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Abstract

To assess the roles of LrrkZ and Lrrk2, we examined skeletal phenotypes in LrrkI and Lrrk2
knockout (KO) mice. Lrrk1 KO mice exhibit severe osteopetrosis caused by dysfunction of
multinucleated osteoclasts, reduced bone resorption in endocortical and trabecular regions, and
increased bone mineralization. LrrkZ KO mice have lifelong accumulation of bone and respond
normally to the anabolic actions of teriparatide treatment, but are resistant to ovariectomy-induced
bone boss. Precursors derived from LrrkZ KO mice differentiate into multinucleated cells in
response to macrophage colony-stimulating factor (M-CSF)/receptor activator of NF-xB ligand
(RANKL) treatment, but these cells fail to form peripheral sealing zones and ruffled borders,

and fail to resorb bone. The phosphorylation of cellular Rous sarcoma oncogene (c-Src) at
Tyr-527 is significantly elevated whereas at Tyr-416 is decreased in LrrkZ-deficient osteoclasts.
The defective osteoclast function is partially rescued by overexpression of the constitutively active
form of Y527F c-Src. Immunoprecipitation assays in osteoclasts detected a physical interaction of
Lrrk1 with C-terminal Src kinase (Csk). Lrrk2 KO mice do not show obvious bone phenotypes.
Precursors derived from Lrrk2 KO mice differentiate into functional multinucleated osteoclasts.
Our finding of osteopetrosis in LrrkZ KO mice provides convincing evidence that Lrrk1 plays a
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critical role in negative regulation of bone mass in part through modulating the c-Src signaling
pathway in mice.
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Introduction

Bone remodeling is an essential process that regulates skeletal integrity, bone mineral
density (BMD), and bone strength throughout life. The maintenance of BMD is controlled
by the activities of two specialized cells within bone that have antagonistic activities but
modulate two coupled processes.(1) Osteoblasts synthesize and deposit bone matrix and
increase bone mass, whereas osteoclasts degrade mature and newly synthesized bone upon
activation.(1-3) Disturbances of bone homeostasis cause either osteopetrosis or osteoporosis,
conditions in which bone mass is increased or decreased, respectively. Osteoporosis is

a common disease that is characterized by an age-dependent decrease in BMD and
microarchitectural deterioration of bone with increased risk of fragility fractures of the

hip, spine, and other skeletal sites.(4) Two major causes of osteoporosis are low peak BMD,
typically achieved around the age of 30 years, and high bone loss rate after menopause and
during aging. This bone loss occurs because bone resorption exceeds bone formation. The
pathogenesis of several localized bone diseases, such as rheumatoid arthritis, periodontal
disease, and multiple myeloma, also involve increased bone resorption.®7) Inhibitors of
bone resorption such as bisphosphonates and receptor activator of NF-xB ligand (RANKL)
antibody are employed to treat bone diseases. These inhibitors act via inhibiting both
osteoclast formation and osteoclast activity. Long-term treatment with these drugs may be
associated with impaired fracture healing as well as osteonecrosis of the jaw.(®11) |t is,
therefore, important to develop new drug targets that are specific and exhibit little or no side
effects during long-term therapy.

Leucine rich repeat kinase 1 (LRRK1) belongs to the ROCO protein family,(12-14) and
contains four ankyrin repeats, seven leucine-rich repeats, a guanosine triphosphatase
(GTPase)-like domain of Ras of complex proteins (Roc), a C-terminal of Roc (COR)
domain, and a serine/threonine kinase domain.(1®) LRRK2,a homolog, contains most
domains of the ROCO family protein and an extra LRRK2-specific repeat at the N-terminus,
but lacks ankyrin repeats. Both LRRK1 and LRRK2 are functional protein kinases and
guanosine diphosphatase (GDP)/guanosine triphosphate (GTP)-binding proteins, and are
ubiquitously expressed in multiple tissues.(16:17) Binding of GTP to LRRK1 is specific,
requires the GTPase-like Roc domain, and leads to kinase autoactivation.(1®) There are

at least three candidate tyrosine phosphorylation sites for additional regulation(19.20)
Phosphorylation of Tyr-94 in the ankyrin repeat might regulate protein binding whereas
phosphorylation of Tyr-1453 in the kinase domain of human LRRK1 regulates kinase
activity.(19) More recent studies have found that phosphorylation of Tyr-944 in the ROC
domain is stimulated by epidermal growth factor (EGF) treatment.(29) In terms of functions
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of LRRK2, several linkage studies have demonstrated that mutations in the Lsrk2gene in
humans are linked to Parkinson’s disease.(15:21.22) Mice lacking Lrrk2 protein showed an
early-onset increase in number and size of secondary lysosomes in kidney cells and lamellar
bodies in lung cells whereas mice having an Lrrk2 kinase-dead mutant protein from the
endogenous locus displayed similar early-onset pathophysiological changes in the kidneys
but not the lungs.(23) However, the functions of LRRK2 in bone, the association of LRRK1
mutations with human diseases, and LRRK1/2 signaling pathways are unknown.

To directly investigate the roles of these two kinases in vivo, we characterized the bone
phenotypes of LrrkI and Lrrk2knockout (KO) mice. Although both proteins are present
in osteoclasts,17) lack of Lrrk1 but not Lrrk2 induces severe osteopetrosis resulting from
dysfunctional osteoclasts. Furthermore, our findings demonstrate for the first time that the
Lrrk1 effect on osteoclast activity is mediated in part via regulation of C-terminal Src
kinase/cellular Rous sarcoma oncogene (Csk/c-Src) signaling.

Materials and Methods

Recombinant proteins, antibodies, and plasmids

Mice

Recombinant macrophage colony-stimulating factor (M-CSF) and RANKL proteins were
from R&D Systems (Minneapolis, MN, USA). Anti-c-Src and anti-Csk antibodies were
products of Cell Signaling Technology (Danvers, MA, USA). A monoclonal antibody
against Flag (M5) was purchased from Sigma (St. Louis, MO, USA). Alexa Fluor 488
phalloidin was obtained from Invitrogen (Carlsbad, CA, USA). Plasmid pMX-IRES-EGFP
was kindly provided by Dr. Matsuo of the Keio University, Japan. The pcDNA-hLrrk1-Flag
plasmid was a gift from Dr. Daechsel of the Mayo Clinic, Jacksonville, FL, USA. Constructs
of pLNCX chick Src Y527F (Addgene #13660) were provided by Dr. Joan Brugge of
Harvard Medical School, Boston, MA, USA.

L rrkI-deficient (Lrrk17/~) mice were generated via targeted disruption of coding exons 16
through 19 (exons numbered according to accession NM_146191.3) of the GTPase domain
of the Lrrk1 gene by homologous recombination as described in Supplemental Fig. 1. Lrrk2
KO mice with targeted deletion of exons 39 and 40 were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Mice were housed at the Jerry L. Pettis Memorial

VA Medical Center Veterinary Medical Unit (Loma Linda, CA, USA) or at the Lexicon
Pharmaceuticals animal facility (The Woodlands, TX, USA) under standard approved
laboratory conditions. All procedures were performed with approval of the Institutional
Animal Care and Use Committees of the two institutions.

High-throughput screening of BMD

A total of 3629 distinct gene KO lines (45,893 mice) were evaluated by high-throughput
dual-energy X-ray absorptiometry (DXA) scans. Gene KO involved both gene trap (1329
distinct gene KO lines) and homologous recombination (2300 distinct gene KO lines)
technologies as described.(2425) Mice underwent body (excluding the head) scans using a
P1XImus DXA (GE/Lunar, Madison, W1, USA) scanner at 14 weeks of age as described.(26)
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From body BMD, volumetric vBMD was calculated by dividing BMD by the square root

of measured bone area. For each line, mean KO vBMD/mean wild-type (WT) littermate
vBMD was calculated for both male and female mice, and these male and female values
were averaged, yielding a normalized vBMD value. When there were uneven distributions of
male and female mice, values for normalized vBMD were weighted for the actual number of
mice analyzed. Spine and femur BMD were also acquired for each KO line.(26)

Evaluation of bone architectures

Microarchitecture of the femurs, tibia, and spine from 8-week-old mice was assessed by
micro—computed tomography (UCT) at Loma Linda (Scanco vivaCT 40; Scanco Medical,
Briittisellen, Switzerland) as described.(7-29) All additional pCT scans were performed at
Lexicon (Scanco HCT40) as reported.(30) For cortical bone, 20 slices were analyzed at the
femoral proximal shaft, tibia midshaft, and tibia-fibular junction sites. For femoral neck, 20
slices exhibiting the lowest total area were analyzed. For lumbar vertebra 5 (Ls), 150 slices
in the mid-region were analyzed that excluded primary spongiosa.

Bone histomorphometry

Eight-week-old mice were injected intraperitoneally with calcein (20 mg/kg) 8 days and

2 days prior to euthanization by CO, to label mineralizing bone surfaces. Mouse femurs
were fixed in 10% formalin overnight, washed, dehydrated, and embedded in methyl
methacrylate resin for sectioning. The sampling sites and histomorphometric methods used
have been described. (29 Trabecular surface and tartrate-resistant acid phosphatase (TRAP)-
labeled trabecular surface were measured in a blinded fashion with computer software
OsteoMeasure (OsteoMetrics, Decatur, GA, USA).(31:32) The mineral apposition rate (MAR)
and bone formation rate (BFR)/bone surface (BS) were calculated as described.(33)

Ovariectomy surgery

Female mice were anesthetized with isoflurane (3% to 4%) for bilateral ovariectomy (OVX)
or sham surgery at 16 weeks of age. The ovaries were removed from the mice by dorsal
incision into the region between the dorsal hump and the base of the tail. A ligature was
placed, and both ovaries were removed. DXA scans were performed at baseline and weeks
4, 8, and 12 postsurgery.

Parathyroid hormone treatment

Male mice at 70 weeks of age were given daily subcutaneous injections of teriparatide (80
ug/kg) for 8 consecutive days. Blood was collected at baseline and again 24 hours after the
last dose for serum N-terminal propeptide of collagen type | (PANP) measurements.

Serum measurements

Serum levels of P1NP, collagen type 1 C-terminal telopeptide (Ctx-1), and TRAP5b

were determined using rat/mouse PINP, RatLaps, and mouse TRAP5b EIA Kits,
respectively, from Immunodiagnostic Systems (Fountain Hills, AZ, USA), according to the
manufacturer’s instructions and a previous report.(34) Serum alkaline phosphatase (ALP)
activity was measured in samples diluted 1:40 as reported.(35)
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RNA extraction and RT-PCR

RNA was extracted from primary cultures as described.(2®) An aliquot of RNA (2 pg) was
reverse-transcribed into cDNA in a 20-uL reaction volume with an oligo(dT)12.1g primer. An
aliquot of 0.5 pL template cDNA was used for PCR in the presence of 100 nM of specific
forward and reverse primers in a 50-pL reaction volume. Primers specific to f-actin were
used as internal controls. PCR products were separated by electrophoresis in 1% agarose
gels.

Murine leukemia virus—based viral transduction

Murine leukemia virus (MLV)-based viral particles were generated in Plat-E cells, and
transduction of primary osteoclast precursors was carried out with a ViraDuctin retrovirus
transduction kit, according to the manufacturer’s instructions (Cell Biolabs, San Diego, CA,
USA).

In vitro osteoclast formation

Primary osteoclast precursors were isolated from the spleen or bone marrow of femur and
tibia from 5-week-old mice as described.(36) The isolated precursors were maintained in

a modified essential medium (a-MEM supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/mL), streptomycin (100 ug/mL), and macrophage colony stimulating
factor (M-CSF) (20 ng/mL) at 37°C in 5% CO, for 3 days to stimulate monocyte
proliferation. To induce osteoclast differentiation, trypsinized precursors were seeded in
48-well plates (5000 cells/well), and incubated with M-CSF (20 ng/mL) and RANKL (30
ng/mL). The medium was changed every 2 days. Osteoclastogenesis was evaluated by
counting TRAP-positive multinucleated cells having at least three nuclei.

Bone resorption pit and actin ring formation assays

Slices from bovine cortical bone were placed in 48-well plates and cells were differentiated
on top of the bone slices as described in the previous section. Cells on bone slices were
digested with trypsin at 37°C overnight. Multinucleated cells were further removed by
5-minute sonication in 1 M ammonia. Air-dried bone slices were stained with hematoxylin.
The entire surface of each bone slice was examined and the total resorbed area per bone
slice was quantified using ImageJ software (National Institutes of Health). Resorption

pits were also visualized by nano-CT at a voxel dimension of 0.3 um (VersaXRM-500;
Xradia, Pleasanton, CA, USA). Cells on bone slices were also stained with Alexa Fluor488
conjugated phalloidin for F-actin, and 4,6-diamidino-2-phenylindole (DAPI) for nuclei
location. Actin ring formation, sealing zone, and 3D osteoclast images were visualized by
confocal microscopy.

Immunoprecipitation

RAW?264.7 cells were transfected with pcDNA-Flag/hLrrk1 or pcDNA-GFP by
nucleofection (Lonza Group, Basel, Switzerland). Cells were cultured in a-MEM containing
10% FBS, 30 ng/mL of RANKL, and 20 ng/mL of M-CSF for 4 days, lysed with lysis
buffer, and precleared with protein A/G Sepharose prior to immunoprecipitation with anti-
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Flag or control immunoglobulin G (1gG). Interactions of Lrrk1 with Csk were detected by
Western blot using anti-Csk.(2%)

Western blot analyses

Cultured osteoclasts were lysed as described in the previous section. Cell lysate (30 pg
cellular protein) was separated by 8% SDS-PAGE under reducing conditions for Western
blot analyses with specific antibodies against c-Src, Csk, Flag, and -actin as described.(37)

Statistical analyses

Results

Data are expressed as mean + SEM and were analyzed using Student’s #test or two-way
ANOVA (Fig. 6 C). Values were considered statistically significant when p< 0.05.

Lrrk1-deficient mice exhibit profound osteopetrosis

LrrkI™"= mice were born alive, with the expected Mendelian frequency at 2 weeks of age.
The body length of the LrrkZ KO mice was slightly shorter compared to the WT control
littermates at 4 weeks of age (data not shown). Targeted disruption of LsrkZ resulted in
the highest observed body vBMD of the 3629 distinct gene KO lines examined, with a
Z-score of 9.0 above the mean by DXA high-throughput screening (Fig. 1A). The vBMD
of Lrrk1 KO mice was higher than Sostand ¢-Src KO mice. Total body BMD measured
by DXA was increased by 40% in both LrrkZ KO males and females at 6 weeks of age
(Fig. 1B). In contrast, heterozygous mice having a single copy of LrrkZ did not exhibit a
significant difference in total body BMD compared to control mice (data not shown). Both
Lrrk1 KO males and females have the same elevation in total BMD as compared to WT
gender-matched littermate mice. At 70 weeks of age, DXA BMD in male KO mice was
elevated by 65% for total body, 85% for femur, and 190% for spine (Fig. 1C).

UCT analyses of trabecular bone of the vertebral body from 8-week-old females revealed
that the trabecular bone volume to total volume was increased 2.3-fold in LrrkZ KO mice
compared to littermate controls (Fig. 2A, upper panel). Trabecular number and trabecular
thickness were elevated 50% and 100%, respectively, while trabecular separation was
decreased 43% in the KO mice (Fig. 2B-D). The trabecular bone of LrrkZ KO tibias was
also increased (Fig. 2E). Consistent with DXA data in aging mice, trabecular bone volume
to total volume in a 1.2-mm-thick region of Ls mid-vertebral body was increased 5.2-fold
in Lrrk1 KO mice at 79 weeks of age compared to the control littermates (Fig. 2A, lower
panel). As expected, trabecular bone density was reduced in WT aging 79-week-old mice
compared to the young 8-week-old mice (Fig. 2A). However, age-related bone loss did not
occur in LrrkI KO mice as trabecular BMD measurements remained relatively stable across
various age groups. The lengths of the femur and tibia in LrrkZ KO mice were reduced

by 9% and 11% (p < 0.01, data not shown). Long bones have a wider metaphysis, normal
diaphysis, but reduced marrow cavity area (Fig. 2G). To avoid biases in determining the
trabecular/cortical interface in uCT scans, midshaft tibia, tibia-fibular junction, and proximal
femur shaft were selected for having no trabecular bone in the marrow cavity. Cortical
thickness at the tibia-fibular junction region was increased by 7% in 8-week-old Lrrk1 KO
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mice as compared to littermate controls (Fig. 2F). Disruption of LrrkZ also resulted in
increased cortical bone thickness in the midshaft tibia, tibia-fibular junction, and proximal
femur shaft in 79-week-old male mice (Fig. 2G, H). Increased cortical thickness resulted
from reduced endocortical resorption, as total area (diameter) was unaffected and marrow
cavity area was reduced by 20% (o = 0.002) in the midshaft tibia, 28% (p < 0.001) at the
tibia-fibular junction, and 10% (p = 0.08) in the proximal femur shaft. There is evidence
of cortical bone hypermineralization as indicated by material BMD values, which were
elevated by 3.3% in the midshaft tibia, 2.9% at the tibia-fibular junction, and 4.4% in the
proximal femur shaft (p < 0.02 at all sites). Examination of undecalcified femur cortical
bone sections revealed no obvious differences in osteocyte density (data not shown).

Histological analyses confirmed a severe osteopetrotic phenotype in LrrkZ KO mice.
Decalcified bone sections showed that there was extensive unresorbed cartilage below the
growth plate of the distal femur and proximal tibia of LrrkZ KO mice, and numerous TRAP-
positive osteoclasts with increased trabecular number and trabecular bone volume (Fig.

3A, B). The primary spongiosa in the LrrkZ KO mice extended to the diaphysis and was
characterized by increased mature osteoclasts, cartilage, and trabecular bone. The secondary
spongiosa were very short and incomplete (Fig. 3B). The trabecular bone volume to total
volume was increased by 2.2-fold but osteoclast surface to bone surface was not changed

in Lrrk1 KO mice at the secondary spongiosa (Fig. 3C, D). Similarly, markedly increased
trabecular number and thickness were also evident in the vertebrae from 79-week-old Lrrk1
KO mice (Fig. 4A). Interestingly, all osteopetrotic areas appeared to contain increased
numbers of abnormal osteoclasts. The LrrkZ KO osteoclast contained increased amounts of
pale eosinophilic cytoplasm with enlarged unclumped nuclei. The elongation of the primary
spongiosa with retention of cartilage cores indicates the osteoclasts have markedly impaired
resorptive activity. The mineral apposition rate (MAR) and bone formation rate/bone surface
(BFR/BS) were significantly reduced by 44% and 50%, respectively, in LrrkZ KO mice (Fig.
4B-D).

Histological examinations of teeth and surrounding bones at 79 weeks of age found that
Lrrk1 KO mice had normal incisors, molars, and periodontal ligaments. The turbinate bones
were of normal thickness and contained prominent basophilic (reversal) lines. There was
modest osteosclerosis of the periodontal bone, nasal septum, and bridge of the nose. No soft
tissue abnormalities were noted (data not shown).

Analyses of serum chemistry values from LrrkZ KO and WT control littermates showed that
TRAP5Sb, a marker of osteoclast number, was elevated by 63% in young mice and 112%

in older mice (Fig. 5A). Serum ALP activity was reduced by 15% in Lrrk1 KO mice at
8-week-old (Fig. 5B). Serum Ctx-1 level, a marker for osteoclast activity, was decreased by
67% in Lrrk1 KO male mice at 4 weeks of age compared to the corresponding WT control
mice (Fig. 5C).

Lrrk1 KO mice have a normal anabolic response and are resistant to OVX-induced bone

loss

Consistent with osteopetrosis, male KO mice at 70 weeks of age had a 45% reduction in
serum levels of PINP (Fig. 5D). Treating mice with teriparatide at 80 pg/kg daily for 8 days,
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increased serum P1NP values 4.1-fold in WT mice and 6.0-fold in LrrkZ KO mice. At the
end of teriparatide treatment, serum P1NP levels were identical in teriparatide-treated WT
and teriparatide-treated LrrkZ KO mice.

To evaluate the possible protection of bone loss following OV X by disruption of the Lrrk1
gene, mice underwent sham or bilateral OV X at 16 weeks of age. Skeletal changes were
followed by longitudinal DXA scans at 4, 8, and 12 weeks postsurgery and uCT analyses
after necropsy at 12 weeks. As described earlier, LrrkZ KO mice had elevated total body
BMD (40%), spine BMD (64%), and femur BMD (65%) at the time of OVX. As shown

in Fig. 6, OVX produced bone loss in WT but not LrrkZ KO mice. Reductions in spine,
total body, and femur BMD after 12 weeks of OV X were statistically significant in WT
mice but there were no statistically significant BMD changes with OV X in LrrkZ KO mice
(Fig. 6A-D). These DXA observations were confirmed by uCT analyses. LrrkZ KO mice
had increased bone mass in the femoral neck, midtrabecular region of Ls, and mid-shaft
tibia, and these mice were resistant to OV X-induced bone loss at all three skeletal sites. In
contrast, WT mice lost bone at all three skeletal sites following OVX (Fig. 6E-G).

lacking Lrrkl have defective bone resorptive activity

Findings of plentiful osteoclasts in histological sections and elevated serum TRAP5b levels
in Lrrk1 KO mice, along with normal osteoclast differentiation and bone nodule formation
in cultures derived from LrrkI-deficient bone marrow (Supplemental Fig. 2), all suggest
that Lrrk1 is essential for osteoclast function. To evaluate this possibility, resorption pit
formation assays were performed using osteoclasts generated from LrrkZ KO and WT mice.
Although the number of mature TRAP-positive osteoclasts on bone slices were comparable
for osteoclast preparations generated from KO and WT mice (Fig. 7A), the lack of Lrrk1

in osteoclasts significantly impaired their ability to resorb bone. The area of resorption pits
was reduced by 85% in LrrkZ KO cells compared to WT cells (Fig. 7B, D). In addition,
individual resorption pits appeared smaller and shallower in KO cultures as measured by
nano-CT (Fig. 7C).

Lrrk1-deficient osteoclasts fail to form a peripheral sealing zone and ruffled border on

bone slices

As shown in Fig. 8, more than 90% of WT mature osteoclasts displayed a typical rounded
appearance with clear actin ring formation (Fig. 8A, C). Horizontal cross-section images

of multinucleated cells revealed clustered F-actin formed a peripheral sealing zone in WT
osteoclasts from both views when cultured on bone slices (arrows in Fig. 8B, left panel). In
contrast, most LrrkZ KO multinucleated cells showed diffuse F-actin in the cytoplasm with
weak peripheral F-actin rings. Despite contact with the bone surface, fewer than 5% of the
Lrrk1 KO osteoclasts formed a typical sealing zone (Fig. 8B, right panel), and these cells are
extremely large, round, and flat on bone slices.

Lrrkl interacts with Csk and is involved in regulation of c-Src phosphorylation

Because the phenotypic characteristics of LrrkZ KO cells in vitro, and osteopetrotic
phenotype of LrrkZ KO mice are similar to c-Src—deficient cells and c-Src KO mice,
(38-40) e examined the status of c-Src phosphorylation in WT and LrrkZ KO osteoclasts.
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Phosphorylation of c-Src at Tyr-527 was significantly elevated by 130% in LrrkZ-deficient
osteoclasts, whereas total c-Src protein levels were unchanged (Fig. 9A, B). By contrast,
phosphorylation of c-Src at Tyr-416 was significantly reduced by 70% in Lrrk1 KO cells.
Since Csk phosphorylates c-Src,1) we determined if Lrrk1 interacts with Csk. Figure

9C, D shows that Lrrk1 immunoprecipitated with Csk in RAW264.7 cells overexpressing
flag-tagged hLrrk1.

Rescue of Lrrk1™/~ osteoclast function by overexpression of Y527F Src

To determine whether dysfunction of LrrkZ-deficient osteoclasts results from reduced c-Src
signaling, we performed a rescue experiment by overexpressing constitutively active Y527F
c-Src in primary osteoclast precursors, and examining mature osteoclasts’ bone resorptive
activity after RANKL and M-CSF treatment. As shown in Fig. 9E, approximately 80% of
osteoclasts derived from LrrkZ KO mice were transduced by MLV virus, and expressed a
high level of GFP marker protein. MLV-mediated overexpression of constitutively active c-
Src partially rescued LrrkI™~ osteoclast function, as measured using F-actin ring formation
and pit formation assays (Fig. 9F, G). WT osteoclasts contained single or multiple clear actin
rings, and the cells appeared to have migrated on the bone slice. In contrast, most of control
L rrkI-deficient osteoclasts expressing GFP were round, contained diffuse F-actin in the
cytoplasm, and peripheral rings were weak or diffuse. Osteoclasts expressing Y527F c-Src,
however, formed a typical peripheral F-actin ring. Resorption pit area was increased fivefold
in Lrrk1 KO osteoclasts transduced with MLV-Y527F Src compared to cells infected with
MLV-GFP, with about 62% of the transduced osteoclasts showing restored bone resorptive
function (data were normalized with 80% transduction efficiency). Osteoclasts expressing
WT c-Src also formed a typical peripheral F-actin ring. Resorption pit area was increased
2.6-fold in Lrrk1 KO osteoclasts transduced with MLV-WT Src compared to cells infected
with MLV-GFP.

Mice with disruption of Lrrk2 have no obvious skeletal phenotypes

Because LrrkZ, a paralog of Lrrk1, contains most domains of the ROCO family proteins and
is expressed in multiple tissues and cells including monocytes,16:17) we examined bones in
6-week-old Lrrk2 KO mice by PUCT. There were no differences in trabecular bone volume

to total volume, trabecular number, or trabecular thickness in the distal femur metaphysis of
Lrrk2 KO mice compared to bones of littermate controls. Precursors derived from Lsrk2 KO
mice differentiated normally into mature TRAP-positive multinucleated osteoclasts, formed
typical peripheral F-actin rings on bone slices, and differentiated osteoclasts resorbed bone.
There was no significant difference in resorptive pit area between the precursors derived
from Lrrk2 KO mice and the cells from WT control littermates (Supplemental Fig. 3).

Discussion

We show that mice with disruption of the LrrkZ gene are severely osteopetrotic resulting
from dysfunction of mature multinucleated osteoclasts with reduced bone resorption in the
endocortical and trabecular regions. Total body vBMD in LrrkZ KO mice was the highest
among 3629 distinct KO mouse lines examined in a high-throughput phenotypic screen.
Long and vertebral bones from the KO mice contained extensive cancellous trabeculae with
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numerous osteoclasts and retention of mineralized cartilage below growth plates. Trabecular
number, trabecular thickness, and cortical thickness of the long and vertebral bones in Lrrk1
KO mice were significantly increased. Most interestingly, LrrkZ KO mice had lifelong bone
accumulation and responded normally to the anabolic actions of teriparatide treatment, but
were resistant to OV X-induced bone boss. Our finding of osteopetrosis in LrrkZ KO mice
provides convincing evidence that LrrkZ plays a critical role in regulating of bone mass in
mice.

Although osteoclast precursors derived from LrrkZ KO mice differentiate into
multinucleated cells, these osteoclasts failed to form a peripheral sealing zone, ruffled border
on bone slices and to resorb bone in vitro. The phosphorylation of c-Src at Tyr-527 was
significantly elevated, whereas phosphorylation of c-Src at Tyr-416 is decreased in response
to M-CSF and RANKL treatment in LrrkI-deficient osteoclasts. These phenotypic changes
in Lrrkl KO osteoclasts resemble the phenotypes observed in ¢-Src KO osteoclasts.(38)
Overexpression of a constitutively active form of the Y527F c-Src partially rescued the bone
resorptive functions of Lrrk1-deficient osteoclasts, thus suggesting that Lrrk1 may function
at least in part through modulating the c-Src signaling pathway. Consistent with the critical
role of c-Src in bone remodeling, mice with a disruption of c-Src exhibit osteopetrosis
caused by a defect in ruffled border formation and osteoclast resorptive dysfunction.(38:39)

Csk and Csk homologous kinase (Chk) inactivate c-Src by phosphorylating Tyr-527 and
switching c-Src from the active open formation to an inactive closed architecture.(“42:43)
There is evidence that Csk is recruited to the membrane where c-Src is in an active

state through Csk binding protein (Cbp).(444%) Disruption of the Csk gene results in
embryonic lethality from developmental arrest.(46) Overexpression of Csk in osteoclasts
caused disorganization of the cytoskeleton, and strongly suppressed resorptive pit-formation,
whereas overexpression of a kinase inactive, dominant negative Csk gene in osteoclasts
increased c-Src activity and bone resorbing activity.(4”) Thus, Csk is a possible target of
Lrrkl1. Although potential serine, threonine, and tyrosine phosphorylation sites in mouse Csk
have been reported in other cell types,42:48-50) the status of serine/threonine phosphorylation
in osteoclasts is unknown. Here, we demonstrate that Lrrk1 physically interacts with Csk in
RAW?264.7 osteoclast precursor cells. Loss of Lrrkl did not influence Csk expression, nor
increase phosphorylation of Csk at serine 364 (data not shown). In addition, overexpression
of WT Src in LrrkI-null osteoclasts was not able to completely rescue the bone resorptive
activity. Based on these data, together with our in vivo data showing a dramatic increase of
BMD and bone volume in LrrkZI KO mice, and in vitro data showing increased inactivation
of c-Src in LrrkI-deficient cells and resorptive dysfunction of mature osteoclasts derived
from LrrkZ KO mice on bone slices, Lrrk1 likely phosphorylates Csk at unknown serine/
threonine residues and suppresses Csk kinase activity in osteoclasts. In addition, interaction
of Lrrk1 with Csk may change Csk conformation or membrane translocation, leading to

Csk inactivation.?) It is possible that the active Csk in LrrkZ KO cells could inactivate
some of the WT c-Src, which could explain why overexpression of WT c-Src did not
completely rescue resorptive function in LrrkZ KO cells. Further studies are needed to
measure endogenous Csk kinase activity and identify key serine/threonine phosphorylated
residues in Csk that are modified by Lrrk1 in response to RANKL treatment or integrin
activation.
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Lrrkl1 contains a serine/threonine kinase domain that shares sequence similarities with
mitogen-activated protein kinases regulated by GTP binding to Roc domains.(12-14) There
are at least three LrrkZ candidate tyrosine sites for additional regulation by phosphorylation.
(19.20) phosphorylation of tyrosine residues of Lrrk1 might regulate kinase/substrate
interactions or kinase activity.(1%) Because our studies have demonstrated Csk interacts with
Lrrk1, it is possible RANK signaling phosphorylates and activates Lrrk1, and then activated
Lrrk1 phosphorylates and inactivates Csk in bone cells.

We detected Lrrk2 mRNA expression in mouse bones and in osteoclast precursors. However,
mice with Lrrk2disruption did not exhibit any obvious skeletal phenotypes. Osteoclast
precursors derived from Lrrk2 KO mice differentiated into TRAP-positive multinucleated
cells in response to M-CSF and RANKL treatment, and the cells formed a peripheral sealing
zone, ruffled border, and degraded bone similarly to WT osteoclasts. Our data suggest that
LrrkIand Lrrk2have distinct functions in certain tissues (e.g., LrrkZ in bone and Lrrk2in
the nervous system) and that Lrrk2 cannot compensate for the loss of LrrkZ or vice versa to
fulfill specific functions.

Although both Lrrkl and Lrrk2 contain common functional domains, Lrrk1 contains N-
terminal ankyrin repeats, whereas Lrrk2 has specific repeats with unknown functions.(t5)
Because ankyrin repeats are known protein-protein interaction motifs, Lrrk1 signal pathways
are likely distinct from those of Lrrk2. The unique structure of ankyrin repeats at the
N-terminus of Lrrk1 might be involved in the interaction with specific kinase substrates,
and/or formation of a scaffold to regulate signal molecules in response to a variety

of bone resorption regulators. The ankyrin repeat of osteoclast-stimulating factor (OSF)
interacts with c-Src or other Src-related proteins through its SH3/ankyrin-repeat domains

to promote osteoclast formation and bone resorption.(51:52) |n addition, an ankyrin-repeat,
SH3-domain- and proline-rich-region containing protein (dASPP) binds with Drosophila
Csk and modulates its activity.(>3) The lack of a skeletal phenotype in L7&2 KO mice is
consistent with Lrrk1 ankyrin repeats mediating specific substrate interactions.(%) Lrrk1 and
Lrrk2 might phosphorylate different substrates as the amino acid sequences of their kinase
domains are not highly conserved. Our future work will examine roles of the Lrrk1 ankyrin
repeats in regulating key functional protein/protein interactions, identify the critical resides
of ankyrin repeats required for binding to Csk by site-directed mutagenesis and protein
binding assays, and search for other peptide ligands or small molecules by crystal structure—
based drug design and docking.

Because mice lacking Lrrk1 exhibited a more severe osteopetrotic phenotype than c-Src KO
mice, Lrrk1 may interact with upstream pathways in addition to the c-Src signaling pathway.
A recent study has shown that c-Src binds to activated RANKL via its SH2 domain and
avp3 via its SH3 domain, suggesting c-Src links these two receptors.®4) In preliminary
studies, we observed that Lrrk1 physically associates with RANK (data not shown). It
remains to be determined if the Lrrk1 ankyrin repeats are involved in facilitating formation
of complexes involving RANK, integrin avb3, Lrrk1,Csk, and c-src. Alternatively, Lrrkl
may crosstalk with signaling proteins whose functions are yet to be clarified. Future studies
identifying other Lrrk1 interacting partners in osteoclasts will help in understanding the key
mechanisms that contribute to the severe osteopetrosis in LrrkZ KO mice.
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Fig. 1.

L?rk]‘/‘ mice have increased bone mineral density (BMD). (A) KO of LrrkI results in the
highest observed vBMD among 3629 KO mouse lines. A histogram of the 14-week-old
homozygous to WT mouse vBMD ratio is plotted with vBMD ratio data from 3629 distinct
KO mouse lines compared to WT littermate mice, measured by DXA. (B) Total body BMD
is increased in 6-week-old LrrkZ KO mice. Values are expressed as mean + SEM. A star
represents statistical significance in L2~ mice compared to the corresponding littermate
controls (p< 0.01, n=8). (C) Total body BMD, vertebra BMD, and femur BMD are
increased in 70-week-old male mice. Values are expressed as mean £ SEM. A star represents
statistical significance in LrrkZ KO mice compared to the corresponding littermate controls
(p<0.01, n=9).

J Bone Miner Res. Author manuscript; available in PMC 2022 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Xing et al.

Page 17

B C
140 - *
g% . 120
£ 81 E100 -
g 6 : 80 -
€ 4 = 601
3 : 40 -
o
:. 2 - = 20 -
o]
l_ 0 n 0 =l T 1
WTKO WTKO
BVITV (%): 8.5 1.1 53.9 +3.9%*
D E F WT KO

G == 190 9 Cort. Th.
200 £ g0 (um) 196.1%4.8 210.6 £5.6 **
2 150 - % B &6 |
o3 >
100 -
n m 40 H & 400 -
S 50 - P20 - g wT . 3
» 360 UKO
(7]
[}]
£ 320
<
£ 2801 .
S
S 240
o
© 200-

IR IR
IO
O° &(\ 'b\\e

PR
(\v\ ,‘\0 ?‘d“\

Fig. 2.
Lrrk1™!~ mice exhibit osteopetrosis as shown by pCT scans. (A) Cross-section of lumbar

vertebra 5 (Ls) of 8-week-old and 79-week old WT and KO males. Quantitative data of
8-week-old mice (n= 8, with 4 males and 4 females) and 79-week-old males (n= 7-9) are
presented below the images. (B-D) Quantitative measurements of trabecular number (Th.N),
trabecular thickness (Th.Th), and trabecular spacing (Th.Sp) at the middle of Lg of 8-week
old mice. (£) Quantitative measurements of trabecular bone at the metaphysis of proximal
tibia of 8-week-old WT and KO mice. (F) Longitudinal sections of uCT images of tibia
from 8-week-old WT and KO mice at the fibular junction. Quantitative measurements of
cortical thickness are presented below the panel. (G) Longitudinal sections of UCT images
of the femur and tibia of 79-week-old WT and KO males. (+) Quantitative measurements
of cortical thickness at the tibia of 79-week-old WT and KO males. Values are expressed as
mean £ SEM (7= 8-9). A star represents statistical significance (o < 0.01) when compared
to WT littermate controls.
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Fig. 3.

Diiruption of LrrkI impairs osteoclast activity and decreases bone resorption. (A) Distal
femurs from 12-week-old LrrkZ KO females contain extensive cancellous trabeculae and
expansion of mineralized cartilage below the growth plate. Longitudinal bone sections are
stained with Safranin O and methyl green. Arrows indicate orange stained cartilage, and
green stained trabecular bone. (B) Distal femurs from 8-week-old LrrkZ KO females contain
numerous mature osteoclasts (OCs). Arrows show representative TRAP-positive osteoclasts
present on surfaces of metaphyseal trabeculae. (C) Histomorphometric measurement of
trabecular bone volume/total volume (%) at the secondary spongiosa (SS) of the distal femur
metaphysic of 12-week-old mice (/7= 8, with 4 females and 4 males in two batches). (D)
Quantitative data of the TRAP-labeled surface to bone surface (Th.S/BS) measured at the
secondary spongiosa of the distal metaphysis of the femur of 12-week-old mice. Values are
presented as mean + SEM. A star presents statistical significance (p < 0.01) when compared
to WT littermate controls.
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Fig. 4.
Reduced bone resorption and bone formation rate in LrrkZ KO mice. (A) Longitudinal bone

sections of Lg of 79-week-old male mice. Bone sections are stained with hematoxylin and
eosin. Arrows indicate osteoclasts (OCs) within the areas indicated. (8) Images of calcein
double-labeling of the femurs from 8-week-old mice. Mineral apposition rate (MAR) (C)
and bone formation rate (BFR) (D) within the areas indicated. Data are means + SEM for
n= 8. Asterisks indicate a significant difference in KO mice compared with WT mice (p <
0.01).
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Fig. 5.

L?rk] KO mice have elevated levels of serum TRAP5D, reduced serum P1NP and ALP
levels, but exhibit a normal anabolic response to teriparatide treatment. (A) Serum TRAP5b
levels in female 9-week-old (7= 10 and 12) and male 79-week-old (1= 7-6) mice. (B)
Serum ALP activity in 8-week-old mice (7= 8, with 4 males and 4 females). (C) Serum
collagen | C-terminal propeptide (Ctx-1) levels in male 4-week-old WT and LrrkZ KO mice
(n=>5). Data are means + SEM. (D) Serum procollagen I N-terminal propeptide (P1NP)
levels in male 70-week-old mice at baseline and in response to teriparatide treatment (n=
4-5). Data are means + SEM.

J Bone Miner Res. Author manuscript; available in PMC 2022 October 03.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xing et al.

-~ 125
£ u==_—ﬂ=ﬂ=——ﬂ
£ 100
£
= 75
[m]
=
m 50 ¥
.g =# WT-Sham 0= w‘r..ovx- %
s 25
(2] =& KO- Sham 1 KO- OVX
16 18 20 22 24 26 28
Age (weeks)
g g o ISham
= Odovx
gT*]
.8 L 2
£
o £ 0
o
g L,
S *
-4 -+ WT KO
E F
; 1 ESham ;100‘ B Sham
5100 Oovx |§ -l Oovx
m _ m .
§ 96 % 60
c 92- 2 40-
© *% o
c 881 [T S 20 g%
5 o
w82t ko I % WT ko

Fig. 6.

Page 21
B
 Sham
[m)
s 10_|:|OVX
m
25 0
.aE
w2_10_
c O
e
o)) '20_
g *
-30 -
5 WT KO
D
=
= Oovx
- 8 -
S &
:U’
.q_,g 0_
2 |
2 *
© 8! WT KO
G
(72
g 325 4
S 300
s -
-_— 275 -
5E£%7°
£ 250 -
3
s 225-
E=)
(= 200 -

WT KO

Lrrk1 KO mice are protected against OV X-induced bone loss. (A) Time-course of spine
BMD at baseline and 4, 8, and 12 weeks after surgery at 16 weeks of age (7= 4). Changes
in spin BMD (B), total body BMD (), and femur BMD (D) 12 weeks after surgery. uCT
analyses of femoral neck BV/TV (E), Ls mid-region trabecular BV/TV (£), and tibia shaft
cortical thickness (G) 12 weeks after surgery. Data are means + SEM for 11 or 12 mice per
group. Single and double asterisks indicate significant differences in OV X mice compared
with control sham mice at p< 0.01 and p < 0.05, respectively.
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Fig. 7.

Osteoclasts lacking Lrrk1 have a defect in bone resorptive function. (A) TRAP-positive
osteoclasts on bone slices. Monocytes derived from spleens of LrrkZ KO and WT mice were
differentiated on bone slices for 6 days, followed by TRAP staining. The arrow identifies
osteoclast (OC). (B) Pit formation. Monocytes derived from spleens of LrrkZ KO and WT
mice were differentiated on bone slices for 10 days. Cells were removed, and pits were
stained with hematoxylin. Arrows point to stained pits. Rectangles are selected areas for
nano-CT analyses. (C) 3D images of pits on bone slices scanned with nano-CT. Arrows
point to pits in selected areas. (D) Quantitative data of pit formation from B (7= 6). Data
are means + SEM. An asterisk indicates a significant difference in osteoclasts derived from
Lrrk1 KO mice compared with the cells derived from WT control mice (p< 0.01).
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Fig. 8.

Ogteoclasts lacking Lrrk1 fail to form a peripheral sealing zone (SZ). (A) F-actin ring
formation on bone slices in horizontal cross-section. Monocytes derived from spleens
of Lrrk1 KO and WT mice were differentiated on bone slices for 6 days, followed by
F-actin immunostaining and confocal microscope analyses. Squares are selected mature
osteoclasts for 3D high-magnification analyses in B. (8) Horizontal cross sections of
selected osteoclasts in A. Two lines in green and red in the middle of the cell represent
positions of horizontal and vertical cut, respectively. Rectangles in blue and red are
orthogonal views of xand y~section, respectively. Arrows indicate sealing zones (two
green dots in WT cell, but a green line in Lrrk1 KO cell). (C) 3D rendering of a lateral
view. Nuclei are stained blue with DAPI. Experiments were repeated three times, and
representative images are shown.
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Fig. 9.

Lrgrkl interacts with Csk, and is involved in the regulation of c-Src phosphorylation.

(A) Increased pY527 c-Src and decreased pY416 c-Src in LrrkI KO osteoclasts. A
representative image of a Western blot is shown. (B) Quantitative data from Western blots
from three independent experiments with three replicates each time. (C) Overexpression of
human Lrrk1 (hLrrk1) and Flag fusion protein in RAW264.7 cells. (D) Interaction of hLrrk1
with Csk in transiently transfected RAW264.7 cells, detected by immunoprecipitation. (£)
High efficiency of MLV-mediated transduction in Lrrk1-deficient osteoclast precursors, as
measured using a GFP reporter. (F) F-actin ring formation in osteoclasts expressing GFP and
Y527F Src, respectively. (G) Overexpression of constitutively active c-Src in Lrrk1-deficient
osteoclasts rescues bone resorptive function. Primary osteoclast precursors derived from
spleens of LrrkZ KO mice were transduced with MLV-GFP, MLV-Y527F, or MLV-WT Src.
Cells were differentiated on bone slices for pit formation assays.
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