture. Each parameter, ultimate stress (left),
fracture energy (center) and extrinsic stiffness
ratio (right), was evaluated as healed bone
function. *, P < 0.05 versus WT. Data averaged
with SEM from four independent experiments.
(h) Toluidine blue staining was performed
with granulation tissue at fracture site in the
indicated time course. Chondrocytes are
stained in blue and bone including newly
formed trabecular bone is appeared in gray.
Bar = 200 pm. (i) The degree of fracture
healing in the toluidine blue stained sections
was assessed by Allen's classification in Lnk
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WT KO and WT mice. ** and ns, P < 0.01 versus

ns WT. Data averaged with SEM from six inde-
pendent experiments.
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fractured limb increased until 2 wk
post-fracture, and then decreased slowly
in KO mice. In WT mice, the blood

Week 1

flow showed a mild increase untl 1 wk
post-fracture, and then decreased. In
both groups, the ratio of fractured/
intact (contralateral) blood flow signifi-
cantly increased by week 1 (Fig. 5 b).
There was no significant difference in the ratio 1 h after frac-
ture creation between the groups, whereas the ratio at weeks
1, 2, and 3 were significantly higher in Lnk KO mice com-
pared with WT mice (0 wk: Lnk KO, 0.753 £ 0.067, WT,

Week2 Week3
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0.707 £ 0.045; 1 wk: Lnk KO, 1.370 £ 0.081, WT, 1.144 =
0.088; 2 wk: Lnk KO, 1.425 + 0.103, WT, 1.110 = 0.077;
3 wk: Lnk KO, 1.241 £ 0.064, WT, 0.972 * 0.030; P < 0.01
for week O vs. weeks 1-3 in both Lnk KO and WT; P < 0.05
for Lnk KO vs. WT in week 1-3; n = 4 mice/group/time-
point; Fig. 5 b).

In 70% (14 out of 20) of Lnk KO mice at week 2 and
100% (20 out of 20) at week 3, the fracture healed with
bridging callus formation radiographically, whereas in WT
mice only 35% (7 out of 20) had healed at week 2 and 90%
(18 out of 20) at week 3 (P < 0.05 in week 2; Fig. 5 ¢), which
is consistent with the data in previous studies demonstrating
the natural course in this animal model (Manigrasso and
O’Connor, 2004). To evaluate bone remodeling, bone
absorption was monitored radiographically and relative callus
density was quantified at week 3 and 4 in Lnk KO and WT
group. Relative callus density was significantly lower in Lnk
KO group compared with that in WT group (3 wk: Lnk KO,
58.1 £ 2.4 vs. WT, 62.2 £ 6.8, ns; 4 wk: Lnk KO, 22.5 £ 2.8
vs. WT, 40.2 + 5.3, P < 0.05, n = 20; Fig. 5 d).

Morphological and functional fracture healing in each
group was further evaluated by micro-computed tomography
(micro-CT), histological analysis, and biomechanical exami-
nation 28 d after fracture surgery. The micro-CT results
showed striking trabecular bone formation in Lnk KO mice
compared to that in WT mice (Fig. 5 €). Quantitative analysis
for bone formation was performed with micro-CT images
and expressed as bone density (Fig. 5 f, left) and trabecula
number (Fig. 5 f, right). Both parameters were significantly
high in Lnk KO mice compared with that in WT mice (bone
density: Lnk KO, 10.4 £+ 1.5 vs. WT, 5.0 £ 0.3, P < 0.05,
n = 4; number of trabecular: Lnk KO, 2.7 = 0.3 vs. WT,
1.3 £ 0.03, P < 0.01, n = 4; Fig. 5 f). Biomechanical examina-
tions by three-point bending test also showed significantly
increased ultimate stress ratio (Lnk KO, 1.2 £ 0.02 vs. WT,
0.8 £ 0.03, P < 0.001, n = 4), failure energy ratio (Lnk KO,
227 0.1vs. WT, 1.2 £ 0.1, P <0.001, n = 4), and extrinsic
stiffness ratio (Lnk KO, 1.1 + 0.1 vs. 0.4 + 0.04, P < 0.01,
n = 4; Fig. 5 g).

Histological evaluation with toluidine blue staining
demonstrated the enhanced endochondral ossification con-
sisting of numerous chondrocytes and newly formed trabec-
ular bone at week 1, bridging callus formation at week 2,
and complete union at week 3 in Lnk KO mice. In contrast,
although a callus formation was observed at week 1, bridg-
ing callus formation was rarely found at week 2 in WT mice
(Fig. 5 h). The degree of fracture healing assessed by Allen’s
classification (Allen et al., 1980) was significantly higher in
the Lnk KO group compared with the WT group at week 1
and 2 (1 wk: Lnk KO, 1.67 £ 0.21 vs. WT, 0.50 + 0.22;
2 wk: Lnk KO, 2.67 + 0.21 vs. WT, 1.50 £ 0.22, P < 0.01,
n=6; 3 wk: Lnk KO, 3.67 £ 0.21 vs. WT, 3.17 = 0.17, ns,
n = 6; Fig. 5 1). These results indicate that Lnk KO mice
have a potential for prompt fracture healing evaluated by
not only radiographical analysis but also biomechanical
functional examination.
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Critical role of SCF-cKit signaling in enhanced SL cell
mobilization from BM and recruitment to sites of fracture
Although the aforementioned results clearly demonstrated
enhanced vasculogenesis/angiogenesis and osteogenesis via
SL or Tie2* cell mobilization into PB and recruitment to sites
of fracture in Lnk KO mice, the precise mechanism remains
unclear. To explore the possible mechanism, we focused on
the role of the stem/progenitor cell chemokine SCF, which
is a ligand for the receptor cKit, in Lnk KO mice as well as in
WT mice. Accordingly, mouse (m) SCF plasma levels were
measured before and after fracture at subsequent time points
in both types of mice. The plasma SCF levels were decreased
after fracture surgery regardless of Lnk gene deficiency in mice;
however, the extent of decrease was significantly limited during
the fracture healing process and returned to over the baseline
level at day 14 in Lnk KO mice compared with that in WT
mice (prefracture: Lnk KO, 263.4 + 9.4 vs. WT, 251.0 £
35.6 pg/ml; ns and 1 d post-fracture: Lnk KO, 194.1 = 11.7
vs. WT, 166.8 = 12.7 pg/ml; 4 d post-fracture: Lnk KO,
197.7 = 7.2 vs. WT, 181.5 + 28.9 pg/ml; 7 d post-fracture:
Lnk KO, 214.7 = 20.6 vs. WT, 190.7 + 24.0 pg/ml; and 14 d
post-fracture: Lnk KO, 284.2 £ 19.7 vs. WT, 207.3 £ 16.6
pg/ml; P < 0.01 for each comparison; n = 5; Fig. 6 a).
Next, the gain and loss of function test of SCF for SL cell
mobilization in PB was performed by FACS analysis. We in-
traperitoneally injected 20 pg/kg mSCF, soluble SCF recep-
tor (sKit, antagonist of SCF; Turner et al., 1995; Nakamura
et al., 2004), or PBS into unfractured Lnk KO or WT mice
for 5 d and examined SL cell kinetics in PB. The number of
SL cells significantly increased, peaking at day 7 after SCF stimu-
lation in Lnk KO mice, but not in WT mice, and no SL cell
number increase was observed in the other treatment groups
(sKit treatment in Lnk KO mice and PBS treatment in Lnk
KO mice and in WT mice; prestimulation: Lnk KO-PBS,
13.0 £ 1.3; Lnk KO-SCF, 13.1 + 0.7; Lnk KO-sKit, 15.3 £
0.2; WT-PBS, 8.1 £ 0.9; WT-SCF, 8.7 = 0.6 X 10* cells/ml,
ns, n = 5; 7 d post-stimulation: Lnk KO-SCF, 73.4 + 4.1 vs.
Lnk KO-PBS, 15.3 £ 2.5; Lnk KO-sKit, 10.0 = 0.8; WT-PBS,
8.3 + 0.3; and WT-SCF, 12.8 £ 2.4 x 10* cells/ml, P <
0.05, n = 5; and 14 d post-fracture: Lnk KO-SCF, 39.2 + 6.2
vs. Lnk KO-PBS, 13.6 £ 9.7; Lnk KO-sKit, 12.0 = 0.3; WT-
PBS, 7.9 £ 0.9; and WT-SCF, 10.0 = 0.9 X 10* cells/ml, P <
0.01, n = 5; Fig. 6 b). Next, to identify the synergistic effect of
fracture stress and SCF stimulation on SL cell mobilization,
SCF with or without sKit and PBS was injected into fractured
WT mice, and sKit alone was injected into fractured Lnk KO
mice in the same way. In the fractured WT mice, the number
of SL cells was significantly increased, peaking at day 7 post-
stimulation by SCF, but not by PBS, whereas no response of SL
cell number was observed in nonfractured WT mice by SCF,
and the effect of SCF on SL cell mobilization was completely
cancelled by coinjection of sKit. The inhibitory effect of sKit
on SL cell mobilization in PB was also observed partially in
Lnk KO mice with fracture (prestimulation: Lnk KO-sKit-Fx,
16.7 £ 2.1 vs. WT-PBS-Fx, 9.0 = 2.1; WT-SCF-Fx, 8.3
0.7; and WT-SCF-sKit-Fx, 9.8 = 0.7 X 10* cells/ml, P < 0.05,
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