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Abstract
The cytoskeleton determines cell shape and is involved in cell motility. It also plays a role in
differentiation and in modulating specialized cellular functions. LIM kinase 1 (LIMK1)
participates in cytoskeletal remodeling by phosphorylating and inactivating the actin-severing
protein, cofilin. Severing F-actin to release G-actin monomers is required for actin cytoskeletal
remodeling. Although less well established, LIMK1 may also influence the cell cycle and
modulate metalloproteinase activity. Since the role of LIMK1 in bone cell biology has not been
reported, the skeletal phenotype of LIMK1−/− mice was examined. LIMK1−/− mice had
significantly reduced trabecular bone mass when analyzed by micoCT (p <0.01).
Histomorphometric analyses demonstrated a 31% reduction in the number osteoblasts (p=0.0003)
and a 23% reduction in osteoid surface (p=0.0005). The number of osteoclasts was no different in
control and knock out animals. Consistent with the in vivo findings in osteoblasts, the number of
osteoblast colony forming units in LIMK1−/− bone marrow was reduced by nearly 50%. Further,
osteoblasts isolated from LIMK1−/− mice showed significantly reduced rates of mineralization in
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vitro. Osteoclasts from LIMK1−/− mice evidenced more rapid cytoskeletal remodeling in response
to treatment with CSF1. In keeping with this latter finding, basal levels of phospho-cofilin were
reduced in LIMK1−/− osteoclasts. LIMK1−/− osteoclasts also resorbed dentine slices to a greater
extent in vitro and were more active in a pit assay. These data support the hypothesis that LIMK1
is required for normal osteoblast differentiation. In addition, its absence leads to increased
cytoskeletal remodeling and bone resorption in osteoclasts.
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Introduction
The cytoskeleton is highly dynamic and carefully regulated. It is modulated by the
extracellular matrix, mechanical forces and intracellular signaling cascades activated by
integrins, hormones and cytokines. In addition to its impact on cell size and shape, the
cytoskeleton plays an important role in cell differentiation as well as in maintaining
specialized cellular functions [1][2][3]. Despite this, the role of the cytoskeleton in
regulating bone cell function, particularly in osteoblasts, has not been very well studied.
None-the-less, available evidence underscores the importance of cytoskeletal architecture in
regulating osteoblasts. Meyers et al. and Zayzafoon et al. have reported that osteoblastic
differentiation of multipotent human mesenchymal stem cells (hMSCs) was suppressed
when these cells were cultured in modeled microgravity that was associated with reduced
integrin signaling. Interestingly, adipocyte differentiation was enhanced [4][5]. The same
group of investigators also found that reduced gravitational force was associated with
reduced RhoA activity, impaired phosphorylation of cofilin and reduced stress fiber
formation in hMSCs, which demonstrated impaired differentiation to osteoblasts [6]. Forced
expression of constitutively active RhoA restored stress fiber formation and enhanced
osteoblast differentiation of these cells. In addition to F-actin, the microtubular component
of the cytoskeleton is important for maintaining osteoblast function since cytochalasin D has
been shown to reduce integrin signaling as well as osteopontin and alkaline phosphatase
expression in osteoblast-like cells [7][8]. Furthermore, McBeath et al. reported that cell
shape and cytoskeletal tension regulate commitment of hMSCs to different lineages [9].

Osteoclasts are highly motile cells that move along the bone surface while resorbing skeletal
matrix. Since remodeling of the cytoskeleton is required for motility, regulation of the
osteoclast cytoskeleton has been more extensively studied [10][11]. Although the
physiologic regulators of cytoskeletal remodeling and motility in osteoclasts are not known,
CSF1 is a likely candidate. Several groups, including our own, have shown that CSF1 is
potent chemoattractant for osteoclasts [12]. We have also shown that when CSF1 binds to its
receptor, c-fms, it recruits PI3-kinase and c-Src. This activated complex results in increased
activity of the guanine nucleotide exchange factor, Vav3. Vav3 in turn leads to activation of
the small GTPase Rac, which induces actin cytoskeletal remodeling. Inhibiting Rac activity
prevents CSF1-induced actin remodeling [12]. Wang et al. have reported that Rac plays an
important role in regulating the actin cytoskeleton during osteoclast differentiation [13].
There are two major isoforms of Rac expressed in osteoclasts, Rac1 and Rac2, and we have
reported that osteoclasts isolated from Rac2 knock out mice have impaired chemotaxis in a
CSF1 gradient [14].

The small GTPases, Rac, Rho and Cdc42, control actin dynamics and focal adhesion
assembly in response to extra- and intracellular stimuli [15]. Cofilin, one of the actin-
severing proteins, is a key regulator of actin remodeling [16]. Cofilin severs F-actin to
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generate G-actin monomers making them available for cytoskeletal remodeling. The small
GTPases, in particular Rac, are thought to regulate cofilin activity through a molecular
pathway in which Rac activates the serine/threonine kinase Pak1 that in turn affects the
activity of LIM kinase 1 (LIMK1) [17][18]. LIMK1 is a serine/threonine kinase that
phosphorylates and inactivates cofilin [19]. The actin-binding activity of phospho-cofilin is
reduced, resulting in actin polymerization and stabilization [20]. One might therefore predict
that inactivation of LIMK1 would result in reduced cell motility. However, suppressing
LIMK1 has been reported to either increase or reduce cytoskeletal remodeling and cell
motility, depending on the cellular context [21][22]. In addition to its established role in
regulating cofilin, emerging if still somewhat preliminary evidence suggests additional
functions for LIMK1. Murine LIMK1 has been reported to bind to the cyclin inhibitor,
p57KIP2, raising the possibility that LIMK1 might influence cell cycle progression [23, 24].
It has also recently been reported to regulate the activity of matrix metalloproteinases in a
prostate cancer cell line [25].

Since the role of LIMK1 in regulating bone metabolism has not been explored, we examined
the skeletal phenotype of 8-9 week-old LIMK1 knock out mice. Given the important role
ascribed to LIMK1 in regulating actin remodeling we wondered whether bone cell function
would be altered in LIMK1 knock out mice. We report that in absence of LIMK1, both
osteoblast and osteoclast function are altered and are associated with a low bone mass
phenotype.

Materials and Methods
LIMK1 knock out mice

LIMK1 knock out mice were kindly provided by Dr. Zhenping Jia, (The Hospital for Sick
Children, Toronto CA) [26]. These animals are on a C56/Bl6 background. Heterozygous
animals were served as controls in this study. All animal studies were conducted with
approval of the Yale Animal Care and Use Committee.

Materials
Recombinant human Colony Stimulating Factor 1 (CSF1) was a generous gift from Genetics
Institute (Cambridge, MA). Recombinant mouse RANKL and TNF-α were from R & D
Systems,Inc (Minneapolis,MN). α-MEM cell culture medium was purchased from Sigma-
Aldrich (St. Louis, MO) and fetal bovine serum from Atlanta Biologicals (Lawrenceville,
GA). Ficoll-Paque® was from GE Healthcare (Kings Park, NY). Etched gridded coverslips
were purchased from BELLCO Glass, Inc. (Vineland, NJ). Twenty four well Osteo Assay
Plates® were from Corning Inc. (Corning,NY). Type I collagen was purchased from Nitta
Gelatin (Osaka, Japan). Collagenase A and Dispase II used in collagenase digestion
protocols were purchased from Roche (Indianapolis, IN). Cofilin and phospho-cofilin
antibodies were purchased from Cell Signaling (Danvers, MA). Phalloidin was from
Molecular Probes (Eugene, OR). Vectashied mounting medium with DAP1 was from Vector
Laboratories (Burlingame, CA).

Bone densitometry
Bone mineral density (BMD) determinations of spine, femur and total body were acquired
using a PIXImus densitometer (GE-Lunar Corp., Madison, WI) running software version
1.45 as previously described [27]. BMD values are expressed in gms/cm2.

MicroCT analyses
Femurs were stripped of soft tissue and stored in 70% EtOH at 4 °C for subsequent
microcomputed tomographic analyses (μCT). The bones were scanned using a Scanco
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μCT-35 instrument (Scanco, Brutissellen, Switzerland) as previously described [14].
Volumetric regions for trabecular analyses, selected within the endosteal borders of the
distal femoral metaphysis to include the secondary spongiosa located 1 mm from the growth
plate and extending 1 mm proximally, were scanned at 12 μm resolution. Cortical
morphometry was quantified and averaged volumetrically through 50 serial cross-sections
(600 μm) extending distally from the diaphyseal mid-point between proximal and distal
growth plates. We used a customized thresholding technique (Scanco, Brutissellen,
Switzerland) that provided the best segmentation of the bone tissue. Both 2- and 3-D μCT
data included bone volume to total volume fraction (BV/TV), and trabecular number (Tb.N),
thickness (Tb.Th), space (Tb.Sp) and connectivity density (Conn.D). Cortical thickness
averaged for both cortices (Cor.Th) was also quantified.

H&E Staining
Femora were stripped of soft tissue and fixed in 4% paraformaldehyde for 24 hours. They
were then washed for 2-3 hours in running water, decalcified in Deltaform (Delta Medical,
Inc, Pewaukee, WI) for two weeks and paraffin sections prepared. After the slides were
deparaffinized, they were stained with freshly filtered Harrris's hemotoxlin and eosin
solutions.

Bone histomorphometry
Undecalcified tibiae embedded in methylmethacrylate utilizing the rapid embedding
method, were cut into 4-μm longitudinal sections, mounted on chrome-alum gelatin-coated
slides and stained with 2 % toluidine blue (pH3.7) in citric acid buffer for light microscopy
as we have previously reported [27]. Sections were examined in a blinded fashion using the
Osteomeasure software program (Osteometrics, Atlanta, GA) to quantify histomorphometric
parameters. All indices were defined according to the American Society of Bone and
Mineral Research histomorphometry nomenclature [28]. To assess mineral apposition and
bone formation rates, animals received intraperitoneal injections of calcien (30 mg/kg) seven
days and again one day prior to sacrifice.

Quantification of marrow fat
Marrow fat was quantified in fixed bone slices from the tibiae of LIMK1−/− and control
mice by measuring the area of adipocyte ghosts in the proximal tibiae using Osteomeasure
software. Four fields at 20× in the proximal tibiae just below the growth plate from 11
control and 11 knock out animals were evaluated. Percent fat for the total bone area (the
latter also quantified using Osteomeasure software) was determined.

Isolation of bone marrow cells
Primary bone marrow cells (BMCs) were flushed from the marrow of tibiae and femurs
using 3 cc syringes containing α-MEM with 10 % FBS and either 22-gauge needles for
femurs or 25-gauge needles for tibiae. Cells were collected by centrifugation at 250 × g for 5
min, and nucleated cells counted using a hemocytometer.

Primary osteoblast-enriched cultures
Murine calvarial osteoblasts (OBs) from 3- to 5-day-old mice were prepared by sequential
collagenase digestion as previously described [29]. Cells collected from the second through
fifth collagenase digestions were pooled and used in co-cultures, in vitro proliferation assays
and mineralization assays.
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Isolation of mature osteoclasts
Mature osteoclasts (OCs) were isolated from neonatal murine long bones by mechanical
disaggregation as previously reported [30]. Freshly isolated mature osteoclasts were used in
cell-spreading assays and for confocal microscopy. Osteoclast-like cells (OCLs) were
generated in vitro by co-culturing murine OBs and BMCs in the presence of 1,25-
dihydroxyvitamin D3 and prostaglandin E2 as previously described [30]. To prepare
LIMK1−/− OCLs, BMCs isolated from LIMK1−/− animals were co-cultured with OBs
prepared from neonatal LIMK1−/− mice.

Detection and quantification of osteoblast progenitors
BMCs were plated in 10-cm2 dishes, in triplicate, at a density of 2.5 × 106 nucleated cells/
dish in a final volume of 10 ml of α-MEM containing 10 % FBS, 50 μM ascorbic acid, 10
mM β-glycerophosphate, 1 % penicillin-streptomycin. Cells were maintained for 10 d at 37
°C in a humidified incubator. Half of the media was replaced every 5 d. Three plates from
each mouse were stained at 10 d for alkaline phosphatase and subsequently counted
macroscopically for positive staining colonies (CFU-OBs) by two independent readers.

In vitro osteoblast proliferation rates
OBs were isolated from the calvariae of neonatal LIMK1−/− and control mice as described
above. Cells were plated at an initial density of 5 ×104 cells/60 mm dish. Cell counts were
performed daily for 5 days. At each time point, 3 dishes were counted in quadruplicate.
Three separate cell preparations from animals of each genotype were used.

In vitro osteoclast precursor proliferation rates
Osteoclast precursors were isolated from the bone marrow of wild type and LIMK1−/− mice.
Red blood cells were lysed in unfractionated bone marrow on ice for 5 minutes. The
mononuclear cells were centrifuged, washed with PBS, and seeded in phenol red-free α-
MEM containing 10% FBS and CSF1 at a final concentration of 100 ng/ml. Nineteen hours
later, non-adherent cells were harvested, washed in PBS and plated at a final concentration
of 5 × 105 cells per well of a 6-well plate. Cells were cultured in phenol red-free α-MEM
containing 10% FBS and 100 ng/ml CSF1 and cell number determined serially over 6 days
using a hemocytometer. Each time point was measured in two separate wells and cell counts
were determined in duplicate for each well.

Osteoblast mineralization assays
OBs were seeded to 6-well plates at 4000/cm2 in α-MEM supplemented with 10 % FBS, 1
% penicillin-streptomycin. After reaching confluence, cells were incubated in mineralization
medium (α-MEM with 10 % FBS and 1% penicillin-streptomycin with10 mM β-
glycerophosphate) for 14 days. Cell layers were extracted to measure calcium and
phosphorus content, or for RNA preparation. Cell layers were also fixed in 10% neutral
formalin solution, and stained for mineral using the Von Kossa protocol.

Calcium and phosphorus measurements in cell layer extracts
Calcium and phosphorus were measured using commercially available colorimetric assays
(Sigma-Aldrich, St Louis, MO).

Quantitative Real Time PCR
Total RNA was isolated using TRIzol (Invitrogen, Carlesbad, CA) and an RNeasy kit
(Qiagen, Valencia, CA) per the manufacturers' instructions. cDNA synthesis was carried out
at 43° C for 45 minutes followed by denaturation at 95° C for 5 minutes using a cDNA
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synthesis kit (Stratagene, La Jolla, CA). Quantitative Real Time PCR (qPCR) was
performed with TaqMan PCR reagent kits (Stratagene, La Jolla, CA) using 40 ng of RNA
with a reaction volume of 20 μl in the Opticon 2 DNA Engine Continuous Fluorescence
Detection System (MJR, Waltham, MA). Specific primer/probe sets for target genes were
purchased from Applied Biosystems (Foster City, CA) and references are shown in Table 1.
All qPCR reactions were performed in duplicate and cycling conditions were 95° C for 20
sec and 60° C for 1 min for 39 cycles. The amplification signal from the target gene was
normalized to a β -glucuronidase signal in the same reaction. The relative expression levels
were determined using the comparative CT method (also known as the 2CT method). Data
are presented as the relative mRNA levels in LIMK1+/− vs. LIMK1−/−.

Spreading assay
Authentic OCs were plated onto gridded coverslips for 1.5 hours in α-MEM containing 10
% FBS. The FBS concentration was then reduced to 2 % for an additional 1.5 hours. The
coverslips were washed and the concentration of FBS reduced to 1 %. Images of OCs were
recorded before and after 15 and 30 minutes of treatment with either 2.5 nM CSF1 or
vehicle. Changes in cell area were quantified using Image J software version 1.34s and
expressed as percent change from baseline cell area.

Protein assay
The concentration of protein in cell lysates was measured using a BCA Protein Assay Kit
(Pierce, Rockford, IL) and the manufacturer's recommended protocol. Absorbance was
measured at 560 nm using a VICTOR3 1420 multilabel plate reader (PerkinElmer, Waltham,
MA).

Immunoblotting
OCLs from LIMK1+/− and LIMK1−/− animals cultured on plastic were used to prepare cell
lysates for Western blotting. After 7 days in co-culture, the OB layer was removed by 5 mM
EDTA. Cells were then treated with α-MEM plus 1 % FBS containing either vehicle or 2.5
nM CSF1 for 2, 10 and 15 minutes. Equal amounts of clarified cell lysates were subjected to
SDS polyacrylamide gel electrophoresis and transferred onto nitrocellulose paper (Trans-
Blot Transfer Medium; Bio-Rad Inc, Hercules, CA). After SDS–PAGE and trans-blotting,
nitrocellulose membranes were probed with an anti-phospho-cofilin antibody or an anti-
cofilin antibody. The blots were developed using HRP-conjugated secondary antibodies
(Promega; Madison, WI) following by enhanced chemiluminescence detection (ECL
detection kit; Amersham Inc., Piscataway, NJ). Primary calvarial OBs, isolated as described
above, were lysed, cellular protein extracted and analyzed by Western blotting for phospho-
cofilin and cofilin exactly as just described for OCLs.

In vitro bone resorption assay
To quantify resorptive activity, LIMK1+/− or LIMK1−/− OCLs were generated on collagen-
coated dishes as described by Suda and colleagues [31]. After 7 days, OCLs were released
from the collagen gels by collagenase digestion. They were then replated onto dentine slices
(OsteoSite Dentine Disc; Immunodiagnostic Systems Inc., Scottsdale, AZ) for 3 days and
the concentration of the crosslinked c-teleopeptide of type I collagen (CTX) in the culture
media quantified using the CrossLaps for Culture ELISA (Nordic Bioscience, Herlev,
Denmark) and the manufacturer's recommended protocol.

Pit Formation Assay
We also determined the resorbing potential of OCLs generated from osteoclast precursors
isolated from LIMK1+/− and LIMK1−/− mice. Unfractionated bone marrow cells were
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isolated from 8-week old LIMK1+/− and LIMK1−/− male mice and centrifuged for 10 min at
1000 × g. The cell pellet was resuspended and the cells plated overnight in 10 ml of α-MEM
containing 10% FBS and 100 ng/ml of CSF1 in 10-cm dishes. Non-adherent cells were then
collected and layered on 10 ml of Ficoll-Paque and centrifuged for 20 min at 707 × g. Cells
at the interface were collected and washed twice with ice-cold PBS and plated in Osteo
Assay® plates at a density of 2.5 × 105/well in α-MEM containing 10 % FBS, 75 ng/ml
CSF1, 75 ng/ml RANKL and 10 ng/ml of TNF-α. Cells were maintained at 37 °C in a
humidified incubator with a media change every other day. On day 7 of culture, media were
aspirated, and 600 μL of 10% sodium hypochlorite added to each well for 5 min at room
temperature. The wells were then aspirated, washed twice with 900 μL of deionized water
and allowed to dry completely at room temperature. Three separate wells were analyzed for
each genotype. Resorbed area was quantified in seventeen fields at 100× magnification for
each genotype using the template shown in Fig. 1 and the mean value for all 17 fields
compared. Pit area was measured using Adobe Photoshop CS3 (Adobe Systems Inc., San
Jose, Ca) and expressed as number of pixels.

Serum CTX measurements
Serum CTX was measured using a commercially available EIA (RatLaps EIA,
Immunodiagnostic Systems Inc., Scottsdale, AZ).

Quantifying actin ring formation in freshly isolated mature osteoclasts
LIMK1+/− and LIMK−/− osteoclasts were isolated as described above and allowed to attach
to coverslips for 6 to 7.5 hours in α-MEM containing 10% FBS. Cells were fixed in 4%
paraformaldehyde at room temperature for 15 minutes and washed. Coverslips were
incubated with Alexa Fluor 488 phalloidin for 30 minutes then washed and mounted in
Vectashied mounting medium. Cells were examined using a Zeiss LSM 710 confocal
imaging system and the number of mulitnucelated cells with complete actin rings counted.
Between 2 and 3 animals of each genotype were analyzed per experiment. Average values
from 2 experiments are summarized in the Results.

Phalloidin staining of osteoblasts and osteoclasts
Calvarial OBs and mature OCs were isolated from LIMK1+/− and LIMK1−/− animals as
described above and plated on FBS-coated glass coverslips for 24 hrs for osteoblasts or 6 hrs
for osteoclasts. Cells were then fixed and stained with phalloidin at a final concentration of
0.165 μM. Cell were imaged using a Zeiss LSM 510 Meta argon confocal microscope (Carl
Zeiss Microimaging, Thornwood, NY) as previously described [14]. Mature osteoclasts
were also stained with DAPI to visualize nuclei. For DAPI staining osteoclasts were fixed
and stained with phalloidin and then washed and mounted in Vectashied mounting medium
containing DAPI.

Data analyses
An unpaired t test was used where appropriate with Welch's correction. Two-way ANOVA
was used with post hoc Bonferroni-corrected tests to assess the effect of genotype, CSF1
treatment and the interaction of the two where indicated in the text or figure legends. Data
presented are the M±SD. The error bars in figures reflect SE. P < 0.05 was considered
significant.
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Results
LIMK1−/− mice have significantly reduced BMD

LIMK1−/− mice were weaned without difficulty, had normal tooth eruption and grew at a
rate comparable to LIMK1 heterozygous animals. Eight to nine week-old knock out and
heterozygous mice were scanned by PIXimus at three different skeletal sites. The results are
summarized in Table 2. LIMK1−/− mice evidenced trends towards reduced bone mass at all
skeletal sites. This trend was statistically significant for the total body BMD. LIMK1−/−

mice showed a 5 % reduction in total body BMD compared to controls (p = 0.03).

LIMK1−/− mice have dramatically reduced trabecular bone mass
Histologic evaluation and H&E staining of femurs from LIMK1−/− vs. LIMK1+/− mice
showed slightly thinner corticies and more substantially reduced trabecular bone mass in the
knock out animals (Figs. 2A and 2B). When quantified by microCT analysis, the femoral
diaphyses of LIMK1−/− mice were slightly thinner than those of LIMK1+/− mice, but the
change was not statistically significant (0.154±0.0086 vs. 0.162±0.0204 mm, p = 0.25,
LIMK1−/− vs. LIMK1+/−; Figs. 2A and 2B, right two panels compared to the left two panels
and Fig. 2D, upper right panel). In contrast, trabecular bone volume was significantly
reduced in LIMK1−/− mice compared to LIMK1+/− animals and all parameters of trabecular
microarchitecture were significantly altered, as well (Fig. 2A and 2B, right two panels
compared to the left two panels and Fig. 2D, left three panels and lower right two panels).
Specifically, trabecular bone volume fraction was reduced nearly 46 % (19.0±4.63 vs.
35.4±15.0 %, p = 0.003), and the number (6.15±0.86 vs. 9.94±3.91 #/mm3, p = 0.007),
thickness (0.039±0.0027 vs. 0.044±0.0035 mm, p = 0.001) and connectivity (489.9±111.6
vs. 696.9±221.8 #/mm3, p = 0.01) of the trabeculi were all significantly reduced in
LIMK1−/− mice compared with heterozygous controls. The trabecular spacing was greater in
LIMK1−/− mice (0.168±0.0028 vs. 0.123±0.046 mm, p = 0.01, LIMK1−/− vs. LIMK1+/−).

LIMK1−/− mice have reduced osteoblast numbers but normal numbers of osteoclasts in
vivo

To characterize the cellular basis for the osteopenic phenotype of the LIMK1−/− mice, we
performed histomorphometric analyses using trabecular bone from the proximal tibia as
described in the Methods. As shown in Table 3, all parameters of osteoblast function were
significantly diminished in LIMK1−/− mice compared to LIMK1+/− animals. The number of
osteoblasts per total area (N.Ob/TAR) was reduced by 37 % (p = 0.0001). Osteoblast surface
per bone surface (Ob.S/BS) was reduced by 31 % (p = 0.0003) and osteoid surface (OS/BS)
was reduced by 23 % (p = 0.0007). In contrast, the number of osteoclasts per total area
(N.Oc/TAR), osteoclast surface per bone surface (Oc.S/BS) and the number of osteoclasts
per bone perimeter (N.Oc/BPm) were not significantly different between the two groups of
mice (Table 3). The mineral apposition rate (LIMK1+/− vs. LIMK1−/−; 1.17±0.31 vs.
1.27±0.15 μm/d; p=NS) and bone formation rate normalized to bone surface (LIMK1+/− vs.
LIMK1−/−; 180.9±81.3 vs. 184.9±38.6 μm3/μm2/d; p=NS) were not different between the
two genotypes,

LIMK1−/− osteoblasts have normal in vitro proliferative capacity
Since OB number was reduced in the LIMK1−/− mice, we wondered if the proliferative
capacity of these cells was impaired. Primary calvarial OBs were prepared from LIMK1+/−

and LIMK1−/− animals and seeded at an initial density of 5 × 104. Cell number was
quantified over the next five days as described above. As shown in Table 4, there was no
statistically significant effect of genotype on the number of OBs over the 5 days of the
experiment when analyzed by 2-way ANOVA.
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LIMK1−/− osteoclast precursors have normal in vitro proliferative capacity
To determine if the genetic absence of LIMK1 affected the proliferative capacity of
osteoclast precursors, osteoclast progenitors were isolated from LIMK1−/− and LIMK1+/−

animals as detailed above and cell counts performed serially over 6 days. As shown in Fig. 3
there was no significant difference in the rate of precursor proliferation when cultured in the
presence of 100 ng/ml CSF1 (p=NS by 2-way ANOVA).

LIMK1 is expressed at equivalent levels in osteoblasts and osteoclasts Tissue-specific
expression levels for LIMK 1 have been previously reported

Bernard et al. and Foletta et al. found that LIMK1 is highly expressed in brain [32, 33].
Foletta et al. also found expression in lung, testis, uterus, ovaries, thymus and heart [33].
Neither investigator examined expression in bone. Importantly, Liu et al. have reported
high-level expression of LIMK1 in bone [34, 35]. We analyzed expression of LIMK1 in
wild-type osteoblasts and osteoclasts and compared expression in these cells to the
expression in brain and liver also isolated from wild-type animals. As shown in Fig. 4 when
compared to the level of LIMK1 transcript expression in liver (used as a frame of reference),
LIMK 1 expression was 22fold higher in brain; while expression levels were 5.5-fold higher
in osteoblasts and 6.1-fold higher in osteoclast-like cells.

Reduced numbers of osteoblast progenitor cells in LIMK1−/− mice
The observed reduction in OB number seen in the LIMK1−/− mice could reflect impaired
differentiation or a reduction in the number of OB progenitors since it appears that there was
no defect in proliferative capacity at least in vitro. To explore the latter possibility, we
quantified the number of the CFU-OBs present in the marrow of LIMK1−/− mice and
heterozygous controls. After 10 days in culture in the presence of ascorbic acid and β-
glycerophosphate, there were significantly fewer CFU-OBs in the cultures of bone marrow
stromal cells prepared from knock out mice compared to the cultures from heterozygous
mice (12.9±6.87 vs. 21.9±3.29 #/dish, p < 0.0001) (Fig. 5).

LIMK1−/− osteoblasts have reduced mineralizing capacity in vitro
To assess OB function in LIMK1−/− mice, OBs isolated from neonatal calvariae of knock
out and heterozygous controls were grown to confluence at which point β-glycerophosphate
was added to the media. Fourteen days later the cultures were either stained using the Von
Kossa protocol, extracted for calcium and phosphorus measurements or used to isolate
RNA. As shown in Fig. 6A, there was significantly less Von Kossa staining in cultures
prepared from LIMK1−/− mice compared to the cultures from control mice. This difference
was quantified by directly measuring the amount of the calcium and phosphorus present in
the cell layer after 14 days in culture. There was significantly less calcium in the LIMK1−/−

OB cultures than in the control cultures (15.3±3.83 vs. 22.1±1.36 mg/dl; LIMK1−/− vs.
LIMK1+/−; p = 0.04). There was a trend toward a lower phosphorus content in the knock out
cultures although the difference did not reach to statistical significance (10.0±1.50 vs.
12.3±0.569 mg/dl; LIMK1−/− vs. LIMK1+/−; p = 0.07; Fig. 6B). We also evaluated
expression levels of runx2 and alkaline phosphatase by qPCR in the mineralizing cultures at
day 14. Consistent with the notion that there is impaired OB differentiation in the absence of
LIMK1, transcripts for both molecular markers were significantly lower in the cultures of
knock out animals. In both instances the level expression was reduced by more than 50 %
(runx2: 0.501±0.110 vs. 1.10±0.115, p = 0.007; ALP: 0.486±0.0643 vs. 1.05±0.168, p =
0.03; LIMK1−/− vs. LIMK1+/−, respectively; Fig. 6C).

Since CFU-Ob number was reduced in LIMK1−/− animals and in vitro mineralization was
defective, this suggests that the number of committed osteoblasts is reduced in the genetic
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absence of LIMK1 or that there is a cell autonomous defect in osteoblast differentiation in
addition to precursor lineage commitment. To determine if there is evidence of a cell
autonomous defect in LIMK1−/− osteoblasts, the level of expression of runx2, collagen 1,
osterix and osteocalcin were quantified in freshly isolated primary calvarial osteoblasts
isolated from LIMK−/− animals. As shown in Fig. 7, there was a significant reduction in
expression levels for runx2, collagen 1, and osteocalcin with a trend toward a reduced
expression level of osterix.

Marrow fat is not increased in the LIMK 1 −/− animals
Since there is a defect in osteoblastogenesis in the genetic absence of LIMK 1, this raised
the possibility that lineage allocation of bone marrow mesenchymal stem cells could be
altered. One potential consequence of such a change would be an increase in marrow fat.
However, when the marrow fat content, measured as a percent of bone area, was quantified,
we found no significant difference between animals of the two different genotypes
(LIMK1+/− vs. LIMK1−/− ; 4.4±0.3% vs. 4.4±0.4% p=NS).

LIMK1−/− osteoclasts exhibit an exaggerated spreading response to CSF1 but actin ring
formation is normal

As noted in the Introduction, suppressing LIMK1 in vitro has been variously reported to
either reduce or increase actin remodeling depending on the cell type. Since OC function
requires actin turnover, we were interested in determining if there was altered cytoskeletal
remodeling in the LIMK1−/− osteoclast. We therefore examined the spreading response to
CSF1 in mature OCs isolated from knock out and control animals. As shown in Fig. 8A,
OCs isolated from LIMK1−/− mice showed significantly greater spreading response to CSF1
than the cells from control animals. There was no significant change in cell area in either
LIMK1+/− and LIMK1−/− OCs after 15 minutes and 30 minutes of vehicle treatment
(0.41±9.03 % vs. −5.1±22.9 % at 15′ and −0.53±12.0 % vs. −8.0±21.4 % at 30′; LIMK1+/−

vs. LIMK1−/− respectively; p = N.S. for both). Following treatment with CSF1, LIMK1−/−

OCs showed significantly greater increases in cell area at both 15 and 30 minutes (29.3±37.1
% vs. 61.8±71.0 %, p < 0.01 at 15′ and 35.1±45.5 % vs. 66.0±77.0 %, p < 0.05 at 30′;
LIMK1+/− vs. LIMK1−/− respectively; Fig. 8B).

To determine whether the genetic absence of LIMK1 affects actin rings, actin ring formation
was determined in 67 freshly isolated LIMK1+/− mature osteoclasts and 65 LIMK1−/− cells.
In two separate experiments, on average, 67% of LIMK1+/− osteoclasts had actin ring
formation while 58% of cells isolated from LIMK1−/− had actin ring formation. The actin
rings appeared normal in both LIMK1+/− and LIMK1−/− mature osteoclasts when imaged by
phalloidin staining and confocal microscopy (Fig. 9)

Cofilin phosphorylation is reduced in LIMK1−/− osteoclasts but not in osteoblasts
Cofilin is the only known substrate for LIMK1. We therefore wondered whether the genetic
absence of LIMK1 would lead to a change in the level of phospho-cofilin in bone cells. As
noted, phospho-cofilin is the inactive form of cofilin. We therefore examined the level of
phospho-cofilin in OCLs before and at 2, 10 and 15 minutes after treatment with 2.5 nM
CSF1. As shown in Fig. 10A (Time 0, LIMK1−/− vs. LIMK1+/−), prior to treatment with
CSF1, the cellular levels of phospho-cofilin were lower in OCLs prepared from LIMK1−/−

mice as compared to the levels observed in cells prepared from control animals. Following
CSF1 treatment, the ratio of phospho-cofilin to total cofilin rose progressively in both
LIMK1−/− and LIMK1+/− OCLs (Fig. 10B). However, when analyzed by two-way ANOVA,
the increase in the ratio of phospho-cofilin/total cofilin was significantly greater in
LIMK1+/− OCLs than LIMK1−/− cells (p < 0.05). Further, as compared to the baseline value,
the ratio of phospho-cofilin/total cofilin was significantly greater in LIMK1+/− OCLs treated
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with CSF1 for 15 minutes (p = 0.04). In contrast, by post hoc analysis, there was not a
significant difference between baseline and 15 min CSF1-treatment values for the phospho-
cofilin/total cofilin ratio in the LIMK1−/− OCLs. By post hoc analysis the ratio of phospho-
cofilin/total cofilin after 15 min of CSF1 treatment was significantly greater in LIMK1+/−

OCLs than in LIMK1−/− OCLs (p = 0.03). Unlike the findings in OCLs, there was no
significant change in the extent of phospho-cofilin staining in OBs isolated from LIMK−/−

animals compared to cells from controls (Fig. 10C).

The actin cytoskeleton is normal in LIMK1−/− osteoblasts
There were no substantive differences in the pattern or extent of polymerized actin as
assessed by phalloidin staining, when LIMK1−/− OBs were compared to control OBs (Fig.
11).

The bone resorptive activity of LIMK1−/− osteoclasts is augmented in vitro
To determine if the alterations in cytoskeletal remodeling and cofilin phosphocycling
observed in LIMK1−/− OCLs result in changes in the functional activity of these cells, we
evaluated the in vitro resorptive activity of OCLs prepared from LIMK1−/− mice and control
mice. OCLs, generated by co-culturing identical numbers of BMCs and OBs obtained from
either LIMK1+/− or LIMK1−/− animals on collagen-coated plates, were replated onto dentine
slices and resorptive activity quantified by measuring the concentration of CTX in the media
after 72 hours. As shown in Fig. 12A, there was a significantly greater concentration of CTX
in the media of LIMK1−/− OCLs after 72 hours when compared with the concentration of
CTX in the media conditioned by the LIMK1+/− OCLs (1.2±0.2 vs. 1.0±0.2 ng/ml, p =
0.02). Consistent with these in vitro data, serum CTX tended to be higher in the LIMK1−/−

animals compared to the LIMK1+/− controls although the change did not reach statistical
significance (40±8 vs. 29±3 pg/ml, p = 0.1, n= 6 per group).

As another assessment of bone resorbing activity LIMK1+/− and LIMK1−/− OCLs were
evaluated in a pit-forming assay. As illustrated in Fig. 12A and quantified in Fig. 12B, and
completely consistent with the dentine slice data, LIMK1−/− OCLs resorbed significantly
more surface area of Osteo Assay plates than did LIMK1+/− and LIMK1−/− OCLs (Fig. 12
C; 949783±103,848 vs. 466,373±90091 pixels, p<0.002).

Discussion
The principal finding of this manuscript is that LIMK1−/− mice exhibit an osteopenic
phenotype associated with defects in both osteoblast and osteoclast function. LIMK1 is a
serine/threonine kinase that phosphorylates cofilin at position Ser3, which inhibits the ability
of cofilin to sever F-actin. Depolymerizing actin is a requisite step during cytoskeletal
remodeling. LIMK1 is a key downstream target for growth factors and cytokines that induce
cell spreading, contraction and motility [36]. LIMK1 has also been shown to regulate
microtubular assembly in human endothelial cells [37]. In addition to its role in regulating
the actin/microtuble cytoskeleton, LIMK1 has been shown to influence a pool of actin that is
required for normal trans-Golgi function. In the absence of LIMK vesicle budding and
export from the trans-Golgi is abnormal [38]. Recent data also indicate that LIMK1 may
directly interact with p57KIP2 an inhibitor of cyclins [23, 24]. It is noteworthy that mutations
in p57KIP2 cause the human disease Beckwith Weidemann syndrome which is associated
with skeletal abnormalities and p57KIP2 knock out mice also have skeletal abnormalities
[39][40]. Finally, LIMK1 has recently been shown to regulate the activity of matrix
metalloproteinases, including MMP1 and MMP9 in a prostatic cancer cell line [40]. Which
of these several functions of LIMK1 is responsible for the skeletal phenotype of the LIMK
knock out mouse is not entirely clear.
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Both histologic, H&E stains and microCT analyses demonstrated a marked reduction in
trabecular bone mass with significantly reduced values for the trabecular bone fraction (BV/
TV), trabecular number (Tb.N) and thickness (Tb.Th), and an accompanying increase in
trabecular spacing (Tb.Sp). There was also a trend towards a reduction in cortical thickness,
although this did not reach statistical significance. Histomorphometric analyses
demonstrated a dramatic impairment in osteoblast activity, whether assessed by osteoblast
number or osteoid thickness. Consistent with this, in vitro studies showed a significant
reduction in the number of CFU-OBs in the marrow of LIMK1−/− animals. There have been
previous reports indicating that disruption of cytoskeletal architecture in mesenchymal stem
cells leads to a diminution in osteoblastogenic potential of these cells with an augmentation
in fat cell development [6]. Consistent with this Zayzafoon et al. reported reduced
expression of osteoblast markers in cells in which the cytoskeleton was disrupted [5].
Although we did not find evidence for gross dysregulation of the osteoblast actin
cytoskeleton in the absence of LIMK1, in keeping with the findings of Zayzafoon et al.,
osteoblasts isolated from LIMK1−/− animals showed significantly reduced expression of key
differentiation markers including, run2, collagen 1 and osteocalcin with a trend towards
reduced levels of osterix. Taken together with our CFU-OB, these findings indicate that not
only are there reduced numbers of osteoblast progenitors but there is an intrinsic defect in
the differentiation program of osteoblasts themselves including the terminal steps of
differentiation. Thus, as shown in Figure 5, the ability of osteoblasts to mineralize in vitro
was significantly impaired in osteoblasts cultured from LIMK1−/− mice. The extent of
mineralization as judged by the calcium and phosphorus content of 2-week, post-confluent
LIMK1−/− osteoblast cultures and Von Kossa staining was significantly lower than that in
heterozygous controls. This was mirrored by a reduction in the expression of runx2 and
alkaline phosphatase.

In contrast to the defect in osteoblastogenesis, osteoclastogenesis appeared to be normal in
the genetic absence of LIMK1. Thus, osteoclast surface per bone surface (Oc.S/BS) and the
number of osteoclasts per total area (N.Oc/TAR) were not statistically significant between
knock out and control mice. We posited that the absence of LIMK1 would result in higher
levels of active (non-phosphorylated) cofilin in osteoclasts and indeed that proved to be the
case. Basal levels of phospho-cofilin were reduced by nearly 50% in LIMK1−/− OCLs. With
a larger pool of activated cofilin, it seemed plausible that the response to growth factors,
which induce cytoskeletal remodeling, would be augmented. This too was observed, since
LIMK1−/− osteoclasts spread considerably more rapidly and to a greater extent following
treatment with CSF1 than did cells isolated from their heterozygous counterparts. This was
mirrored by a significant impairment in the ability of CSF1 to induce phosphorylation of
cofilin in the LIMK1−/− mice. We have previously shown that CSF1, through a PI3 kinase-
dependent pathway, activates Rac1 [12]. Rac1 in turn is known to activate Pak1, which has
as its principal intracellular target, LIMK1. The apparent paradoxical increase in levels of
phospho-cofilin induced by CSF1 at the same time that the growth factor stimulates cell-
spreading is likely explained by actin treadmilling. Actin treadmilling refers to activation of
cofilin at the leading edge of lamellipodia and its inactivation both more proximally in that
lamellipodia as well as at the trailing edge of a moving cell. These two processes, cofilin
activation and inactivation, occur in different subcelluar compartments and, in a coordinated
but still poorly understood fashion, regulate the cytoskeleton during cell shape change and
motility. Nonetheless, the overall global effect of CSF1 appears to be to increase the amount
of cellular phospho-cofilin. This reaction is impaired in the absence of LIMK1. The
impaired phosphorylation of cofilin was associated with a marked augmentation in the rate
of cell-spreading in response to CSF1. It is well recognized that cytoskeletal remodeling is
an absolutely essential component of the bone-resorbing process. Osteoclasts that have
defective actin remodeling, such as osteoclasts from Src−/− mice, have markedly impaired
resorptive activity [41][42]. In contrast, LIMK1−/− osteoclasts had more robust cytoskeletal
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remodeling, which was consistent with the observed increase in the resorptive capacity of
these cells. Thus, LIMK1−/− OCLs resorbed significantly greater amounts of dentine than
did LIMK1+/− cells and were more active in a pit assay. This presumably reflects, in part,
more rapid actin remodeling. There did not appear to be alterations in osteoclast survival in
LIMK1−/− mice, since osteoclast number was not changed in these animals.

Our findings of functional changes in both osteoblasts and osteoclasts is supported by the
fact that the level of expression of LIMK1 is reasonably high in both cell types and
interestingly the level of expression in osteoclasts and osteoblasts is nearly the same (Fig. 4).
Despite a posited role for LIMK in regulating p57KIP2, we did not observed changes in the
proliferative rates of osteoblasts or osteoclast progenitors when cultured in vitro.

In summary, our data indicate a significant and hitherto unappreciated role for LIMK1 in
skeletal homeostasis. The genes that affect bone mass remain poorly understood. Given the
significant impact LIMK1 has on both normal osteoblast and osteoclast function, it may be
of interest to determine if allelic variants in this gene play a role in the heritability of this
trait.
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Highlights

• LIMK1−/− mice have significantly reduced bone mass.

• This is associated with impaired osteoblast function and enhanced osteoclast
activity.

• Levels of phosphocofilin are reduced in LIMK1−/− osteoclasts.

• LIMK1−/− osteoclasts evidence increased cytoskeletal remodeling in response to
CSF1.

• The number of CFU-OB is reduced in LIMK1−/− marrow and the ability of
knock out osteoblasts to mineralize is impaired.
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Figure 1. Template used for quantifying the resorbed surface of Osteo Assay plates
The template shown was used to analyze the resorbed surface of Osteo Assay plates.
Resorbed area was measured at 100× magnification and expressed as pixels.
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Figure 2. Histology and microCT analyses of femurs from LIMK1+/− and LIMK1−/− mice
A: Low power H&E stains of femur cross-sections from LIMK1+/− and LIMK1−/− mice. B:
Low power histologic photomicrographs of femur cross-sections from LIMK1+/− and
LIMK1−/− mice. C: 3-D reconstructed μCT images of the distal half of the femur (left) and
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of just the femoral trabecular compartment (right) of LIMK1+/− and LIMK1−/− mice. D:
Quantification of trabecular and cortical bone morphometric parameters as assessed by μCT
in LIMK1+/− (gray bars) and LIMK1−/− mice (black bars) (n = 12, each group). ** = p <
0.01 for BV/TV, Conn.D, Tb.Th, Tb.N and Tb.Sp in LIMK1+/− vs. LIMK1−/− mice. The
difference in mean Cor.Th was not significant.
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Figure 3. Equivalent proliferative rates of LIMK1+/− and LIMK1−/− osteoclast precursors
Proliferative rate of osteoclast precursors isolated from LIMK1+/− (solid line and square
symbols) and LIMK1−/− mice (dotted line and triangular symbols) and cultured in vitro for 6
days. There was no difference in the proliferative rate based on genotype.
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Figure 4. Relative expression of LIMK1 in osteoblasts and osteoclasts
Relative expression of LIMK1 in osteoblasts and osteoclasts compared to the level of
expression in liver, which was used as the frame of reference. Thus, compared to liver,
expression levels of LIMK1 are 5.5-fold higher in osteoblasts and 6.1-fold higher in
osteoclasts. Expression in brain is 22-fold higher than in liver.
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Figure 5. Reduced numbers of CFU-OBs in LIMK−/− mice
The number of osteoblast colony forming units (CFU-OBs) in bone marrow from LIMK1+/−

(gray bar) and LIMK1−/− (black bar) mice. Two separate assays with nine replicates per
assay were averaged. ***= p < 0.05 for LIMK1+/− vs. LIMK1−/−.
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Figure 6. LIMK1−/− osteoblasts have impaired mineralization capacity
Neonatal calvarial osteoblasts isolated from LIMK1+/− or LIMK1−/− mice were grown to
confluence and then treated with 10mM ß-glycerophosphate for 2 weeks. A: Von Kossa
staining of cultures from LIMK1+/− and LIMK1−/− mice after 2 weeks of treatment with ß-
glycerophosphate. Note reduced staining in the LIMK1−/− cultures. B: Cultures treated with
ß-glycerophosphate for 2 weeks after reaching confluence were extracted and calcium
phosphorus content quantified or used to prepare RNA for qPCR analyses. Note that the
calcium and phosphorus content of the cell layer extracted from the LIMK1−/− mice was
lower than in control animals. C: Results of qPCR for runx2 and alkaline phosphatase
expression in cell layers of osteoblasts from LIMK1−/− and +/− mice treated for 2 weeks with
ß-glycerophosphate. Note that the level of runx2 and alkaline phosphatase expression are
significantly lower in LIMK1−/− cultures than in LIMK1+/− cultures. * = p < 0.05; ** = p <
0.01.
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Figure 7. Makers of differentiation are reduced in LIMK1−/− osteoblasts
Reduced levels of expression of run2, collagen 1, osteocalcin and osterix in LIMK−/−

osteoblasts. The level of expression in LIMK1+/- osteoblasts was set equal to 1.0 for this
analysis. These data represent average data from two independent cell preparations.
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Figure 8. Exaggerated cytoskeletal remodeling in response to CSF1 in LIMK1−/− osteoclasts
A: Mature osteoclasts freshly isolated from neonatal LIMK1+/− or LIMK1−/− mice were
treated with 2.5 nM CSF1 for 30 minutes. Representative photomicrographs taken at
baseline (0 min), 15 minutes and 30 minutes are shown. B: Mean % change in the cell area
after vehicle (gray bar) or 2.5 nM CSF1 (black bar) treatment for 15 (upper panel) or 30
minutes (lower panel) in LIMK1+/−(left columns) or LIMK1−/− (right columns) osteoclasts.
Data are averaged from 3 separate assays (n = 28 for LIMK1+/−- vehicle treatment, 18 for
LIMK1−/− - vehicle treatment, 45 for LIMK1+/− -CSF1 treatment and 49 for LIMK1−/− -
CSF1 treatment). * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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Figure 9. Actin ring appearance is normal in LIMK1−/− OCs
Mature osteoclasts freshly isolated from in LIMK1+/− (upper panel) or LIMK1−/− (lower
panel) mice were stained with phalloidin. Some cells were also stained with DAPI to better
visualize the nuclei (two right hand panels).
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Figure 10. Phosphocofilin levels are reduced in LIMK1−/− OCLs but normal in LIMK1−/− OBs
A: Representative western blot of whole cell lysates prepared from LIMK1−/− OCLs (left
four lanes) or LIMK1+/− OCLs (right four lanes) at the indicated times after 2.5 nM CSF1
treatment, and probed for phospho-cofilin (upper panel) or total-cofilin (lower panel). B:
Graphic summary of the phospho-cofilin/cofilin ratio quantified by the densitometric
analyses of three separate western blots (LIMK1+/− = gray bar; LIMK1−/− = black bar). * =
p < 0.05 for 0 min vs. 15 min after CSF1 treatment of LIMK1+/− OCLs by post hoc analysis;
# = p < 0.05 for LIMK1+/− vs. LIMK1−/− OCLs at 15min. C: Representative western blot of
whole cell lysates prepared from LIMK1−/+ OBs (left) or LIMK1−/− OBs (right), and probed
for phospho-cofilin (upper panel) or total-cofilin (lower panel).

Kawano et al. Page 27

Bone. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11. LIMK1−/− OBs have a normal actin cytoskeleton
The pattern of F-actin staining in calvarial osteoblasts isolated from LIMK1+/− (upper
panels) or LIMK1−/− (lower panels) mice. There is no apparent difference in the extent or
pattern of F-actin staining. The images presented are representative of the staining pattern in
16 LIMK1+/− and 15 LIMK1−/− cells that were examined.
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Figure 12. LIMK1−/− OCLs have increased resorptive activity
A. The concentration of CTX (ng/ml) in the media of OCLs prepared from LIMK1+/− (gray
bar) or LIMK1−/− (black bar) mice incubated on dentine slices for 72 hrs. The concentration
of CTX in media alone was below the detection limit of the assay and the data were
averaged from three separate assays. * = p < 0.05 for LIMK1+/− vs. LIMK1−/− culture
media. B. Appearance of Osteo Assay plates resorbed by LIMK1+/− (left panel) or
LIMK1−/− (right panel) OCLs. C. Quantification of area resorbed by LIMK1+/− and
LIMK1−/− OCLs (** = p<0.002).
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Table 1
TaqMan* assays used for qPCR reactions

Gene symbol NCBI gene reference TaqMan assay ID

Gusb NM_010368.1 Mm00446953_m1

Alpl NM_007431.2 Mm01187113_g1

Runx2 NM_009820.3 Mm03003491_m1

Ocn NM_031368.4 Mm01741771_g1

Col1a1 NM_007742.3 Mm00801666_g1

Osx NM_130458.3 Mm04209856_m1

*
TaqMan assays are from Applied Biosystems (Foster City, CA).
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