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Syk is a non-receptor tyrosine kinase critically involvedni signaling by various
immunoreceptors including B-cell-receptors and activatig Fc-receptors. We have
previously shown that Syk also mediates immunoreceptorke signals required for the
in vitro development and function of osteoclasts. However, the penatal lethality of
Syk = mice precluded the analysis of the role of Syk irin vivo bone metabolism.
To overcome that problem, we generated mice with osteoclasspecic (Syk!©C) or
hematopoietic Syk!H2mo) Syk de ciency by conditional deletion of Syk using Cre
recombinase expressed under the control of the Ctsk or Vavl pmoter, respectively.
Micro-CT analysis revealed increased bone trabecular deity in both Syk!©€ and
SyklHaemo mice  although hematopoietic Syk de ciency caused a more seere
phenotype than osteoclast-speci ¢ Syk de ciency. Osteoclast-speci ¢ Syk de ciency
reduced, whereas hematopoietic Syk de ciency completely tbcked in vitrodevelopment
of osteoclasts. Both interventions inhibited the resorptie activity of osteoclasts and
osteoclast-speci c gene expression. Kinetic analysis of $k protein levels, Cre expression
and the genomic deletion of theSyk®* allele revealed complete and early deletion of Syk
from Syk! Haemo gsteoclasts whereas Syk was incompletely deleted at a latestage of
osteoclast development fromSyk! ©€ cultures. Those results provide an explanation for
the in vivoand in vitro difference between theSyk! ©€ and Syk! Haemo mytant strains and
suggest late activation of, and incomplete target gene del@on upon, osteoclast-speci ¢
Cre expression driven by the Ctsk promoter. Taken togethegur results indicate that Syk
plays an indispensable role in osteoclast-mediatedh vivo bone resorption and suggest
that Syk-speci c inhibitors may provide therapeutic benet in in ammatory and other
diseases characterized by excessive osteoclast-mediatetione resorption.
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Csete et al. Syk in Bone Homeostasis

INTRODUCTION of the eld of osteoimmunology 46, 47). In addition, Syk-
mediated pathways have also been linked to integrin signal
Osteoclasts are multinuclear giant cells of hematopoietigansduction and the osteoclast cytoskeletaf, @6, 42, 44, 49).
origin which develop from myeloid progenitors through a unfortunately, however, it is at present unclear whether Syk
unique biochemical maturation program followed by homotypicis also involved in bone homeostasis in live animals, as bone

fusion (I, 2). Osteoclasts are the sole cell types in thenorphology of Syk-de cient animals could not be tested because
mammalian organism capable of actively resorbing bone gissibf the perinatal lethality oByk = mice (17, 18).

and therefore play a critical role in bone homeostasis. Disfec To overcome the perinatal lethality @yk = animals, we
osteoclast development or function leads to increased bongave generated mice with osteoclast-speci ¢ or hematopoietic-
mass (osteopetrosis}) whereas excessive (pathological) bongpeci ¢ Syk deletion using the Cre-Lox recombination approach.
resorption occurs during osteoporosig){ in ammatory joint  Analysis of the mice with tissue specic Syk deletion rewdale
diseases (e.g., arthritis-induced bone erosions in rheaitia strong increase in bone mass upon osteoclast-specic and,
arthritis) (5, 6) and cancer-induced bone losg ). particularly, hematopoietic-speci ¢ Syk-de ciency, indizag a

Osteoclast development and function requires a number ofritical role for Syk inin vivo bone homeostasis. Further
extracellular cues including M-CSF, RANKL, as well as integr experiments aimed at understanding the di erent severitiés o
mediated adhesive processed. (The importance of those the bone phenotypes in the two strains indicated that the e ect
pathways is indicated by the severe bone resorption defects @i Syk de ciency on osteoclast development strongly depends
mice lacking M-CSF1(0), RANK (11, 12), RANKL (13 14), or  on the timing and extent of Cre expression and Cre-mediated
bz integrins (L5). Culturing myeloid progenitors derived from inactivation of theSykgene.
human blood or mouse bone marrow in the presence of M-
CSF and RANKL also leads to formation of osteoclast-likes cell
with in vitro bone resorbing capacity, allowing the analysis OMATERIALS AND METHODS
osteoclast development and function in cell culture.

Syk is a non-receptor tyrosine kinase critically involved inAnimals
various functions of the immune system, as well as certaimno Mice carrying theSyl#m1-2Tarareferred to asSyk®* ) oxed allele
immune-related biological processéss). Syk is required for B- of the Sykgene {9 were obtained from Alexander Tarakhovsky
cell-receptor signaling and therefore the development oklisc (Rockefeller University) and were maintained in homozygous
(17, 19). It is a critical component of signaling by a number of (SykP*=°%) form. Mice carrying theCtskmi(cre)Ska(referred to
activating Fc-receptors such as+#feceptors and Fgsreceptors  asCtsk™) knock-in mutation resulting in the osteoclast-speci ¢
on neutrophils, macrophages, and mast cell8-£2), as well expression of the Cre recombinase under the control of the
as the Fc-receptor-related collagen receptor GpVI of plateletsndogenous promoter of thE€tskgene and at the same time
(23, 24). Syk also mediates signalinglby by andbsintegrinsin  inactivating the Ctsk gene £0) were obtained from Shigeaki
neutrophils, monocytes/macrophages, and platel&fs{7). Syk  Kato (University of Tokyo) and were maintained in heterozygo
de ciency causes perinatal lethalityq 19) likely due to the role  form (referred to as Ctsk-Cre) to avoid homozygous inadtoa
of Syk in lymphatic vascular developmertg]. Most, if not all  of the Ctskgene. Mice carrying th€ommd1d9(vavl icre)A2Kio
of those functions of Syk is related to its binding to receptor transgenic insertional mutation expressing the Cre recarabe
associated tyrosine-phosphorylated immunoreceptor tymsin in the entire haemopoietic lineage from the exogenous Vavl
based activation motifs (ITAMs) linking immunoreceptors to promoter (51) and at the same time inactivating tl@ommd10
downstream signaling pathways$€ 29-32). The role of Syk gene 62) were obtained from the Jackson Laboratory and were
in various immune and in ammatory processes also translatemaintained in heterozygous form (referred to as Vav-Cre) to
into its role in autoantibody-induced arthritis2¢, 33-35) and  avoid homozygous inactivation of th€Eommd10gene. Mice
dermatitis (36, 37) in experimental mice. carrying the Lyz2mlcre)ifo (referred to asLyzZ'®) knock-in

We and others have previously shown that the ITAM-mutation expressing the Cre recombinase in the entire mgeloi
containing adapter molecules DAP12 and BcRre involved compartment from the endogenous promoter of lysozyme M
in in vitro osteoclast development and function, and that(53) were purchased from the Jackson Laboratory and were
mice lacking both DAP12 and FgRshow strongly increased maintained in homozygous form (referred to as LysM-Cre).
mineralized bone mas$§-43). One of the possible mechanisms  Osteoclast-speci ¢ deletion ofSyk was achieved by
for those phenotypes could be that, similar to immune cellgrossing the Ctsk-Cre andSyk®*=%¢ mice to obtain
(16, 29), the ITAM-containing DAP12 and FofRadapters would CtsK™sCSykox =0 (referred to as SyR©C) animals.
activate the Syk tyrosine kinase in osteoclasts, thus tiigge Deletion of Syk in the entire hematopoietic compartment
osteoclast development and function. Indeed, Syk-de cientvas achieved by crossing the Vav-Cre a8¢k®*=°* mice
bone marrow cells failed to develop to mature multinucléate to obtain Commd1(9(Vavl icre)A2Kio=C gyox=0x  (referred to
osteoclasts or to show resorptive activity iim vitro cultures as SyK H2€M9 animals. Myeloid-specic deletion of Syk was
(40, 42, 44, 45), and thisin vitro phenotype was linked to ITAM achieved by crossing the LysM-Cre a®gk® =°* mice to obtain
signaling by DAP12 and FgR(42-44). Those studies provided LyzZX"eCeSykx=0ox (referred to asSyK MY€'%) animals. The
an unexpected link between immunoreceptor-like signaling ancllele obtained by Cre-mediated deletion of &gk allele will
bone homeostasis and therefore provided one of the foundatio be referred to as thsyk allele.
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Genotyping of the mice was performed by allele-speci gpresence of 50 ng/ml recombinant murine M-CSF and 50 ng/ml
PCR. All mice were on the C57BL/6 genetic backgroundmurine RANKL (Peprotech) with medium changes every 2 days.
Wild type C57BL/6 animals were obtained from our breedingin parallel macrophage cultures, the cells were cultured under
colony. The mice were kept in individually sterile ventilatedidentical conditions except that RANKL was omitted.

cages (Tecniplast) in a speci ¢ pathogen-free facility. Alhzadi Cultures were terminated and osteoclast-specic staining
experiments were approved by the Animal Experimentatiorwas performed using a commercial tartrate-resistant acid
Review Board of Semmelweis University. phosphatase (TRAP) staining kit (Sigma-Aldrich) at
the indicated times after the rst addition of RANKL.
Micro-CT Analysis Photomicrographs were taken using a Leica DMI6000B

Mice were sacri ced at 9 weeks of age and their right femurénverted microscope. The images were then analyzed either
were subjected to micro-CT analysis by a SkyScan 1172 micraranually or by the ImageJ software. Osteoclasts were de sed a
CT apparatus as described4( 55. A 70 kV and 124mA  TRAP-positive cells with 3 or more nuclei.
X-ray source with 0.5mm aluminum Iter and a rotation  Forin vitro resorption assays, osteoclasts were cultured under
step of 0.5 was used during image acquisition, followed bysimilar conditions for 7 days on an arti cial hydroxyapatite
reconstruction with the SkyScan NRecon software, resulting surface (Sigma-Aldrich) followed by washing, imaging bykdar
an isometric 5tm voxel size. Volume of interest was selectedeld microscopy and further analysis by ImageJ software.
according to the manufacturer's instructions. Further bsés
was performed using the Skyscan CTAn and CTVol softwardBiochemical Studies
The lower threshold of binary images was set to an absollit®va For protein content analysis, osteoclast, or macrophage
of 85 throughout the entire study. Our study design did ndoal  cultures were washed and then lysed in a Triton-based lysis
the calculation of absolute bone hydroxyapatite densities. buer containing 100mM NaCl, 30mM Na-HEPES (pH
Quantitative analysis was performed on the trabecular.4), 20mM NaF, 1mM Na-EGTA, 1% Triton X-100, 1 mM
region of the distal femoral metaphysis beginning 50 sestionbenzamidine, freshly supplemented with 0.1 U/ml Aprotinin,
(0.25mm) from the distal growth plate to an additional 4001:100 Mammalian Protease Inhibitor Cocktail, 1:100 Phospseat
sections (2 mm) to the proximal direction, including the e®ti Inhibitor Cocktail 2, 1 mM PMSF, and 1 mM N®O4 (all from
trabecular area within that range, identi ed manually byswal  Sigma-Aldrich). Insoluble material was removed, the lysate
inspection. Quantitative parameters included percent bongupernatants were supplemented with 4.aemmli's sample
volume (BV/TV), trabecular number, trabecular thicknessla bu er and boiled for 10 min. Whole cell lysates were run on
trabecular separation as describéd,55). SDS-PAGE, electroblotted to nitrocellulose membraneg] an
Representative cross sections represent the 200th sectithen processed for immunoblotting with antibodies againgk S
(12 mm) from the distal femoral growth plate. 3D images show ar{N19; Santa Cruz) ob-actin (Clone AC-74; Sigma-Aldrich).
axial cylinder of a diameter of 5@m between sections 150-450 After incubation with peroxidase-labeled secondary ardibe

from the distal growth plate. (GE Healthcare), the signal was developed using the ECL system
) ) (GE Healthcare) and exposed to X-ray Im. X-ray Ims were
Histological Procedures and then scanned and processed with Adobe Photoshop.

Immunostaining

Femurs isolated from mice at 9 weeks of age were xed in 4%uantitative RT-PCR Analysis

paraformaldehyde (Sigma-Aldrich) followed by decalciioat To test osteoclast specic and Cre gene expression changes,
in Osteomoll (Merck) for 3 weeks. The samples were themouse myeloid progenitors were di erentiated into osteodast
dehydrated, and embedded in paran (Leica) using a Leicaor macrophages in the presence of 50 ng/ml M-CSF with or
EG1150H embedding station. Eight micrometers of thickwithout 50 ng/ml RANKL for 0-3 days, followed by RNA
sections were obtained using a Thermo Scientic HM340Eextraction and reverse transcription as previously desdribe
microtome and were processed for hematoxylin and eosin (Leicd54-56). For quantitative reverse transcription (RT)-PCR
staining, or for immunostaining for the calcitonin receptor analysis of the osteoclast-speci ¢ genes, the following TagMa
using anti-Calcitonin Receptor (Abcam AB11042) and anti-assays were uselcp5(TRAP; Tagman Mm00475698_mOtsk
rabbit Alexa Fluor 488 (Life Technologies, A11034) antibed (cathepsin K; Mm00484039_migalcr (Calcitonin receptor;
Microscopic images were taken by a Nikon ECLIPSE Ni-UMmO00432271_m1), Nfatcl (NFATcl; MmO00479445_m1),

microscope connected to a Nikon DS-Ri2 camera. and Tm7sf4 (DC-STAMP; Mm04209235_m1) as previously
) _ described %4, 55. For assessment of Cre expression,
In vitro Culture and Resorption Assays the 52 TGACGGTGGGAGAATGTTAATC forward and

In vitro osteoclast cultures were performed essentially &°GCTACACCAGAGACGGAAATC reverse primers were used.
described beforesd, 55). Bone marrow cells obtained by ushing Transcript levels relative to GAPDH were calculated using the
the tibia and femur of wild type or mutant mice were cultured comparative Ct methody4, 55).

in the presence of 10 ng/ml murine M-CSF (Peprotech) for 2

days ina-MEM medium (Sigma) supplemented with 10% FCSSequencing of the Germline Syk °* Allele
(Gibco) and antibiotics. Non-adherent cells were then pladé  To determine the exact sequence of B allele, tail DNA
the concentration of 1.5 1P cells/cn? and cultured in the was ampli ed using the $ GCC CGT TCT GTG CCT ACT
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GG 3°forward and 8 TAG CTA ACC AAA CCC ACG GC 3° not in Ctsk-Cre orSyk®*=% animals, particularly in the case
reverse primers spanning thé BxP site, or the $ CCA AAG  of female mice Figure 1B). The increased trabecular density
CGG AGT CCT CAC AT P forward and & GTC GGT CCC was also evident in three-dimensional reconstitution of afabx
ATC TTT CC 3Preverse primers spanning th@18xP site. PCR  cylinder within the trabecular area of the femufEgure 10).
products were then sent to Microsynth for sequencing and the We also processed micro-CT images for quantitative analysis
obtained sequences were aligned with the genomic sequénceircorporating data from the entire trabecular space within a
the wild typeSykgene to obtain the sequence of tBgk® allele. de ned distance range from the distal femoral growth plate.
As shown inFigure 2, the percent bone volume (BV/TV) was
Genomic PCR Analysis strongly increased inSyR °C mice, whereas no substantial
Osteoclast cultures were washed at the indicated timestatte di erence could be observed in Ctsk-Cre @&yk®*=°% mice.
start of RANKL treatment, followed by isolation of genomiblB  Male wild type mice had an 2.8-fold higher (10.8%) basal
and PCR using standard procedures. percent bone volume (BV/TV) than their female counterparts
Two di erent PCR assays were performed on the genomi¢3.9%). However, the increase in BV/TVayK °€ over wild type
DNA of osteoclast cultures. In PCR 1, th8 8CC CGT TCT  mice was more robust in female (4.4-fold) than in male (B
GTG CCT ACT GG 3’forward primer (P fwd) was used along animals Figure 2. We have also performed statistical analysis
with the 5> TAG CTA ACC AAA CCC ACG GC Freverse by two-way (factorial) ANOVA which determines the interamt
primer (P rev1) to separate tfyl and Syk alleles (234 and of the two (Ctsk-Cre an®yk®* =% ) mutations, i.e., whether the
349 bp product length, respectively). In PCR 2, the same P fwgb-existence of the two mutation in th8yK ©C resulted in a
forward primer was used with the?5SGTC GGT CCCATC TTT  statistically signi cant di erence beyond an additive e edthat
CC 3°reverse primer (P rev2) to separate B¢, Syk° and analysis revealed a signi cant increase of the BV/TV valudb b
SyK alleles (1314, 1560 and 452 bp product length, respectively). male (D 0.028) and, especially, in femapel{ 0.00005) mice.
L . Further quantitative Figure2) and statistical (two-way
Statistical Analysis ANOVA) analysis of the trabecular bone revealed a higher
Experiments were performed the indicated number of timestrabecular number irSyk ©€ mice ( D 0.0069 and 0.00001 for
Diagrams show mean and SEM from the indicated numbemales and females, respectively), whereas no consistentechang
of independent experiments. Micro-CT measurementsyas observed in the trabecular thickness of the same animals (
were analyzed by two-way (factorial) ANOVA with the 0.85 and 0.87 for males and females, respectively). In agrgem
presence/absence of Cre and Bykgenotype as the independent with the increased trabecular number, trabecular sepamnatias

parameters. Other measurements were analyzed by one-waHuced inSyk ©C mice (p D 0.00032 and 0.0011 for males and
ANOVA followed by Tukey or Unequal n HS[post hodest. In  females, respectively).

case of the kinetic analysis of osteoclast morphology ssitzl Taken together, our results indicate that osteoclast-speci ¢
analysis was performed on the area under the curve (AUCHeletion of Syk causes increased bone trabecular mass pimari
P-values below 0.05 were considered statistically signt.ca due to increased bone trabecular number rather than a higher
trabecular thickness. However, the phenotype observed in
RESULTS SyR OC mice (Figure 2 appeared to be less dramatic than
. that reported forTyrobp = Fcerlg™ double knockout mice
The Effect of Osteoclast-Speci ¢ Syk lacking both the DAP12 and FeRITAM-containing adapter
Deletion on Trabecular Bone Architecture molecules which were previously proposed to signal through

The Syk = mutation causes perinatal lethality making it Syk ¢:2, 43 57).

technically impossible to analyze the bone morphology of

adult Syk = mice. We decided to overcome that problem L .

by generating lineage-speci ¢ Syk-de cient animals. As at r 1ne Effect of Hematopoietic Deletion of

approach, we crossed mice in which the cDNA of the CreSyk on Trabecular Bone Architecture

recombinase has been inserted into the osteoclast-specsk CtThe apparently less severe bone phenotypeSyif ©C mice

gene (referred to aStsk"* or Ctsk-Cre mice) 0) with mice  compared to Tyrobp = Fcerlg= (DAP12/FcR) double

carrying a oxedSykallele (referred to aSyk® =%% mice) ¢9. knockout) animals 42, 43, 57) could either be due to a less

The resultingCtsiE"sC SykoX =X (referred to asSyK ©C) mice  critical role for Syk inin vivo bone homeostasis or the less

are expected to have defective Syk expression in osteocla&sts damplete deletion of Syk iSyK ©C animals. To test this latter

to Cre-mediated excision and inactivation of the Syk gene. possibility, we turned to mice with Syk de ciency in the emtir
We then subjecte@yk °C mice and the appropriate controls hematopoietic compartment due to deletion by the Vav-Cre

to micro-CT analysis of the distal femur. As shown in thetransgene which causes Cre expression during the earlysstage

longitudinal sections of the femurs of female miceFigure 1A,  of hematopoiesis 1). Accordingly, we subjected Vav-Cre

the SyK ©C mutation strongly increased the density of the Syk®*=°% (referred to asSyK Mm% mice and appropriate

trabecular area compared to wild type mice, whereas no dramatcontrols to microCT analysis of the distal femur.

di erence could be observed in Ctsk-Cre 8yk®*=%% animals. As shown in Figure 3A, Syk deletion in the entire

Analysis of representative cross-sections of male or femaiesse hematopoietic compartment by theSyK Ha€mo  mytation

femurs also showed increased trabecular densitgyik ©C but  caused a very strong increase in trabecular density in the
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Ctsk-Cre

Sykﬂoxlﬂox

Ctsk-Cre

Sykflox/flox

Males

Females

(o]

Males

Females

FIGURE 1 | Micro-CT analysis of osteoclast-speci ¢ Syk-de cient mice.Representative micro-CT images of the femurs of 9-week-oldnice of wild type (WT) and the
indicated mutant mice. (A) Longitudinal sections of the femur of female mice(B) Cross-sections of the femur of male or female mice(C) 3D reconstitution of an axial
cylinder of the trabecular area of the distal metaphysis oéfmurs of male or female mice. Images are representative of m@-CT analysis of 5 mice per gender and
genotype.

longitudinal sections of the femurs of female animals, velasr Importantly, BV/TV values inSyKR Ha3€Mo mice appeared to
no substantial changes were observed in Vav-Cr&yk®*=°¢  be substantially higher than correspondirgyK °C animals
mice. An increased trabecular density 8yK H2M° mutants  (compare Figures 2 4). On the other hand, similar to the
could also be observed in cross-sections of the distal femuByk ©C results, the BV/TV fold increase isyK Haemo gyer
of male and, in particular, female mice, whereas no obviouwild type animals was higher in females (7.9-fold) than in reale
dierences could be seen in Vav-Cre @yk°*=°* animals (4.0-fold), again primarily due to the higher basal values in
(Figure 3B). Three-dimensional reconstitution of a trabecular male wild type mice. Statistical analysis by two-way ANOVA
area cylinder also showed visible increases in the trabBeculrevealed a highly signi cant interaction between the e eaftthe
density inSyKR HaMognimals Figure 30). Vav-Cre andSyk®* =%% mutations ¢ D 0.00032 and 0.00003 for
Further quantitative analysis of the microCT datadure 4 males and females, respectively), indicating that Cre-atedi
indicated a strongly increased percent bone volume (BV/TV)eletion of Syk inSykR Ha®momice strongly increases trabecular
in SyK Haemo mice in both male and female animals. bone mass.
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FIGURE 2 | Quantitative micro-CT analysis of osteoclast-speci ¢ Syk d ciency. The right femurs of 9-week-old wild type (WT) or théndicated mutant male or female
mice were subjected to micro-CT analysis, followed by quatation of percent bone volume (bone volume/total volume, BYTV), trabecular number, trabecular
thickness and trabecular separation. The graphs show meanra SEM of data obtained from 5 mice per gender and genotype.

Further quantitative assessmenfigure 4) and statistical di erentiation marker. As shown in Figure 5B, calcitonin
analysis (two-way ANOVA) revealed that, similar to gk °C  receptor signals were evident on the lining of trabecularsrod
mice, the increased trabecular bone volume was primarily du@lark areas) in wild type sections. Similar signals were also see
to an increased trabecular numbep O 0.0010 and 0.00001 but at substantially lower numbers ByK ©C sections, whereas
for males and females, respectively), rather than signicanno such signals were seen 8yK H2€mo sections Figure 5B).
changes in trabecular thicknegsd 0.31 and 0.61 for males and Those results suggest that the number of calcitonin receptor
females, respectively). Trabecular separation was als@eddu positive osteoclasts is reduced 8yK °C and, especially, in
in SyKR Ha€mo mice (© D 0.0045 and 0.0071 for males andSyK HaMomice.
females, respectively). . .

Taken together, early deletion of Syk in the entireln Vitro Osteoclast Development in
hematopoietic system results in dramatic increase in théineage-Speci ¢ Syk Mutants
mineralized trabecular bone mass, indicating a criticalero We next testedn vitro development of osteoclasts from wild
for Syk in in vivo bone homeostasis. The bone phenotypeype, Syk ©C or SyK Haemo hone marrow cells in the presence
seen inSyK Ha®m mice is grossly comparable to that reportedof recombinant M-CSF and RANKL cytokines. Bone marrow
for Tyrobp = Fcerlg™ (DAP12/FcRy double knockout) cells were rst cultured for 2 days in low (10 ng/ml) M-CSF
animals ¢2, 43, 57), raising the possibility that the majority and non-adherent cells (referred to as myeloid progenitarsie
of DAP12/FcRy signals proceeds through Syk in live mice.then cultured in the presence of 50 ng/ml M-CSF and 50 ng/ml
However, the 30-45% BV/TV values observedSyk Maemo  RANKL. Osteoclast development was then tested by assessing
mice are substantially higher than the corresponding valuesell morphology and positive histochemical staining for the
(15-20%) inSyK OC animals, raising the possibility that the osteoclast-speci ¢ TRAP enzyme.
lower values in the latter mutants may be due to incomplete As shown inFigure 6A, no TRAP-positive multinuclear cells
deletion of Syk by Cre expression from the Ctsk-Cre mutation. (osteoclasts) were seen 2 days after addition of RANKL to

the cultures. However, osteoclasts started to appear in wild
Bone Histological Analysis type cultures on day 3 and formed very large multinucleated
We have also performed histological analysis of the distalife = TRAP-positive cells 3.5 days after the initial RANKL treatie
of wild type,SyK OC or Syk Ha€momjce, As shown irFigure 5A,  Some osteoclasts also formed ByK ©C cultures, though
a much more dense trabecular network was see®yik °C and, they were much smaller in size and failed to fuse into
especiallySyK Ha€momice than in wild type animals. Again, the very large cells even by 3.5 days after RANKL treatment
di erence was more pronounced in female mice because of th@igure 6A). On the other hand, practically no osteoclasts
lower trabecular density in female than in male mice in thé&dwi (multinucleated TRAP-positive cells) could be observed in
type cohorts. SyKR Haemocyltyres Figure 6A).

To test the presence of mature osteoclasts on the trabecular We have also quantitated the extent iof vitro osteoclast
bone surface, we have performed immuno uorescence staininfiprmation. To this end, we have counted the number of
of bone sections for calcitonin receptor, an osteoclast-gpeci osteoclasts (de ned as TRAP-positive cells with 3 or more
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FIGURE 3 | Micro-CT analysis of hematopoietic Syk-de cient mice. Repesentative micro-CT images of the femurs of 9-week-old micef wild type (WT) and the
indicated mutant mice. (A) Longitudinal sections of the femur of female mice(B) Cross-sections of the femur of male or female mice(C) 3D reconstitution of an axial
cylinder of the trabecular area of the distal metaphysis oéfmurs of male or female mice. Images are representative of 5-ice per gender and genotype. WT
samples are identical to those shown irFigure 1.

nuclei; Figure 6B) and calculated the percent of the culture 12 h, even though the number of osteoclasts started to decline,
area covered by the osteoclasig(re 6C. Though the two indicating the fusion of the cells into a few very large ostastsl
di erent quanti cation approaches were related to each otherjn this nal stage of osteoclast developmergidures 6B,Q.
they also complemented each other, since later stages oftete The number of osteoclasts also increasedSik ©C cultures
development may lead to the emergence of very large ostepclaahd was temporarily even comparable to that of wild type
which occupy large culture areas but are small in numbers (assteoclasts Higure 6B). However, thoseSyKR ©C osteoclasts
seen in the last two images in wild type culturesigure 6A). covered a signi cantly smaller area than in wild type culire
As seen irFigures 6B,C there were practically no osteoclaststhroughout the experimentsHgure 6C), which was in line
in any of the cultures 2 days after the initial RANKL addition with the smaller size oByK ©C osteoclasts irFigure 6A. On
However, osteoclasts rapidly emerged afterwards in wild typte other hand, again in agreement with the photomicrographs
cultures, reaching a maximum number 1 day later. The arem Figure 6A, practically no osteoclasts could be identi ed in
covered by wild type osteoclasts increased further in the nex8yR HaeMocyltures Figures 6B,3.

Frontiers in Immunology | www.frontiersin.org 7 April 2019 | Volume 10 | Article 937


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Csete et al. Syk in Bone Homeostasis

50 12 70 140
40 Eo E® E 0
o s g 50 5 100
o £ € £ 40 g 8
© £ 26 £ &
s S 5 g % Y
=S 4 = ksl
3 s 20 3 40
10 8 2 £ 10 £ 2
= [ K
0 0 0 0
WT  Vav-Cre Syklodfiox SyjHaemo WT  Vav-Cre Sykloxfior SyjtHaemo WT  Vav-Cre Sykfodiox SyjhHaemo WT  Vav-Cre Sykloxfiox SyjaHaemo
40 10 50 200
£ E £
B
o £8 20 2 180
2 g Z 6 £ H
gz £ £ S 100
o = s 4 &5 20 8
W 3 3 5
10 § 2 § 10 3 50
g = 8
0 0 0 =0
WT  Vav-Cre Syk'oxfiox SyjhHaemo WT  Vav-Cre Syklofox SyjhHaemo WT  Vav-Cre Syklodfox SyjtHaemo WT  Vav-Cre Syklovfox SyjhHaemo
FIGURE 4 | Quantitative micro-CT analysis of hematopoietic Syk de ciecy. The right femurs of 9-week-old wild type (WT) or the indated mutant male or female
mice were subjected to micro-CT analysis, followed by quamtation of percent bone volume (bone volume/total volume, B¥TV), trabecular number, trabecular
thickness and trabecular separation. The graphs show meanrad SEM of data obtained from 5—7 mice per gender and genotypeWT values are identical to those
shown in Figure 2.

We have also performed more detailed statistical analysesd no resorption was seen ByK H2€Mo cyltures Figure 7A).
(one-way ANOVA) of the area under the curve (AUC) from Quanti cation of the resorbed area revealed0% resorption in
data presented inFigures 6B,C In case of the number of wildtype cultures, which was strongly reduced by &yé ©C and
osteoclastsHigure 6B), no statistical di erence was seen betweencompletely eliminated by th8yK H2€Momuytations Eigure 7B).
the wild type andSyK ©C cultures p D 0.12), likely re ecting ~ Statistical analysis (one-way ANOVA) revealed highly sigmit
the fact that the osteoclast numbers only declined on the laseduction of the resorption activity both by the&ykR ©¢
day in the SyK ©C samples Figure 6B). However, the number (p D 0.00040) and th8yK Ha€m°(p D 0.00038) mutations.
of osteoclasts in th&yK H2mo cyltures was statistically highly ~ These results conrm an important role for Syk in the
signi cantly reduced compared to wild type ongs D 0.0013). development and/or function of bone-resorbing osteocla$, (
The total area covered by osteoclasts was highly signilgantand also indicate slight di erences between tBgk ©C and
reduced both by th&yK € (p D 0.00058) and th&yK Haemo  gy|d Haemo mtations.

(p D 0.00024) mutations.

The above results con rm prior studies indicating a critical
role for Syk duringin vitro osteoclast development(, 42, 44).  Analysis of Osteoclast-Speci ¢ Gene
On the other hand, they also indicate an incomplete OSteOdaﬁXpreSSion
developmental defect iByK ©C cultures (as opposed to the
complete defect inSyKR Haemo gnes)  suggesting incomplete
deletion of Syk irSyK 9C mutants.

We next tested the changes of osteoclast-speci ¢ gene expressio
in osteoclast cultures from the dierent genotypes. We have
also tested additional control macrophage cultures geeedrat
. .. . .. under identical conditions except that RANKL treatment was
Analysis of the in vitro Resorptive Activity omitted. As shown inFigure 8 the expression of DC-STAMP
of Osteoclasts (encoded by th@m7sf4gene), TRAPAcpY, calcitonin receptor
We also attempted to test thi vitro resorbing capacity of (Calcn, NFATcl (fatcl) and cathepsin KCtsk mRNA strongly
osteoclasts. To this end, myeloid precursors were plated dncreased upon osteoclastic dierentiation whereas no such
an arti cial hydroxyapatite layer and cultured in the presenc increase could be observed in parallel macrophage cultures. T
of M-CSF and RANKL (50 ng/ml each) for 7 days, followedexpression of all those genes were reduced in bothSyie©C
by assessment of hydroxyapatite resorption by dark eldand SyK Hae€mo cyltures Eigure 8), though the defect ranged
microscopy. It should be noted that this assay measures tifieom a moderate Tm7sf3 to a very strong Calcr) reduction.
combined e ect of both osteoclast development and osteoclastt should also be noted that the reduced expressiorCtskin
mediated matrix resorption. SyR OC samples is likely partially due to the inactivation of one
As shown inFigure 7A wild type osteoclast cultures were of the two alleles of th€tskgene by the Ctsk-CreCtsk™eC)
able to resorb substantial areas of the hydroxyapatite layenutation present in those cells. Taken together, gene expressio
(resorbed areas show a dark appearance). In contrast, onflata indicate a role for Syk in regulation of osteoclast-speci
small areas of resorption could be observe®ik ©C cultures  gene expression.
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FIGURE 5 | Histological and immuno uorescence analysis of osteoclasspeci ¢ and hematopoietic Syk de ciency. Representative plotomicrographs of the
trabecular area of the femurs of 9-week-old wild type (WT)Sykl OC or Syk1 Haemo mjce, (A) Haematoxylin and eosin staining; original magni cation 10. (B)
Calcitonin receptor immunostaining; original magni catio  40. Arrows indicate calcitonin receptor-positive bone limg cells (likely osteoclasts). Images are
representative of 3 mice per gender and genotype.

Analysis of Syk Protein Levels in Syk in all wild type andSyR ©C but not in SyK Haeémo sgmples.
Osteoclast Cultures Although there was a tendency of reduced Syk expression in
The dierent severity of thein vivo bone phenotypes SYK ©C osteoclasts as compared to wild type osteoclasts, this
(Figures £5) and in vitro osteoclast developmental defectdi €rence was not statistically signi cant, indicating thahe
(Figure 6 between theSyK OC and Syk Haemo mytants raised SyKR OC mutation is not able to reduce Syk expression at the
the possibility that Syk is incompletely deleted fradyk ©C  overall cell population level. _ _ _
osteoclasts. To test this more specically, we performed The above resuilts provided direct evidence supporting our
Western Blot analysis of Syk expression during osteoclastRSSumption that Syk is 'ncoﬂggsw deleted fr@yk 9 but it
and macrophage di erentiation of wild type and mutant bone iS completely absent froiByR osteoclast cultures.
marrow cells.

As shown inFigure 9A, Syk was present in all wild type Genetic Analysis of Syk Deletion
cultures and its expression slightly even increased dU”“B)uring Osteoclastogenesis

osteoclast di erentiation from wild type myeloid progenitors one of the possible explanations for the observed di erences
Importantly, Syk was also present throughout the assessmepiiyeen theSyR ©C and SyKR Haemo muytants is that Cre

e oc : _ .
period in SyR © cultures Figure 9A). On the other hand, Syk eypression from the Ctsk-Cre mutation occurs at a late stage

was completely absent throughout the entire observatiomeri of osteoclast development which, combined with the potentially
in SyKk cultures Figure 9A). Semiquantitative analysis of |5ng survival of the Syk protein, leads to reduction of Syk pirot
the Western blot sample§igure 98) con rmed the presence of - |eyels only at a late stage when osteoclast development basylr
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FIGURE 6 | Analysis ofin vitro osteoclast development. Bone marrow-derived myeloid prognitors from wild type (WT)Syk! OC or Syk! Ha€mo mice were cultured in
the presence of 50 ng/ml M-CSF and 50 ng/ml RANKL for the indicad times, followed by staining for tartrate-resistant acigghosphatase (TRAP)(A) Representative
images of TRAP-stained cultures(B) Quanti cation of the number of osteoclasts (TRAP-positive €lls with 3 or more nuclei) in the different culture§C) The area

covered by osteoclasts in the different cultures (in % of theotal culture area). Images are representative of, and bar gphs show mean and SEM from, 3 independent
experiments.
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FIGURE 7 | Analysis of thein vitro resorptive function of osteoclasts. Bone marrow-derived meloid progenitors from wild type (WT)Syk! ©C or Syk! Haemo mice
were cultured in the presence of 50 ng/ml M-CSF and 50 ng/ml RANK for 7 days on an arti cial hydroxyapatite layer(A) Representative dark- eld microscopic

images of resorption pits (dark areas)(B) Quanti cation of the resorption area (in percent of the totahrea). Images are representative of, and bar graphs show mean
and SEM from, 3 independent experiments.

occurred. The fact that the substantial expression of3tekgene As a rst approach to address the above issue, we performed
(encoding for cathepsin K) begins at 2 days, and is maximal at ?CR-based analysis of the expression the Cre recombinase
days after RANKL treatmenf{gure 8) (54, 55 would be inline  in osteoclasts and macrophages from the di erent genotypes
with that possibility. (Figure 10A). As expected, no Cre expression could be observed
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FIGURE 8 | Analysis of osteoclast-speci ¢ gene expression. Gene exprssion in bone marrow-derived cells from wild type (WTByk! ©C or Syk! Haemo mice
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RT-PCR and normalized toGapdh. Bar graphs show mean and SEM from 3 independent experiments

in wild type cultures. Somewhat surprisingly, no Cre mRNAthe inserted loxP and other sequences, as well as the sites
could be detected iByK Ha€Mo cyltures either which, together and results of Cre-mediated recombination. Based on this
with the complete absence of Syk protein in those culturesrganization, we have designed two PCR protocols (termed
(Figure 9) suggests that the Vav-Cre transgene is activateBCR 1 and PCR 2) to amplify specic alleles from genomic
at an early stage of hematopoiesis but it is silenced at tHeNA (Supplementary Figure2. PCR 1 Figure 10B and
stage of myeloid di erentiation tested in our experiments. OnSupplementary Figure ? was our standard genotyping PCR
the other hand, Cre expression could be readily observed iprotocol using the P fwd and P revl primer pair, and was able
SyKk OC osteoclast but not macrophage culturdsigure 10A).  to distinguish between th8ykK and theSyk* allele, based on
Importantly, substantial Cre expression ByK ©C osteoclasts the increased length of the PCR product caused by the 115 bp
was rst observed 2 days after the initial RANKL treatmemigdla insertion during the generation of theyk®* allele ¢:9). However,
continued afterwards. Given that a longer time may be needed PCR 1 was not able to detect the deletSyk ) allele because the
the e ective deletion of bottSykalleles, the supposedly partial sequence corresponding to the P revl primer was deleted during
deletion e cacy of the Ctsk-Cre transgene and that the SykCre-mediated excision of the oxed sequences from 8yd°*
mRNA and protein likely does not immediately disappear afterallele Supplementary Figure 2 Therefore, we designed a novel
the Cre-mediated inactivation of th8ykgene, these results are PCR protocol (PCR Eigure 10Cand Supplementary Figure 2
in line with the continued presence of Syk 8yk ©C osteoclasts using the same P fwd forward primer along with a new P rev2
beyond 2 days after the initial RANKL administratiofigure 9.  reverse primer, spanning the entire oxed sequence, allowing
As a more direct approach to test Cre-mediated deletion ofhe simultaneous detection of all threBy(€, Syk® , andSyK )
Syk in our osteoclast cultures, we decided to perform PCRalleles. We then cultured wild typ8yK ©€ and SyR Ha¢Mopone
based analysis of the Syk genomic locus from the cells afiarrow cells in the presence of M-CSF and RANKL for di erent
our various genotypes. To this end, we rst amplied and periods of time and analyzed their genomic DNA with both the
sequenced the genomic DNA around the two loxP insertiorPCR 1 Figure 10B and PCR 2Figure 10Q protocols.
sites, which was used along with the publicly available mouse Results with PCR 1 are shown Figure 10B In line with
genomic sequence and the original description of 8%  our expectations, th&yK allele was present throughout the
mutation (50) to reconstruct the entire sequence of theassay period in wild type osteoclast cultures and 8y
Syk®* allele Supplementary Figure L The organization of the allele was present in abyk °C samples. Though the latter
Syl (wild type), Syk®* and SyKR (result of Cre-mediated nding indicated the presence of the non-recombin@&yke
deletion) alleles is shown iBupplementary Figure 2indicating allele throughout osteoclast development, it did not exclude
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Results with PCR 2 (which could detect all three alleles
including theSyK allele; seSupplementary Figure 2is shown
in Figure 10C Those experiments conrmed the expected
exclusive presence of ti8yI€ allele throughout the experiment
in wild type cultures, as well as the exclusive presence GyKe
allele throughout theSyK Haemo samples, indicating complete
deletion of theSyko* allele in theSyK HaemMocyltures. In contrast
to the static picture in wild type an®yK Ha€mo cyltures, the
SyR OC cultures showed dynamic changes in the Syk locus
(Figure 10Q. While only theSyk°* allele was seen 1 day after
the initial RANKL treatment, theSyR allele appeared and its
amount gradually increased during the next 3 days, parallel to
a proportional decline (but not complete disappearance) of the
Syk°* allele Figure 10Q. It should be noted that the appearance
of the smaller-siz&yk allele likely had a competitive advantage
over the larger-siz8yk°* allele in these PCR reactions, leading
to a likely underestimation of the amount of tHgyk®™* allele.
Taken together, those results and the time course of the gémn
indicate that Ctsk-Cre-mediated deletion of ti&yk°* allele
occurs gradually during 2—4 days after RANKL addition and tha
only an incomplete genetic deletion of Syk is achieved evéih un
the end of the observation period.

The above results indicate slow and gradual deletion of
the Syk* allele in SyR OC osteoclast cultures, which is in
line with the slow activation of the&Ctsk gene duringin vitro
osteoclast developmenfigures 8 10A) (54, 55. These results
may also explain the less severgivo phenotypeskigures 1-5)
and less pronouncedéh vitro osteoclast developmental defect
(Figure 6), as well as the continuous presence of Syk in osteoclast
cultures Eigure 9), in the SyK °C mutants, as compared with
the SyK Haemomytants which show early and complete deletion
of the Syk°* allele from the beginning of the entire osteoclast
developmental process.

Analysis of Myeloid-Speci ¢ Syk Deletion

Osteoclasts are derived from early myeloid progenitors tgiroa
developmental process related to that of macrophages. Therefo
we have also tested certain aspects of osteoclast biology
FIGURE 9 | Analysis of the level of Syk protein in osteoclast and macrdmage in Syl% Myelo mutants in which Syk is conditionally deleted

cultures. Bone marrow-derived myeloid progenitors from wd type (WT), . . . . .
Syk! OC or sykl Haemo mice were cultured in the presence of 50 ng/ml M-CSF using the myeloid-speci ¢ LysM-Cre knock-in mutation. The

with (osteoclasts; OC) or without (macrophages; 1) 50 ng/ml RANKL for the Sy% Myelo mutation strongly reduced (but did not completely
indicated times. Whole-cell lysates were then prepared angrocessed for abrogate) osteoclast development, both in terms of the

immunoblotting for Syk, or for actin as a loading control. Rgresentative number of osteoclast§(1pplementary Figure 3,9\ and the area

immunoblots (A) or quanti cation of Syk/actin ratios normalized to Day 1 OC covered by osteoclas&(pplementary Figure 355 As shown in

(B) are shown. Blots are representative of, and bar graphs show ean and . .

SEM from, 3 to 6 independent experiments. Supplementary Figure 3CSyk expression was strongly reduced
(but did not completely disappear) in boByk MYelo gsteoclasts
and macrophages. TtgyKR MYelo mutation also partially reduced
osteoclast-speci ¢ gene expression, i.e., the upregulation of

substantial deletion (reduction) of th8yk®* allele given the the mRNA of the Tm7sf4 Acp5 Calcr, Nfatcl, and Ctsk
tendency of PCR to amplify even small amounts of the targejenes $upplementary Figure 3. We have also tested Cre
templates when no competing templates are present. In contragixpression in wild type andSyk MYel° cells. As shown in
neither the Syl nor the Syk®* allele could be amplied Supplementary Figure 3D Cre mRNA was absent from wild
from SyK Haemo cyjtures Figure 108, suggesting complete type cells but it was expressed in @y MYelo samples.
deletion of the Syk®* allele from those cells, likely in an Interestingly, Cre expression was especially high in earlyait/e
earlier stage of hematopoietic development. Unfortunatdig, t progenitors (Day 0 samples) and declined afterwards both
SyK allele could not be detected with the PCR 1 protocoin osteoclast and macrophage cultures. Taken together, the
(Figure 10Band Supplementary Figure 2 SyR Myelo mytation leads to strong but incomplete deletion of
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FIGURE 10 | Genetic analysis of Cre expression and Cre-mediated Syk detion. (A) Cre expression in wild type (WT)Syk! ©C or Syk! Haemo mice pone
marrow-derived cells cultured for 0-3 days in the presence fot60 ng/ml M-CSF with (osteoclasts; OC) or without (macrophags; M8 ) 50 ng/ml RANKL. Bar graph
shows mean and SEM from 3 independent experiments(B,C) PCR analysis of wild type (WT)Syk1 OC or Syk1 Haemo gsteoclast cultures (differentiated in the
presence of 50 ng/ml RANKL and M-CSF for 1-4 days) using PCR 1 (fwd vs. P revl primers;B) or PCR 2 (P fwd vs. P rev2 primersC). Images are representative of
4 independent experiments.

Syk during early myeloid di erentiation, leading to strongl of the perinatal lethality ofSyk = mice (17, 18), although
reduced but not completely abrogated vitro development bone density appeared to be increased in third-trimeSigk =

of osteoclasts. fetuses 44). Unfortunately, thein vitro osteoclast phenotypes
cannot be directly extrapolated to the vivo situation since a
DISCUSSION number of mutations even within the same pathway, such as

DAP12 (38 41-43) or PLOy2 (54, 58 59 de ciency, provide

In this manuscript, we provide direct genetic evidence for the€xamples of practically completia vitro osteoclast defects
role of the Syk tyrosine kinase in normal bone homeostasis iffespite only moderately increasedvivobone mass. Oun vivo
adult mice. The perinatal lethality &yk = mice was overcome results, especially those with tBgk "2°M°mice, provide the rst
by lineage-speci ¢ conditional deletion of Syk in osteodastdirect genetic evidence fora major and critical role of Sylane
(SyK ©€ mice) or in the entire hematopoietic syste@yi Haemo  homeostasis in live animals.
mice). Both osteoclast-speci ¢ and hematopoietic Syk deletio The two main models used in this study clarify dierent
led to increased trabecular bone mass and defedtiveitro ~ aspects of the role of Syk in bone metabolism: Sty# © mice
osteoclast development and function. However, hematopmietiProvide evidence for an osteoclast-speci ¢ role of Syk but iyon
Syk deletion caused more robust changes than osteoclastespedeads to limited defects, while tigyk "2°™°mice have the widest
Syk deletion bothin vivo and in vitro. Our results suggest that Syk deletion without embryonic lethality and therefore shitwe
this is due to late and incomplete deletion of Syk in osteoelasfhaximum extent of bone resorption defects.
speci ¢ Syk mutants, likely caused by late activation and esbpd ~ Despite the cleain vivo phenotypes of conditional Syk-
activity of Cre expression driven by th@tsk gene promoter de cient mice, a number of questions related to the cell type(s
during osteoclast development. responsible remain open. Our experiments with By °C mice

We and others have previously shown that Syk plays amdicate that the role of Syk in bone metabolism is at least
important role inin vitro osteoclast development and osteoclastin part mediated by Syk expression in osteoclasts. However, it
mediated resorptive activityl(), 42, 44). However, the role of Syk is at present unclear wh@yK H3mo mice have a more severe
in bone homeostasis in live mice could not be tested becaughenotype than thesyk € animals. A reasonable explanation,
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also supported by ouin vitro ndings, is that the Syk ©C  protein expression. Therefore, Syk may not only be involved
mutation only partially deletes Syk in the osteoclast lineagan osteoclast-speci ¢ gene expression but maybe also in later
(see further discussion below). However, we cannot exdlnee processes such as (pre)osteoclast fusion or the osteoclast-
possibility that changes to (a) hematopoietic lineage(sg¢otihhan  mediated resorption process. It is particularly interestimg i
osteoclasts in thByK H2€Momjce also contribute to the increased this respect that DC-STAMP was only moderately a ected
bone mass. In addition, it is also possible that Syk deletion iby Syk deletion, suggesting that a possible role of Syk in
osteoclasts and/or other hematopoietic cells indirectlynpote  (pre)osteoclast fusion may rely on mechanisms other than DC-
osteoblast-mediated bone production. It should be mentibne STAMP expression. It is also worth noting that practically
that prior studies ¢4) showed normal bone production by complete defect of matrix resorption was seen in b8tk ©C
Syk = osteoblasts, therefore it is unlikely that Syk de ciency inandSyK MYelo cultures (i.e., no substantial di erence between the
osteoblasts (e.g., through a leaky Cre expression) comésbio  two mutations could be seen in this assay), which, howeser, i
the observedn vivo bone phenotypes. It should also be notedcomplicated by the fact that this assay measures both osteoclas
that our micro-CT studies indicate increased trabeculamfuer  development and the resorptive activity of the cells, and that
rather than a higher trabecular thickness as the main catise the longer culture period could have allowed more complete Syk
the in vivo bone phenotypes. Unfortunately, di erent groups deletion by the Ctsk-Cre mutation. It is also of interest whg th
have reported di erent contributions of the changes of traldkac  number of osteoclasts are reduced on Day 3.5 in $iy# ©C
number and trabecular thickness to increased bone masedink cultures Figure 6). This may be simply due to the fusion of the
to osteoclast defectgl, 43 54, 55, making it rather dicult  cells reducing the number of individual osteoclasts, apoptoti
to determine the contribution of osteoclasts and osteoblésta  disappearance of osteoclasts during this late stage of culture
bone phenotype based on micro-CT data. and/or active deletion of Syk toward that time period.

An interesting question arising from this study is why the We and others have shown that Syk is required for the
Syk O€ mutation causes a less severe osteoclast phenotype thdevelopment of autoantibody-induced arthritis in experintein
the SyK Haemo mytation. Our results clearly indicate that the mice (24, 33-35) and Syk has been proposed as a therapeutic
SyK O€ mutation is less e ective in inactivating the Syk gene intarget in human rheumatoid arthritis §1-63). A possible
osteoclasts. One possible explanation is the fact that tHe@ts  role for Syk in various immune and other cells such as
mutation triggers Cre activation at a relatively later tippeint  neutrophils, macrophages, mast cells or even plateleis2¢—
(starting at 2 days after RANKL treatment) which, combined 24, 26-29, 31, 64-67) may provide an explanation for this
with the likely continued presence of the preexistBgkmRNA  observation. Nevertheless, it is important to note that both
and Syk protein beyond complete deletion of both Syk allelesnurine arthritis models $3) and human rheumatoid arthritis
may lead to a late disappearance of the Syk protein at a time poi(ff) are accompanied with bone erosions. Therefore, the role of
where osteoclast development and osteoclast-mediated boBgk in osteoclast-mediateid vivo bone resorption may also
resorption has already occurred. The activation kineticshef provide an additional cell type beyond immune/in ammatory
Ctskgene Figure 8) and of the Ctsk-Cre mutatiorRigure 104),  cells in which Syk inhibitors may have a bene cial therapeuti
as well as the late appearance of §y# allele Figure 10Q all e ect. In addition, Syk-mediated bone resorption may also be a
support this explanation. Another possible explanation is thatt therapeutic target in other diseases characterized by oatgecl
level of Cre expression from the Ctsk-Cre mutation is too low t mediated bone resorption such as osteoporoéjo( osteolytic
provide complete Syk deletion and therefore a signi cant amtou cancer metastases, g).
of Syk remains present even after activation of the Ctsk-Cre Taken together, our results provide direct genetic evidence
mutation. In this respect, itis interesting to see that theximaum  for the role of Syk inin vivo bone metabolism and therefore
level of Cre expression ByK OC cultures Figure 10A) is atleast may contribute to the rationale of developing Syk inhibitors
an order of magnitude less than that in tt8yK MYelo cultures  for the treatment of diseases characterized by pathologic
(Supplementary Figure 30. Nevertheless, both scenarios andbone loss.
our own results are consistent with prior reports from the
literature showing good speci city but incomplete deletion of
target genes (incomplete penetrance) by the Ctsk-Cre muﬁatioETHICS STATEMENT
(54, 55,60). Those results also point to the fact that the suitabilityA”
of Cre-expressing mouse strains for the lineage-speci c ielet
of oxed alleles depends not only on the speci city of the Cre
expression but also on its timing, i.e., whether su cient &nis
available for nearly complete deletion of the target gene. AUTHOR CONTRIBUTIONS
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