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Abstract: Cytoskeleton organization and lysosome secretion play an essential role in osteoclasto-
genesis and bone resorption. The cytoplasmic dynein is a molecular motor complex that regulates
microtubule dynamics and transportation of cargos/organelles, including lysosomes along the mi-
crotubules. LIS1, NDE1, and NDEL1 belong to an evolutionary conserved pathway that regulates
dynein functions. Disruption of the cytoplasmic dynein complex and deletion of LIS1 in osteoclast
precursors arrest osteoclastogenesis. Nonetheless, the role of NDE1 and NDEL1 in osteoclast biol-
ogy remains elusive. In this study, we found that knocking-down Nde1 expression by lentiviral
transduction of specific shRNAs markedly inhibited osteoclastogenesis in vitro by attenuating the
proliferation, survival, and differentiation of osteoclast precursor cells via suppression of signaling
pathways downstream of M-CSF and RANKL as well as osteoclast differentiation transcription factor
NFATc1. To dissect how NDEL1 regulates osteoclasts and bone homeostasis, we generated Ndel1
conditional knockout mice in myeloid osteoclast precursors (Ndel1∆lysM) by crossing Ndel1-floxed
mice with LysM-Cre mice on C57BL/6J background. The Ndel1∆lysM mice developed normally. The
µCT analysis of distal femurs and in vitro osteoclast differentiation and functional assays in cultures
unveiled the similar bone mass in both trabecular and cortical bone compartments as well as intact
osteoclastogenesis, cytoskeleton organization, and bone resorption in Ndel1∆lysM mice and cultures.
Therefore, our results reveal a novel role of NDE1 in regulation of osteoclastogenesis and demonstrate
that NDEL1 is dispensable for osteoclast differentiation and function.
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1. Introduction

Maintenance of skeletal integrity and strength is a tightly regulated process of continu-
ous bone remodeling orchestrated by a closely balanced interplay between bone-resorbing
osteoclasts and bone-forming osteoblasts [1,2]. Abnormal bone resorption due to increased
or decreased osteoclast number/activity is associated with multiple pathological skele-
ton conditions, including osteoporosis, rheumatoid arthritis, Paget’s disease of bone, and
osteopetrosis [3]. Therefore, deciphering the mechanisms that regulate osteoclast differ-
entiation and function will not only lay new insights into osteoclast biology but also
significantly improve our understanding and treatment of metabolic bone diseases.

Osteoclasts are multinucleated hematopoietic lineage cells derived from fusion of
mononuclear precursors of the monocyte/macrophage family [4,5]. Osteoclastogene-
sis in vivo and in vitro is triggered by two key cytokines, M-CSF (macrophage colony-
stimulating factor) and RANKL (receptor activator of nuclear factor-kB ligand). M-CSF
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regulates the proliferation and survival of osteoclast lineage cells by activating the ERK
(extracellular signal-regulated kinase) and PI3K/AKT (phosphoinositide-3-kinase/Akt)
pathways. RANKL magnifies the MAPKs (mitogen-activated protein kinases), NF-κB, and
PI3K/AKT pathways [6–8]. RANKL, along with the immunoreceptors and their adaptor
proteins, co-stimulate intracellular calcium signaling, which induces the master transcrip-
tion factor of osteoclast differentiation, NFATc1 (nuclear factor of activated T-cells 1) [9].

Attachment of osteoclasts to bone matrix results in polarization and activation of osteo-
clasts manifested by extensive cytoskeletal reorganization and lysosome secretion [10,11].
When cultured on a non-mineralized matrix (such as glass coverslips and plastic cul-
ture dishes) in vitro, the individual podosomes, highly dynamic structures enriched of
filamentous actin (F-actin), are organized into a “podosome-belt” encircling the cell pe-
riphery [12,13]. When sitting on mineralized bone matrix (dentin or cortical bovine bone
slices), the high-density of podosomes form a ring-like structure, so called actin-ring, which
tightly seals the resorptive microenvironment in resorbing osteoclasts [14]. Although
significant advances have been made in understanding the regulatory mechanisms of
actin-cytoskeleton organization in osteoclasts during the past decades, comparatively less
is known about the role of microtubules in osteoclast activation and function. Tubulin
acetylation is critical for microtubular organization. Suppression of this tubulin posttrans-
lational modification disrupts the formation and stability of podosome-belt and actin-ring
in osteoclasts, thus impinging bone resorption [15]. In addition to providing cells with
structural integrity, microtubules also act as highways for intracellular transportation of
membrane-bound vesicles and non-membrane-bound cargo proteins [16]. This process is
powered by ATPase-associated mechanochemical motor proteins of the kinesin or dynein
family [17].

The cytoplasmic dynein is a multi-subunit complex comprising heavy chains, inter-
mediate chains, light-intermediate chains, and light chains [18]. In addition, multiple
adaptor proteins bind to dynein and regulate its activities, including the dynactin complex,
BICD2 (Bicaudal D2), LIS-1 (Lissencephaly-1), NDE1 (Nuclear distribution protein E 1,
also known as NudE), NDEL1 (Nde1-like, also known as NudEl) and Tctex-1 (t-complex
testis-expressed-1) [19]. Disruption of dynein activity inhibits osteoclastogenesis and bone
resorption in vitro [20]. Knocking-down Tctex-1 by RNA interference retards bone resorp-
tion by blocking Rab3D-mediated vesicular secretion in osteoclasts [21]. On the other
hand, the 8-kDa dynein L chain (LC8) negatively regulates osteoclast differentiation and
function by suppressing RANKL-induced activation of NF-κB and MAPK pathways as
well as induction of NFATc1 [22]. Therefore, different components of dynein complex and
its regulatory molecules play diverse roles in osteoclast differentiation and function.

LIS-1, NDE1, and NDEL1 belong to an evolutionary conserved pathway that regulates
microtubule dynamics and dynein functions in the cellular processes involving in neuronal
and non-neuronal cell migration, mitosis, intracellular vesicular trafficking, and neuron
growth cone outgrowth [19,23]. Mutations of LIS-1 and NDE1 in human or their knockout
in mice cause lissencephaly, a severe brain developmental disorder characterized by brain
atrophy and microcephaly with severe mental disability [23]. There have been no reported
cases of human mutations in NDEL1. Ndel11 knockout mice are embryonically lethal due to
neuronal migration defects [24]. We have reported earlier that LIS-1 modulates trabecular
bone mass during bone remodeling by regulating osteoclastogenesis and lysosome secretion
through its interaction with the cytoplasmic dynein complex as well as lysosomal adaptor
protein PLEKHM1 [25,26]. Nonetheless, the role of NDE1 and NDEL1 in regulation of
osteoclasts in vitro and in vivo has not been elucidated.

We have previously identified that both Nde1 and Ndel11 interact with Plekhm1
in cultured murine osteoclasts, implicating an important role of these two proteins in
osteoclast function [27]. To further determine the osteoclast autonomous functions of the
two homologs, we carried out shRNA knockdown of Nde1 and generated Ndel1 conditional
knockout mice in myeloid osteoclast precursors. The impacts of Nde1 and Ndel1 deficiency
on osteoclastogenesis in vitro and skeletal mass in vivo, were evaluated.
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2. Materials and Methods
2.1. Mice and Genotyping

Ndel1-flox (129S-Ndel1tm2hr, stock number 026958) and LysM-Cre (B6.129P2-Lyz2tm1(cre)Ifo,
stock number 004781) mice on 129Sv and C57BL6 background, respectively, were procured
from The Jackson Laboratory (Bar Harbor, ME, USA). Homogenous floxed mice of Ndel1
in C57BL6 background were generated by backcrossing 129Sv mice with C57BL6 mice for
greater than ten generations. Mice were genotyped for Ndel1-flox and LysM-Cre using
primers and protocol provided by The Jackson Laboratory.

2.2. Reagents and Antibodies

Alpha-MEM (catalog no. 78-5077EB), Alexa Fluor 488 phalloidin (catalog. A12379),
Halt phosphatase inhibitor cocktail (catalog no. 78426), 10x Trypsin/EDTA (catalog. 15400-
054) and Hoechst 33342 (catalog. H3570) were purchased from Thermo-Fisher Scientific
(Waltham, MA, USA). High glucose DMEM (catalog no. D-5648), 3,3′-diaminobenzidine
(DAB) tablets (D-5905), cOmplete EDTA-free protease inhibitor cocktail (catalog no. 4693159001),
chemiluminescent detection reagents (ECL, catalog no. WBKLS0100), hydrogen peroxide
(catalog no. 216763), Napthol AS-BI phosphoric acid solution (catalog no. 1802), NaK
tartrate (catalog no. S6170), peroxidase-conjugated WGA (Wheat germ agglutinin) lectin
(catalog no. L-7017), 10× penicillin–streptomycin-l-glutamine (PSG) (catalog no. G1146),
polyvinylidene difluoride (PVDF) membrane (catalog no. IPVH00010), puromycin (Milli-
pore Sigma), and 1× RIPA buffer (catalog no. R0278) were obtained from Millipore Sigma
(Burlington, MA, USA). Fetal bovine serum (FBS) was obtained from Hyclone (Logan, UT,
USA). TransIT-LT1 transfection reagent (catalog no. MIR2300) was obtained from Mirus
Bio LLC (Madison, WI, USA). All others were from Millipore Sigma.

The following antibodies were used in this study: mouse monoclonal anti-PCNA
(catalog no. 2586), rabbit anti-cyclin D1 (catalog no. 2922), mouse monoclonal pan-Akt
(clone 40D4, catalog no. 2920), rabbit monoclonal anti-phosphor-Akt (Ser473) (clone D9E,
catalog no. 4060), rabbit anti-IκBα (catalog no. 9242), mouse monoclonal anti-phospho-
IκBα (Ser32/36) (clone 5A5, catalog no. 9246), rabbit anti-ERK1/2 (catalog no. 9102),
mouse monoclonal anti-phospho-ERK1/2(Thr202/Tyr204) (clone E10, catalog no. 9106),
rabbit anti-SAPK/JNK (catalog no. 9252), mouse monoclonal anti-phospho-SAPK/JNK
(Thr183/Tyr185) (clone G9, catalog no. 9255), horseradish peroxidase conjugated secondary
antibodies against mouse (catalog no. 7074) and rabbit (catalog no. 7076) were obtained
from Cell Signaling Technology (Danvers, MA, USA); mouse monoclonal anti-cathepsin
K (clone 182-12G5, catalog no. MAB3324) and anti-tubulin (clone DM1A, catalog no.
T9026) were obtained from Millipore Sigma (Burlington, MA, USA); mouse monoclonal
against NFATc1 (catalog no. sc-7294) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

2.3. Micro Computed Tomography (µCT)

Femurs were harvested from mice, cleaned of adjacent tissue, and fixed overnight in
4% paraformaldehyde in phosphate buffer saline (PBS) at 4 ◦C. Fixed bones were washed
with 1× PBS and stored in PBS containing 0.02% sodium azide at 4 ◦C until assessed by
µCT as described previously [28]. Briefly, the bones were loaded into a µCT40 (Scanco
Medical AG, Brüttisellen, Switzerland ) equipped with scanning tube of 12.3 mm and
imaged. 3D voxel was prepared by integrating the scanned images (1024 × 1024-pixel
matrices for each individual planar stack) followed by Gaussian noise reduction (sigma =
0.8, support = 1). A threshold of 200 was applied at a medium resolution (E = 55 kVp, I =
145 µA, integration time = 200 ms).

2.4. In Vitro Osteoclast Cultures

Cells from bone marrow were harvested by flushing tibias and femurs from 6–8-week-
old control or conditional knockout mice and incubated in red blood cell (RBC) lysis buffer
(150 mM ammonium chloride, 10 mM potassium bicarbonate, 0.1 mM EDTA, pH 7.4) for
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5 min at room temperature to remove RBCs. Five million cells were plated in 100 mm
petri-dish with α-10 media (α-MEM, 10% heat-inactivated FBS, 1× PSG) containing 10%
CMG 14-12 (conditioned media supernatant containing recombinant M-CSF at 1 µg/mL)
and grown for 4–5 days, as performed in our previous work [29]. Bone marrow monocytes
(BMMs) were trypsinized and replated at 160 cells/mm2 in tissue culture plates/dishes with
10% CMG for monocytes or to generate mononuclear pre-osteoclasts and mature osteoclasts
with 1% CMG and 100 ng/mL of recombinant RANKL for 2 and 4 days, respectively.

2.5. TRAP Staining

Osteoclasts cultured in 48-well tissue culture plates were fixed with 4% paraformalde-
hyde (PFA) in 1× PBS for 20 min at room-temperature. Cells were washed with 1× PBS
twice prior to staining for TRAP with Sodium-Potassium tartrate and napthol AS-BI phos-
phoric acid [25]. Images were acquired with a stereomicroscope equipped with a digital
camera (Discovery V12 and AxioCam; Carl Zeiss, Inc. Thornwood, NY, USA). TRAP posi-
tive osteoclasts with greater than 3 nuclei were calculated and analyzed using GraphPad
Prism 9 (GraphPad Software, La Jolla, CA, USA).

2.6. Lentiviral Transduction for shRNA Expression

Lentiviral constructs containing the RNAi sequence 5’-ACCAACTGCAGAAATACATTA-
3’ (Nde1-sh1) and 5’-AGTACCAGTGTGGGCGATAAA-3’ (Nde1-sh2) in LKO.1 were pur-
chased from Millipore Sigma. A shRNA targeting firefly luciferase (LUC) was used as
control. Lentivirus expressing shRNAs were generated by co-transfecting 293-T cells
with LKO.1, ∆H8.2 (gene transfer vector) and VSVG (virus packaging vectors), using a
TransIT-LT1 transfection kit (Mirus Bio LLC). Viral supernatants for each lentivirus were
collected 48 h post transfection and used for transduction of BMMs in presence of M-CSF
and 20 µg/mL protamine (Millipore Sigma) for 24 h and later selected with puromycin
(6 µg/mL) for 3 days [30].

2.7. Resorption Pit Staining

Osteoclasts were cultured on bovine cortical bone slices in 48-well plates, fixed with 4%
PFA in PBS for 20 min at room-temperature and washed twice with PBS for 5 min. Prior to
staining the bone slices for resorption pits, bound cells were removed by brushing, followed
by incubation in HRP-conjugated WGA lectin (20 µg/mL) for 60 min at room-temperature.
The slices were washed with PBS twice and incubated in a solution of 0.52 mg/mL 3,3-
diaminobenzidine and 0.03% hydrogen peroxide for 30 min [31]. They were later mounted
on glass slides with 80% glycerol in PBS and imaged with AxioPlan2 microscope (Carl
Zeiss) equipped with a digital camera (Olympus DP73, Center Valley, PA, USA).

2.8. Immunofluorescent Staining

Osteoclast cultures were raised on glass coverslips for 4-5 days in 24-well plates. Cells
were fixed with 4% PFA for 20 min and washed twice with PBS. Cells were permeabi-
lized and blocked in PBS containing 0.2% BSA and 0.1% Saponin (PBBS) for 30 min or
permeabilized with 0.1% Triton-X100 in PBS for 10 min followed by blocking with 0.2%
BSA in PBS at room temperature. Cells were probed for Lamp2 or tubulin by incubating
with respective antibodies for 2 h. Target proteins were visualized with fluorescent-dye
conjugated secondary antibodies in blocking buffer for 45 min in dark. F-actin and nu-
clei were stained with Alexa-488-conjugated phalloidin (1:300 from 1mg/mL stock) and
Hoechst 33342 (1:4000 from a 10 mg/mL stock), respectively [32]. Coverslips were mounted
with 80% glycerol (in PBS) post two washes with PBS and imaged using AxioImager Z1
fluorescent microscope (Carl Zeiss) containing a monochromatic (AxioCam MRm) and
color (MR5c) cameras.
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2.9. Cell Proliferation and Apoptosis Assay

BMMs cultures were raised with M-CSF for 3 days. Cell proliferation was measured
using the Cell Counting kit-8 (Millipore Sigma) as per manufacturer’s instructions [33].
For detection of cell death, BMMs were cultured to raise pre-osteoclasts with M-CSF and
RANKL for 3 days in a 48-well plate. Pre-osteoclasts were subjected to cytokine and
serum starvation for 4 h followed by assaying for apoptosis using the Cell Death Detection
ELISAPLUS kit (catalog No. 11774425001, Roche, Basel, Switzerland) as per manufacturer’s
instructions.

2.10. RNA Isolation and Real-Time Quantitative PCR

Total RNA was extracted using RNeasy mini kit (Qiagen) according to manufacturer’s
instruction. First strand cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific) from 0.5–1.0 µg of purified RNA. Quantitative
real-time PCR was performed using the following primers from Thermo Fisher Scientific:
Mrps2 (Mm00475529_m1); Nde1 (Mm00481033_m1) in the CFX96 Touch Real-Time PCR
Detection System (Biorad Laboratories, Hercules, CA, USA) with the following cycle setup:
initial denaturation at 95 ◦C/10 min followed by 40 cycles of denaturation (95 ◦C/15 s) and
annealing-extension (60 ◦C/1 min). Relative cDNA levels were calculated using the ∆Ct
method by normalizing against the steadily expressing mitochondrial gene Mrps2.

2.11. Immunoblotting

Cultures of BMMs, pre-osteoclasts or osteoclasts were washed with ice-cold PBS
twice prior to lysing in 1× RIPA lysis buffercontaining Complete Mini EDTA-free protease
inhibitor cocktail and Halt Phosphatase inhibitor cocktail. Cell lysates were kept on ice for
30 min and then centrifuged at 14,000 rpm for 15 min at 4 ◦C. The clarified cell lysates were
collected, total protein was estimated, and 10–30 µg was subjected to 8–12% SDS-PAGE.
Resolved proteins were transferred onto a 0.45 µm PVDF membrane using the semi-dry
blotting module (Biorad Laboratories). Membranes were blocked with 5% fat-free milk in
Tris-buffered saline (TBS) for 1 h, followed by incubation with specific primary antibodies
at 4 ◦C overnight. Membranes were washed and incubated with HRP conjugated secondary
antibodies for 45 min. Membranes were washed thrice with TBS containing 0.1% Tween-20
(Biorad Laboratories) and used for enhanced chemiluminescent detection of target protein.
Tubulin or total protein, for the respective phospho-proteins, resolved from equal amount
of the same sample under identical conditions, served as control.

2.12. Statistics

As outlined in our previous studies and reports from others, the sample size was
kept at > 6 animals per group, for α = 0.05 (two-sided) and a power of 0.95 [28,34]. Each
individual mouse represented a biological replicate for each experiment, both in vivo as
well as in vitro, Data in all graphs are presented as mean ± SD. A 2-tailed Student’s t-test or
1-way ANOVA with the Bonferroni procedure was used for comparison of 2 or more than
2 groups respectively. All statistical methods were performed using GraphPad Prism 9
(GraphPad Software, La Jolla, CA, USA), and a p-value of < 0.05 was considered significant.

3. Results
3.1. Knocking-Down Nde1 Expression in Bone Marrow Monocytes Inhibits Osteoclastogenesis
In Vitro

To elucidate the role of NDE1 in osteoclast differentiation and function, we knocked
down Nde1 expression by lentivirus-mediated transduction of two Nde1-specific shRNAs
(sh1 and sh2) in wildtype bone marrow monocytes (BMMs). After a 3-day puromycin
selection, the knockdown efficiency in positively transduced BMMs was validated by
qPCR using Nde1 specific primers. As shown in Figure 1A, the mRNA level of Nde1
was dramatically downregulated in BMMs by both shRNAs. Unexpectedly, inhibition of
Nde1 expression by sh1 and sh2 markedly reduced the number of multinucleated TRAP-
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positive osteoclasts compared to control shRNA targeting fly luciferase (LUC) transduced
cells (Figure 1B,C). When cultured on bone slices, Nde1 knockdown cultures formed
fewer resorption pits than controls (Figure 1D), probably due to decreased number of
mature osteoclasts.
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bone resorption in vitro. (A) Real-time quantitative PCR (qPCR) analysis of mRNA expression of
Nde1 in control shRNA targeting fly luciferase (LUC) and two Nde1-specific shRNAs (sh1 and sh2)
transduced bone marrow monocytes. Data are presented as mean + SD. n = 3. **** p < 0.0001 vs.
LUC shRNA transduced control cells and analyzed by one-way ANOVA using GraphPad Prisma 9
software. (B) Representative images of TRAP-stained osteoclast cultures on plastic culture dishes.
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Since Nde1 knockdown greatly attenuated osteoclastogenesis, it is difficult to assess
its function in osteoclast cytoskeleton organization and lysosome transportation. In a few
mature osteoclasts formed in Nde1 depletion cultures, especially Nde1 sh2 transduced
osteoclasts, we could observe peripherally localized podosome-belt and normal pattern
of microtubule fibers radiating from the nuclei towards the cell periphery revealed by
actin and tubulin double staining (Figure 2). The peri-nuclear aggregation of lysosomes
as seen in Plekhm1−/− osteoclasts [27] was not observed in Nde1 depleting osteoclasts as
demonstrated by lysosome membrane protein Lamp2 staining, suggesting that NDE1 is
dispensable for lysosome transportation in osteoclasts. These results indicate that NDE1
specifically regulates osteoclastogenesis.

3.2. NDE1 Regulates the Proliferation and Survival of Osteoclast Precursor Cells through
Modulation of Both M-CSF and RANKL Activated SIGNALING Pathways

Optimal formation of multinucleated osteoclasts depends on the proliferation and
survival of osteoclast precursor and mature cells [35]. RANKL in conjunction with M-CSF
is also known to promote proliferation by stimulating DNA synthesis during the early
proliferative stage of osteoclastogenesis [36]. Both cytokines play a pivotal role in survival
of osteoclast lineage cells [37]. Since Nde1 knockdown resulted in marked decrease in
osteoclastogenesis, we then set out to determine whether NDE1 regulates proliferation and
survival of osteoclast lineage cells. To this end, we performed a cell proliferation CCK-8
assay in M-CSF-stimulated control and Nde1-knockdown BMMs. As shown in Figure 3A,
Nde1 depletion by specific Nde1-targeting shRNAs caused a nearly 50% decrease in M-
CSF induced proliferation of BMMs compared to control shRNA-expressing cells. In
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corroboration of this finding, the levels of canonical osteoclast proliferation and DNA
synthesis markers cyclin-D1 and PCNA (proliferation cell nuclear antigen) was reduced
in Nde1-depletion BMMs compared to control cells (Figure 3C–E). In addition, Nde1
knockdown promoted apoptosis in pre-osteoclasts as measured by a cell-death ELISA,
which detects fragmented DNA in apoptotic cells (Figure 3B).
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Figure 3. NDE1 regulates proliferation and survival of osteoclast precursor cells. (A) Cell proliferation
was assessed by the cell count CCK-8 assay. Dataare presented as mean + SD, n = 8, *** p < 0.001 and
**** p < 0.0001 vs. LUC shRNA transduced cells analyzed by Student’s t-test. (B) Control and Nde1-deficient
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BMMs were cultured with M-CSF and RANKL for 2 days. The pre-osteoclasts were serum and
cytokine starved for 3 h and apoptosis was assessed spectrophotometrically using the Cell Death
ELISA kit. Data are presented as mean + SD, n = 5. ** p < 0.01 and *** p < 0.001 vs. LUC transduced
cells analyzed by Student’s t-test. (C) The control and Nde1-deficient BMMs were serum-starved for
overnight followed by stimulation with the 50 ng/mL of M-CSF for the indicated time. The level
of cell proliferation markers, Cyclin-D1 and PCNA, was detected by immunoblotting with specific
antibodies. The blotting of tubulin in the same membrane served as the loading control. (D,E) The
ratio of each protein versus its loading control was estimated using ImageJ 1.53 (National Institute
of Health, USA) from three independent experiments and analyzed using Graphpad Prism 9. Data
presented as mean + SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. LUC shRNA
transduced cells analyzed by unpaired Student’s t-test.

The intracellular signaling pathways induced by M-CSF and RANKL coordinately reg-
ulate proliferation, survival, and differentiation of osteoclast lineage cells [8]. To determine
the underlying mechanisms by which NDE1 regulates osteoclastogenesis, we examined the
impacts of Nde1 suppression on M-CSF and RANKL signaling in BMMs. The control and
Nde1 knockdown BMMs were serum starved overnight and stimulated with 50 ng/mL M-
CSF or 100 ng/mL RANKL, respectively, for the indicated time. The activation of canonical
M-CSF and RANKL signaling pathways was detected by Western blotting using specific
antibodies recognizing phosphorylated signaling molecules. As evident from Figure 4A,
Nde1 knockdown by two specific shRNAs dramatically inhibited the prolonged activation
of ERK and AKT stimulated by M-CSF compared to control cells (Figure 4C,D). Activation
of c-Jun N-terminal kinase (JNK) and NF-κB pathways by RANKL plays an important role
in survival of osteoclast precursors and osteoclastogenesis in vitro and in vivo [38,39]. While
JNK activation peaked at 15-min post RANKL-stimulation in control cells (Figure 4B,E),
this process was attenuated in Nde1-depletion cells. In contrast, RANKL-activated NF-κB
pathway was less affected by Nde1 knockdown as reflected by the level of phosphorylated
IκB (Figure 4B,F). Furthermore, the induction of osteoclast differentiation transcription
factor NFATc1 upon RANKL-stimulation was decreased in NDE1-suppressed osteoclast
lineage cells compared to control cells (Figure 4G,H). Taken together, these results indicate
that NDE1 regulates osteoclast proliferation, survival, and differentiation by modulating
M-CSF and RANKL activated signaling pathways as well as induction of NFATc1 during
osteoclast differentiation.

3.3. NDEL1 Is Dispensable for Skeletal Homeostasis and Osteoclast Bone Resorption

After establishing a critical role for NDE1 in osteoclastogenesis, yet a definitive role
for NDEL1, which shares significant structural and functional overlaps with NDE1, in
osteoclastogenesis and bone resorption in vivo and in vitro, has remained elusive. As
predicted by newly released Alphafold [40], both proteins contain a distinct N-terminal
coiled-coil-α-helical domain spanning residue 10–185 and a relatively disordered C-terminal
domain with one α-helix (residues ~240–280). Although multiple oligomeric states have
been reported, homo- or hetero-dimerization of the two proteins in an extended parallel
coiled-coil fashion is critical for their interactions with Dynein and LIS-1, as reported in
Protein Data Bank (PDB ID: 2V71) [41,42]. The N-terminal coiled-coil and C-terminal
α-helix are both required for dynein binding, with the former binding to the intermediate
and the latter to the heavy chain of dynein, respectively [42]. LIS-1, however, binds to a
dedicated region towards the C-terminal end of the coiled–coiled dimer, a site with >90%
sequence identity between NDEL1 and NDE1. Germline deletion of Ndel1 in mice leads
to embryonic lethality due to severe brain developmental defects [24]. To dissect how
NDEL1 regulates bone modeling/remodeling and osteoclasts postnatally, we generated
Ndel1 conditional knockout mice in myeloid osteoclast precursors by crossing Ndel1-floxed
mice [24] with LysM-Cre mice on C57BL/6J background. The progeny of Ndel1flox/flox;+/+

and Ndel1flox/flox;LysMCre/Cre mice were used as control and Ndel1 myeloid conditional
knockout (Ndel1∆lysM) mice, respectively, for further in vivo and in vitro studies.
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Figure 4. NDE1 regulates proliferation, survival, and differentiation of osteoclast precursor cells
by modulating M-CSF and RANKL signaling pathways and induction of NFATc1. (A,B) The LUC,
Nde1-sh1, and -sh2 transduced wildtype BMMs were serum and cytokine starved for 12 h prior to
stimulation with 50 ng/mL of M-CSF or 100 ng/mL RANKL for the indicated duration, respectively.
The activation of ERK and AKT induced by M-CSF and the activation of RANKL-stimulated JNK
and NF-κB pathways were probed by Western blotting with phosphorylation specific antibodies.
The blotting of total respective proteins served as control. (C–F) The ratio of each protein versus its
total protein was estimated using ImageJ 1.53 (National Institute of Health, Bethesda, MD, USA),
normalized against respective loading control from three independent experiments and analyzed
using Graphpad Prism 9. Data presented as mean + SD, n = 3. * p < 0.05, ** p < 0.01 vs. LUC were
analyzed by unpaired Student’s t-test. (G) The induction of NFATc1 during osteoclast differentiation
was detected by western blotting using anti-NFATc1 antibody with anti-tubulin blotting as loading
control. (H) The ratio of each protein versus its control is presented from three independent experi-
ments as analyzed by Graphpad Prism 9. Data presented as mean + SD, n = 3. * p < 0.05 ** p < 0.01 vs.
LUC analyzed by unpaired Student’s t-test.

qPCR detection of the exon 4 of murine Ndel1 genomic DNA confirmed deletion
of Ndel1 in osteoclast lineage cells (Figure 5A). Both male and female Ndel1∆lysM mice
were born at the expected Mendelian ratio and developed normally with similar size and
body weight compared to their littermate controls at 10 weeks of age. The µCT analysis of
distal femurs of male and female mice exhibited similar trabecular bone volume (BV/TV),
trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp), and
cortical thickness between control and Ndel1∆lysM male and female mice (Figure 5B–F),
indicating that loss of Ndel1 in osteoclast precursors have no impact upon bone homeostasis
in vivo.
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Figure 5. Loss of Nde1 homolog Ndel1 in myeloid osteoclast precursors is dispensable for bone
homeostasis in mice and has no effect on osteoclastogenesis and bone formation in vitro. (A) qPCR
amplification of the exon 4 of murine Ndel1 genomic DNA normalized to the transferrin receptor 1
locus using genomic DNA isolated from control and Ndel1∆LysM bone marrow monocytes (BMM) and
osteoclasts (OC). n = 4. **** p < 0.0001 vs control; ### p < 0.001 vs control BMM. (B–F) µCT analyses of
the trabecular and cortical compartments of distal femurs of 10-week-old control and Ndel1∆LysM male
and female mice on C57BL/6J background. n = 6. (G) Tartarate-resistant acid phosphatase (TRAP,
cultured on plastic dishes), immunofluorescent staining of actin filaments and lysosomes (cultured
on glass coverslips and labeled with phalloidin and rat anti-mouse Lamp2 monoclonal antibody),
and bone resorption pit (on bovine cortical bone slices) of control (top panels) and Ndel1-deficient
(bottom panels) osteoclasts, respectively.

To enquire whether loss of Ndel1 has effect(s) on osteoclast differentiation and/or
function, we cultured BMM from control and Ndel1∆lysM mice with M-CSF and RANKL
in vitro on plastic culture dish, glass coverslips, or bovine cortical bone slices. As shown
in Figure 5G, the formation of mature multinucleated TRAP+ osteoclasts from Ndel1∆lysM

BMMs was similar to control cells. In addition, genetic loss of Ndel1 had no effects
on podosome-belt formation and lysosome distribution in osteoclasts cultured on glass
coverslips, with no apparent aberrations of cytoskeleton organization and lysosome trans-
portation in Ndel1-depletion osteoclasts (Figure 5G). Furthermore, the bone resorption
capacity of Ndel1-deficient and control osteoclasts cultured on bovine cortical bone slices
was equivalent (Figure 5G), suggesting an intact osteoclast differentiation and function
in Ndel1-deficient osteoclast lineage cells. In contrast, it has been previously reported
that knockdown of Ndel1 expression in bone marrow monocytes by shRNAs in vitro leads
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to slightly decreased osteoclast formation and aberrant lysosome positioning [27]. The
discrepant results obtained from Ndel1 shRNA knockdown and Ndel1 genetic deletion
experiments might reflect the distinct effects of Ndel1 short-term knockdown by shRNAs
and long-term genetic deletion of Ndel1 in osteoclast lineage cells due to the accrual of
compensatory mechanism probably by Nde1 or Lis1 in Ndel1-null osteoclast precursor
and mature cells. The exact mechanism(s) needs further investigation in future. A simi-
lar finding has been observed for transferrin receptor 1 (Tfr1) in osteoclast lineage cells.
While in vitro knockdown of Tfr1 expression in bone marrow monocytes by shRNAs in-
hibits osteoclast differentiation [43], genetic deletion of Tfr1 by LysM-Cre has no effects on
osteoclastogenesis [28].

Extensive structural and functional overlaps between NDEL1 and NDE1 allowed
us to next test whether Nde1 compensates for the deletion of Ndel1 in osteoclasts. The
mRNA level of Nde1 was slightly but significantly increased in Ndel1-deficient BMMs
relative to control cells (Figure 1A LUC vs. Figure 6A LUC, p < 0.01 by Student’s t-test).
We knocked down Nde1 expression in Ndel1∆LysM BMMs as done for WT BMMs earlier.
The knockdown efficiency was validated by qPCR (Figure 6A) and osteoclast formation
and activity were measured. Nde1 depletion significantly reduced the number of multin-
ucleated TRAP-positive osteoclasts in compared to LUC transduced Ndel1∆LysM control
(Figure 6B,C). Like our earlier observation (Figure 2), a few mature osteoclasts which
formed in Nde1/Ndel1 double depletion cultures, especially Nde1 sh2 transduced osteo-
clasts, had an intact cytoskeleton and lysosome distribution, similar to our finding with
Nde1 single knockdown cultures. It is likely that Lis-1 compensates for the loss of Nde1 and
Ndel1, since we have previously identified that it can bind to Plekhm1 and regulate dynein
function in osteoclasts [26,27]. Finally, Nde1 knockdown had a pronounced reduction
in resorption pits compared to Ndel1∆LysM osteoclast (Figure 6D). Interestingly though,
the Nde1-Ndel1 double deletion had no additive effect on the phenotype, suggesting a
predominant role of NDE1 amongst this ortholog pair in osteoclastogenesis.
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Figure 6. Nde1-Ndel1 double depletion has no additive effects on osteoclast differentiation, micro-
tubule organization, lysosome distribution and function in vitro. (A) Real-time quantitative PCR (qPCR)
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analysis of mRNA expression of Nde1 in control shRNA targeting fly luciferase (LUC) and two
Nde1-specific shRNAs (sh1 and sh2) transduced Ndel1∆LysM bone marrow monocytes. Data presented
as mean + SD. n = 4. **** p < 0.0001 vs LUC shRNA transduced control cells analyzed by one-way
ANOVA using GraphPad Prisma 9 software. (B) Representative images of TRAP-stained osteoclast
cultures on plastic culture dishes. (C) The quantification of number of mature osteoclasts with more
than 3 nuclei per well of a 48-well plate culture in (B). Data presented as mean + SD, n = 6. *** p < 0.001
and **** p < 0.0001 vs. LUC shRNA transduced cells analyzed by unpaired Student’s t-test. (D)
Control and Nde1 knockdown cells were cultured on glass coverslips or bone slices with M-CSF and
RANKL for 4 days. Cells were fixed with 4% paraformaldehyde/PBS and stained for filamentous
actin (phalloidin), lysosome (Lamp-2), and microtubules (tubulin) on glass or for resorption pits on
bone slices. The images are representatives of three replicate experiments.

4. Discussion

LIS-1, NDE1, and NDEL1 form an evolutionary conserved pathway that regulates
microtubule dynamics and the cytoplasmic dynein from yeast to mammalian cells [19].
Mutations of LIS-1 and NDE1 in humans cause the brain disorder of lissencephaly and men-
tal illness [44–46]. Germline-deletion of each of these proteins in mice causes embryonic
lethality due to the severe neurodevelopmental defects [24]. We have previously identified
that all these three proteins interact with the lysosomal adaptor protein PLEKHM1 indi-
cating that they may function in lysosome transportation and secretion during osteoclast
bone resorption [27]. The conditional deletion of LIS-1 in myeloid osteoclast precursors
induced by LysM-cre attenuates osteoclastogenesis and leads to increased trabecular bone
mass in mice [25]. In this study, we have demonstrated that loss of Ndel1 in LysM-Cre
expressing myeloid lineage cells has little effects on osteoclastogenesis, bone resorption,
and is dispensable for bone homeostasis. This finding is unexpected since NDEL1 have
been previously reported to be crucial for lysosomal and vesicular transport along the
microtubule network [24,47].

Although distinct functions between NDE1 and NDEL1 have been reported in neu-
rons [23,24], both proteins share significant structural similarities and functional over-
laps [48]. We, therefore, postulate that NDEL1 in osteoclasts may be functionally redundant
with NDE1. To our surprise, depletion of Nde1 expression by specific shRNAs leads to
the similar aberration of osteoclastogenesis in control and NdeL1∆LysM BMMs, suggesting
that NDE1 plays a unique and distinct role from NDEL1 in regulation of osteoclast forma-
tion. Although both LIS-1 and NDE1 regulate osteoclastogenesis through modulation of
M-CSF and RANKL signaling pathways, the underlying mechanisms are quite different.
Loss of Lis-1 in BMMs results in the prolonged JNK activation upon RANKL stimulation,
which induces apoptosis in osteoclast precursor cells with minimum effect on cell prolifera-
tion [25,26], whereas down-regulation of Nde1 in BMMs inhibits the M-CSF-induced AKT
and RANKL-stimulated transient JNK activation, leading to decreased cell proliferation,
survival, and NFATc1 induction.

It is still unknown how NDE1 regulates M-CSF and RANKL signaling in osteoclasts.
It is likely mediated by one of its interacting partners from a component of the dynein
complex, the 8 kDa dynein light chain (LC8). The LC8 is an integral protein of the func-
tional dynein motor complex. In addition to its essential role in dynein-mediated motor
activity, LC8 has been reported to inhibit osteoclast differentiation by regulating RANKL
downstream pathways [22]. Notably, NDE1, but not NDEL1, interacts with LC8 via a
distinct 4-residue binding site (200–203) located upstream of the C-terminal α-helix [49]. It
is therefore likely that, NDE1-LC8 interaction plays a crucial role in osteoclasts, with reduc-
tion of NDE1 expression causing LC8 mediated inhibition of osteoclast proliferation. This
mechanism will be further investigated in the future using Nde1-null BMMs and loss-of-
and gain-of-function of LC8 mutants in osteoclast lineage cells. Yet another mechanistic
possibility of NDE1 mediated osteoclast regulation is via modulating precursor density.
Notably, NDE1 plays a critical role in mitosis, regulating chromosomal distribution and
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progression [19,23,42,45]. We and others have previously reported a critical role of precur-
sor cell density in the formation of mature osteoclasts [25,35]. We observed a significant
reduction in cell proliferation and number (Figures 1C, 3A and 6C) upon Nde1 knockdown,
suggesting that the reduction in cell number could have ablated osteoclast formation. The
precise mechanistic underpinnings on how NDE1 regulates mitosis in osteoclast lineage
cells warrants further investigation.

In summary, we have provided evidence supporting a novel role of NDE1 in osteo-
clasts. While NDEL1 is dispensable for osteoclast formation and activity, NDE1 regulates
osteoclast precursor proliferation and subsequent formation of mature osteoclasts by mod-
ulating M-CSF and RANKL activated pathways and induction of NFATc1.
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