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Abstract

Ubiquitin E3 ligase-mediated protein degradation promotes proteasomal degradation of key
positive regulators of osteoblast functions. For example, the E3 ligases, Smurfl, Itch and Wwpl1,
promote degradation of Runx2, JunB, and CXCR4 proteins to inhibit their functions. However, the
role of E3 ligases in age-associated bone loss is unknown. We found that the expression level of
Wwpl, but not Smurfl or Itch, was significantly increased in CD45™ bone marrow-derived
mesenchymal stem cells (MSCs) from 6- and 12-month-old WT mice. Wip~~ mice developed
increased bone mass as they aged, associated with increased bone formation rates and normal bone
resorption parameters. Bone marrow stromal cells (BMSCs) from WipZ™~ mice formed
increased numbers and areas of alkaline phosphatase™ and Alizarin Red* nodules and had
increased migration potential towards CXCL12 gradients. Runx2, JunB and CXCR4 protein levels
were significantly increased in Wipl™~ BMSCs. Wip1 7 BMSCs had increased amount of
ubiquitinated JunB protein, but Runx2 ubiquitination was no change. Knocking-down JunB in
WwpI~”~ BMSCs returned Runx2 protein levels to that in WT cells. Thus, Wwp1 negatively
regulates osteoblast functions by affecting both their migration and differentiation. Mechanisms
designed to decrease Wwpl levels in BMSCs may represent a new approach to prevent the
decrease in osteoblastic bone formation associated with aging.
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Introduction

Osteoporosis is a common skeletal disorder with an age-related reduction in bone mass and
increased fracture risk that affects the quality of life of a growing population worldwide.
Dysfunction of osteoblasts is a significant contributor to the pathogenesis of osteoporosis,
but the mechanisms involved remain inadequately understood (:-4). Osteoblasts differentiate
from mesenchymal stem cells (MSCs), a process that is tightly controlled by several
transcription factors, including BMP-Smads and Runx2 ©: ©). The BMP-Smad-Runx2
pathway is regulated at both transcriptional and translational levels (7: 8) Ubiquitination and
subsequent degradation of BMP-Smad-Runx2 proteins is an important regulatory

"Correspondence to: Lianping Xing, Department of Pathology and Laboratory Medicine, 601 ElImwood Ave, Box 626, Rochester, NY
14642, USA. Phone (585) 273-4090, Fax (585) 756-4468, lianping_xing@urmc.rochester.edu.

These authors contributed equally to this work
Disclosure: The authors have nothing to disclose.

Conceived and designed the experiments: Xing, Lianping and Boyce, Brendan. Performed the experiments: Shu, Lei and Zhang,
Hengwei. Analyzed the data: Shu, Lei, Zhang, Hengwei, Boyce, Brendan and Xing, Lianping. Wrote the paper: Shu, Lei, Zhang,
Hengwei, Boyce, Brendan and Xing, Lianping.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shuetal.

Page 2

mechanism in osteoblasts and their precursors and is carried out by members of the C2-
WW-HECT family of ubiquitin E3 ligases. This class of E3 ligases consists of Nedd4-1,
Nedd4-2, Itch, Smurfl, Smurf 2, Wwp1 and Wwp2 ©: 10) and promotes ubiquitination and
subsequent proteasomal or lysosomal degradation of target proteins 1. 12). Previous studies
have reported roles for Smurfl, Smurf2, Wwpl and Wwp2 in bone cells. For example,
Smurf1™~ mice develop age-related bone loss by promoting degradation of the MAP kinase,
MEKK2 (13), The inflammatory cytokine, TNF, increases Smurf1 levels and this promotes
ubiquitination and degradation of BMP-Smad-Runx2 proteins in mature osteoblasts (12 14)
Smurf2 negatively regulates chondrocyte function by regulating the stability of Smad3 and
GSK3 proteins 19). Wip27~ mice develop malformations of the craniofacial region due to
failure of Wwp2 to interact with the homeobox transcription factor, Goosecoid (16). Wwp1
negatively regulates osteoblast functions as revealed by the osteosclerotic phenotype of
Schnurri-3 (Shn3) = mice; Shn3 enhances Runx2 ubiquitination and degradation via the
recruitment of Wwp1 to Runx2 (7). We reported that Wwp1 is involved in TNF-induced
bone loss by promoting proteasomal degradation of JunB proteins in osteoblasts and their
precursors (18). JunB is a well known positive regulator of osteoblast differentiation (19 20)
and its degradation is mediated by Smurf1 and Wwp1 (8:21) However, the role of HECT
family of ubiquitin E3 ligases in age-associated osteoblast dysfunction /in vivo has not been
investigated in detail.

MSCs migrate to bone surfaces where they differentiate into osteoblasts. MSC migration is
regulated by the CXCL12/CXCR4 axis (22 23), Over-expression of CXCR4 in MSCs
increases bone healing in mouse bone defects models because more CXCR4-expressing
cells are recruited to the injury site (24). Depletion of CXCR4 in osteoblast precursors
reduces postnatal bone formation (2%, In cancer cells, CXCR4 is regulated partially through
CXCL12-mediated lysosomal degradation, which involves Wwp1 (26). However, whether
aging affects CXCL12-mediated cell migration and if this involves Wwp1 is unknown.

In this study, we investigated the role of Wwpl in bone volume and osteoblast and
osteoclast functions in young and aged mice. We demonstrate that Wwp1 negatively
regulates bone mass by inhibiting MSC migration and osteoblast differentiation without
affecting osteoclast formation. MSCs from WiwpZ ™~ mice have significantly elevated
expression levels of the Wwp1 target proteins, Runx2, JunB and CXCR4. More importantly,
WwpI™~ mice are protected from age-related bone loss. Our findings identify Wwp1 as a
new negative regulator of osteoblast functions and suggest that targeting Wwpl may
represent a novel therapeutic strategy to prevent age-related bone loss.

Materials and Methods

Animals

Mice used in this study were 1 to 12 months old. WwpZ*~ mice (on a C57/BL6
background) were obtained from Dr. L. Matesic (University South Carolina) and bred to
generate Wip1™~ mice. All animal experiments were approved by the Institutional Animal
Care and Use Committee at the University of Rochester Medical Center.

MSC-enriched CD45~ cells and bone marrow stromal cells

Primary bone marrow stromal cells (BMSCs) were incubated with anti-CD45 antibody-
conjugated microbeads (Miltenyi Biotec, Auburn, CA) and CD45-negative (CD457) cells
were isolated by negative selection, according to the manufacturer’s instructions. With this
method, we can obtain 98% of the CD45™ cells and these were used as MSC-enriched cells,
as we described previously (18 21) To generate a large quantity of MSC-enriched cells, we
used 3rd passage bone marrow stromal cells and stained them with fluorescein
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isothiocyanate (FITC)-anti-CD45, FITC-anti-CD11b, FITC-anti-CD31, PE-anti-CD105,
APC-anti-CD44, and PE-Cy5-Sca-1 (eBioscience, San Diego, CA, USA) and subjected to
FACS analysis. The results were analyzed using FlowJo 7.6 software, indicating that this
cell preparation contains enriched cells expressing MSC surface markers. Thus 3rd passage
BMSCs were used in experiments requiring large numbers of cells. To examine frequency
of cells expressing MSCs, bone marrow cells were stained with a panel of antibodies,
including CD45, Scal-1, CD105, and Ter119, that distinguish mesenchymal cells from
hematopoietic cells. MSCs were defined as CD45-Scal-1*CD105*Ter119~ according to
literatures (27,

Quantitative reverse transcriptase-PCR

Total RNA was extracted from the CD45™ cells or osteoblast using TRIzol reagent
(Invitrogen). cDNAs were synthesized using the iISCRIPT cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). Quantitative RT-PCR amplifications were performed in an iCycler
using iQ SYBR Green supermix (Bio-Rad). Gapdhwas amplified on the same plates and
used to normalize the data. Each sample was prepared in triplicate and each experiment was
repeated at least three times. The relative abundance of each gene was calculated by
subtracting the CT value of each sample for an individual gene from the corresponding CT
value of Gapadh (ACT). AACT was obtained by subtracting the ACT of the reference point.
These values were then raised to the power two (2AACT) to yield the fold-expression relative
to the reference point. Expression levels of Smurfl, Runx2, alkaline phosphatase (ALP),
Wwp1, ltichand Gapdh mRNA were examined using sequence specific primers, as
described previously (18),

Osteoblast and adipocyte differentiation

Bone marrow cells were flushed from femorae and tibiae. For CFU-F and CFU-ALP colony
assays, total bone marrow cells were cultured in 10cm dishes at 106 cells/dish in 10ml of a.-
MEM containing 10% fetal calf serum (Hyclone Laboratories, Logan, UT) + 50 pg/mL
ascorbic acid and 10 mM p-glycerophosphate for 28 days. At the end of the culture period,
cells were stained for CFU-F or ALP activity. The stained CFU-F and ALP positive CFU-F,
which contained >20 cells in a single colony were counted. Bone nodule formation was
examined in Alizarin red-stained plates after 21 days in culture under these conditions. For
adipocyte differentiation assay, cells were allowed to become confluent and then cultured in
adipocyte-inducing medium (AIM, a-MEM containing 10% FBS, 1.M dexamethasone, and
0.5 mM methylisobutylxanthine, 10 pg/ml of insulin, and 100 .M indomethacin) for 3 days
and then cultured in the adipocyte-maintaining medium (AMM, a-MEM containing 10%
FBS and 10 pg/ml of insulin) for 2 days. After the first round of AIM and AMM treatment,
cells were subjected to a second round of treatment with AIM and AMM until adipocytes
formed. Adipocyte staining with oil red O was performed, as described previously (28).

Western blot analysis and Ubiquitination assay

Cells were lysed with mammalian protein extraction reagent (Pierce) containing a protease
inhibitor mixture (Roche Applied Science). Samples were resolved by SDS-PAGE gel,
transferred to a nitrocellulose membrane, and immunoblotting was carried out using
antibodies to Wwp1l (Novus Biological), CXCR4 (Calbiochem), Smurfl (Abcam), Runx2,
JunB, and GAPDH (Santa Cruz Biotechnology Inc). Bands were visualized using ECL
chemiluminescence (Amersham) and quantitated by Scion Image Beta 4.02 (Scion
Corporation, NIH). For ubiquitination assay, BMSCs were treated with the proteasome
inhibitor MG132 (10 M) for 4 hours. Whole cell lysates (500 g protein/sample) were
incubated with UbiCapture-Q Matrix (Biomol) by gentle agitation at 4" overnight to pull
down all ubiquitinated proteins according to the manufacturer’s instructions. After washing
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three times, captured proteins were eluted with 2x SDS-PAGE loading buffer and analyzed
by Western blotting using anti-JunB or anti Runx2 antibody, as described previously (18),

Small interfering RNAs (siRNA)

JunB siRNA and control siRNA were purchased from Santa Cruz. BMSCs from from
WwpI~~ mice and WT littermates were transfected with JunB siRNA or control siRNA
using Santa Cruz Biotechnology’s siRNA Transfection Reagents (sc-29528 and sc-36868)
according to the manufacturer’s instructions. Whole cell lysates were harvested xx hours
after sSiRNA transfection and expression levels of JunB and Runx2 were examined by
Western analysis.

Microcomputed tomography (Micro-CT)

Histology

Long bones were scanned on a VivaCT40 micro-CT scanner (Scanco Medical, Basserdorf,
Switzerland) using 300 ms integration time, 55 kVp energy, and 145 p A intensity. A
volume of interest for quantitative analysis of trabecular bone was defined, extending from
the proximal to the distal end of the tibia. Three-dimensional images were generated using a
constant threshold of 275 for all samples. For each sample, bone volume fraction, trabecular
number, trabecular thickness, trabecular separation, and connectivity density were measured.

Bones were fixed in 10% formalin and decalcified in 10% EDTA solution for 14 days.
Decalcified bones were dehydrated and embedded in paraffin, after which 5-pm sections
were cut on a rotary microtome. Sections were stained with hematoxylin and eosin (H&E) or
histochemically for tartrate-resistant acid phosphatase (TRAC) activity to help identify
osteoclasts. For calcein labeling, mice were injected intraperitoneally with 10 mg calcein per
gram of body weight (C-0875; Sigma) at 7 days and 1 day prior to sacrifice, as reported
previously (18). Left femurs were embedded in LR white acrylic resin (L9774; Sigma), and
5-um sections were viewed and imaged using fluorescence microscopy. Mineral apposition
rate (MAR, pm/day), bone formation rate (BFR, pm3/um?2/day) and mineralizing surface
per bone surface (MS/BS) were calculated according to the reported formula (18). TRAP
staining was performed using a modification of a previously described protocol () In brief,
dewaxed sections were preincubated in Naphthol AS-BI Phosphate Substrate (Sigma)
solution and then incubated in Sodium Nitrite (Sigma) and Pararosaniline Dye (Sigma)
solution. After washing with distilled water, sections were incubated in phosphomolybdic
acid for 5 min, counterstained with 1% fast green, and mounted in Cytoseal 60 (Richard-
Allan) mounting Medium.

Cell migration assay

C3H10T1/2 cells and BMSCs were labeled with Calcein AM (Molecular Probes, Invitrogen)
at a final concentration of 2 g/ml as we reported previously (26). Cells (106 cells/100 wl)
were loaded into the upper chamber of a transwell insert (5 wm, Corning Costar). Transwell
inserts were immediately moved to wells of a 24-well tissue culture dish containing different
doses of the chemokine, CXCL12 (1, 10, 50 or 100 ng/ml). After various times, cells that
had migrated to the underlying wells were collected, centrifuged and solubilized (in 100 pl
Hank’s Buffered Salt Solution with 1% SDS/0.2 N NaOH). Calcein AM labeling was read
in a 96-well FluoroNunc plate (Nalge Nunc International) and quantified in a Gemini XS
microplate spectrofluorometer (Molecular Devices) at 485 nm/530 nm.

Statistical Analysis

Data are presented as mean + SD, and all experiments were performed at least three times
with similar results. Statistical analyses were performed with Stat view statistical software
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(SAS, Cary, NC, USA, www.sas.com). Differences between the two groups were compared
using unpaired Student’s t test, while more than two groups were compared using one-way
analysis of variance between groups (ANOVA), and p values less than 0.05 were considered
to be statistically significant.

Increased expression of ubiquitin E3 ligase Wwp1 in MSC-enriched CD45 cells from aged

mice

MSCs from aged mice have decreased osteogenic capacity via multiple mechanisms (30-32),
The ubiquitin E3 ligases, Wwp1, Smurfl and Itch, regulate the protein stability of the
positive osteoblast regulators, Runx2, JunB and CXCR4 (12.18,33) Tq determine the role of
E3 ligases in age-related osteoblast inhibition, we examined the expression levels of Wwp1,
Smurfl and /tchin MSC-enriched CD45™ cells from 1-, 2-, 6-, and 12-month-old C57/B6
mice. As expected, the expression levels of the osteoblast markers, ALPand RunxZ2, were
significantly decreased in cells from 6 and 12 month old WT mice (Fig. 1A). The expression
levels of WwpI were significantly increased in cells from 12-month old mice, while Smurfl
and /tch levels were similar in cells from mice of different ages (Fig. 1B). In subsequent
studies, we used 1-month old mice as young mice and 12-month-old mice as old mice.

Generating large numbers of CD45~ MSC-enriched cells for /77 vitro mechanistic studies is
technically challenging. Bone marrow stromal cells are often used in osteoblast studies. We
found that 3rd passage bone marrow stromal cells contained a high percentage of cells
expressing MSC surface markers, including CD105, CD44 and Scall and very low levels of
non-MSC markers CD45, CD11b and CD31 (Fig. 1C). Thus, 3rd passage BMSCs (called
BMSC:s in this study) contains enriched MSCs and therefore were used. We confirmed that
BMSCs from old mice expressed increased levels of Wwpl protein, but not Smurfl (Fig.
1D), showing a change similar to that of CD45~ cells in Fig. 1B.

Increased bone volume and bone formation in Wwp1~~ mice

Wwpl knockout (WwpI™") mice have been generated, but their bone phenotype has not
been investigated. We examined tibial bone volumes of 1-, 6- and 12-month-old Wwp1™~
mice and WT littermates. Micro-CT analyses (Fig. 2A&B) showed that 1-month-old
WwpI~~ mice had significantly increased trabecular bone volume, which became more
obvious in 6- and 12-month-old WipZ™~ mice and was accompanied by increased
trabecular number and connectivity density, and reduced trabecular separation. Tibial
cortical thickness was not increased in WipZ™~ mice (data not shown).

To determine if the increased bone volume in WiwpZ™~ mice is associated with enhanced
osteoblastic bone formation, we examined double calcein-labeled plastic-embedded sections
and found that 6-month-old WwwpZ ™~ mice have significantly increased bone formation rate
(BFR), mineral apposition rate (MAR), and mineralized surface (MS/BS) (Fig. 3A&B). No
significant difference in any of these variables was detected in cortical bone endosteal
surfaces. Histomorphometric analysis indicated that long bone sections from 6-month-old
WwpI~~ mice had increased osteoblast numbers, but normal osteoclast numbers (Fig. 3C).
These /n vivo data demonstrate that the increased bone mass in WiwpZ ™~ mice are due to
increased osteoblast-mediated bone formation.

Wwpl negatively regulates osteoblast differentiation and migration

To determine the role of Wwpl in osteoblast differentiation, we first examined colony
forming potential of Wwp1-null bone marrow cells. BMSCs from Wiwp1™~ mice were
cultured in basal or in osteoblast-inducing medium. Compared with WT cells, Wip1™~
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BMSCs formed significantly increased numbers of CFU-F and CFU-ALP* colonies (Fig.
4A). FACS of primary bone marrow cells showed the frequency of cells expressing MSC
markers (CD457/Scal*/CD105*/Ter119") was similar among cells from Wip2~~ mice and
WT littermates (Fig. 4B). We then examine the osteoblast differentiation potential of
WwpI~~ BMSCs and found that they formed significantly increased area of calcified
nodules (Fig. 4C), and expressed increased mRNA levels of ALPand Runx2 (Fig. 4D). In
contrast to the increased osteoblast differentiation, adipocyte differentiation was
significantly reduced in WiwpI~~ BMSCs (Fig. 4E). Wwp1 is known to mediate
proteasomal degradation of the positive osteoblast regulators, Runx2 7) and JunB (18). we
found that WiwpZ~~ BMSCs had a more than 2-fold increased level of Runx2 and JunB
proteins (Fig. 4F), suggesting that Wwp1 controls osteoblast differentiation by changing the
expression levels of these proteins.

MSCs that differentiate into osteoblasts reside mainly within the bone marrow cavity and
and osteoblast precursors that arise from them migrate to bone surfaces. The CXCL2/
CXCR4 axis controls cell migration (22), In the bone marrow, CXCL12 is produced mainly
by CXCL12-abundant reticular (CAR) cells on sinusoids (34) and perhaps also by
osteoblastic cells on trabecular and cortical bone surfaces (35 36), We recently found that
Wwpl negatively regulates the migration of cancer cells to CXCL12 by regulating
degradation of CXCR4, the CXCL12 receptor (26). This finding led us to speculate that
WwpI~~ BMSCs may also have increased migration to CXCL12 as another mechanism for
the high osteoblast-mediated bone mass in WiwpZ™~ mice. To determine if Wwp1 affects
cell migration, we first established an optimal protocol for CXCL12-mediated migration of
WT BMSCs in a transwell migration assay. Time- and dose-dependent experiments
demonstrated that 100ng/ml of CXCL12 induced maximal cell migration after 24 hours (Fig.
5A) and that WiwpZ ™~ BMSCs had significantly increased CXCL12-medicated migration
(Fig. 5B).

We reported that Wwpl regulates CXCL12-induced CXCR4 lysosomal degradation in
breast cancer cells, thereby affecting cell migration (26). To investigate if Wwp1 affects
CXCR4 degradation in MSCs, we first used C3H10T1/2 cells, an embryonic mesenchymal
cell line. C3H10T1/2 cells migrated toward a CXCL12 gradient (Fig. 6A). CXCL12
treatment markedly reduced CXCR4 protein levels, which peaked at 12 hours (Fig. 6B). To
determine if CXCL12-induced CXCR4 degradation is through a proteasome or lysosome
pathway, we treated cells with the proteasome inhibitor, MG132, or the lysosome inhibitor,
chloroquine (CQ), in the presence of CXCL12. CQ partially prevented CXCL12-induced
CXCR4 degradation, but MG132 had no effect (Fig. 6C). We then examined CXCR4
protein levels in BMSCs from WwpZ™~ mice in the presence of CXCL12 plus CQ or
MG132. In WT cells, CXCL12 markedly decreased CXCR4 protein levels, an effect that
was partially prevented by CQ, but not by MG132 (Fig. 6D, upper panels). However,
CXCL12-induced CXCR4 degradation was significantly reduced in cells from Wip1 ™~
mice (Fig. 6D, lower panels).

Age-related decreased osteoblast function is rescued in Wwp1l~~— mice

If elevated levels of Wwpl in MSCs (Fig. 1) are responsible for reduced osteoblast function
in old WT mice, the phenotypes in cells from old WT mice should be different from those
from young WT and old WiwpZ~~ mice. To test this, we first compared osteoblast
differentiation, CXCL12-mediated migration, and expression of Wwpl1 target proteins using
BSMCs from young (1-month-old) and old (12-month-old) mice. BSMCs from old WT
mice formed decreased Alizarin Red-stained calcified nodules (Fig. 7A), migrated less to a
CXCL12 gradient (Fig. 7B), and expressed lower levels of Runx2, JunB and CXCR4
proteins (Fig. 7C) compared cells from young mice. However, in contrast to cells from old
WT littermates, BMSCs from W~ mice had increased Alizarin Red-stained calcified
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nodules (Fig. 7D), greater migration to a CXCL12 gradient (Fig. 7E), and higher expression
levels of Runx2, JunB and CXCR4 proteins (Fig. 7F).

Wwp1l directly targets JunB protein for degradation in bone marrow stromal cells

Both JunB and Runx2 proteins positively regulate osteoblast differentiation and are Wwp1l
substrates (17 18) However, we found that cells from Wip1™~ mice expressed increased
levels of runx2 mRNA (Fig. 4D). If lack of Wwp1 mainly stabilized Runx2 protein from
degradation, one would expect that protein levels would increase without major changes in
mRNA. This raises an interesting question, e.g. are levels of Runx2 ubiquination actually
lower in Wip1™~ cells and it is possible that Runx2 is not the major substrate of this ligase
and instead it is destabilizing another factor that regulates Runx2 expression? To address
this question, we performed ubiquitination assay using BMSCs from WipZ ™~ mice to
examine Runx2 and JunB ubiquitination because JunB regulates Runx2 expression in
osteoblast/stromal cells (37). We found that a significantly reduced JunB ubiquitination in
WwpI™~ cells, but Runx2 ubiquitination is similar between WT and WiwpI ™~ cells (Fig.
7G). Furthermore, knockdown of JunB in WiwpI ™~ or WT cells resulted in significantly
decreased Runx2 expression (Fig. 7H).

Discussion

We have demonstrated that MSC-enriched CD45~ cells from aged mice have increased
expression of Wwpl, an ubiquitin E3 ligase that promotes the degradation of target proteins.
WwpI™~ mice have increased bone mass. MSC-enriched bone marrow stromal cells
(BMSCs) from WipI™~ mice have increased osteoblast differentiation, CXCL12-mediated
migration, and expression of the known Wwp1 target proteins, Runx2, JunB and CXCRA4.
Consistent with increased Wwp1l expression, BMSCs from old mice have decreased
osteoblast differentiation, CXCL12-mediated migration and Runx2, JunB and CXCR4
protein levels. Wwp1l deficiency prevented the bone loss and osteoblast inhibition observed
in old mice. Thus, Wwp1 is a new negative regulator of osteoblast function and contributes
to age-related bone loss by reducing the expression levels of key positive osteoblast proteins
in MSCs.

Wwpl promotes ubiquitination and degradation of multiple proteins including p53,

KLFs (38.39) Smad4 (400 Runx2 1), junB (18) and CXCR4 (26). Among Wwpl target
proteins, Runx2 and JunB play a critical role in osteoblast differentiation (19 42) CXCR4 is
essential for retention of hematopoietic stem cells in the bone marrow cavity “3) and
controls MSC homing to injury sites in bones as well as osteoblast differentiation (44: 45),
Elevated levels of Runx2, JunB and CXCR4 proteins in cells from WwpI ™~ mice suggest
that these are potential endogenous targets of Wwp1l and are likely responsible for increased
osteoblast-mediated bone formation in Wiwp ™~ mice. However, our ubiquitination assay
clearly indicates that Runx2 is not a direct substrate of Wwp1 because the amount of
ubiquitinated Runx2 protein did not change in Wip~~ cells. Rather, the amount of
ubiquitinated JunB was reduced in Wip1™~ cells (Fig. 7G). JunB promotes Runx2
expression during bone formation (7) and JunB knocking-down in Wip1™" cells decreased
Runx2 levels (Fig. 7H). These findings indicate that Runx2 is not the major substrate of
Wwpl and its primary endogenous target in osteo-progenitor cells is likely JunB. This
finding is similar to the finding obtained from calvarial-derived osteo-progenitor from
Smurf1™~ mice 3) in which Runx2 also is not considered as an endogenous target of
Smurfl. Since early studies on Runx2 degradation are mainly carried out in cell lines with
over-expression system, more experiments need to be done to elucidate the importance of
controlling Runx2 degradation as a critical mechanism for osteoblast regulation.
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One of important functions of E3 ligases is to promote ubiquitination and degradation of
target proteins via proteasomal pathway. For example, Smurfl promotes the proteasomal
degradation of Smad1/5 (12), Runx2 (12.46), junB (1) and MEKK2 (13) proteins, all of these
proteins are positive osteoblast regulators. However, ubiquitinated proteins also can undergo
lysosomal degradation. E3 ligase itch-mediated CXCR4 degradation in lysosomal pathway
has been reported (47). We reported that Wwp1 promotes CXCR4 lysosomal degradation in
MDAZ231 breast cancer cells 48). Thus, Wwp1 may affect osteogenic function by regulating
protein stability through both proteasomal and lysosomal pathways. In this study, we
demonstrated that Wwp1-null cells migrate to a CXCL12 gradient faster as a result of
reduced CXCR4 lysosomal degradation (Fig. 6). We suspect that increased migration of
MSCs and osteo-progenitors in WipI ™~ mice to CXCL-12 enriched bone surface serves as
a mechanism for increased osteoblast function by providing more precursor cells. This
speculation is based on finding that cells on the endosteal surface of the bone are stained
positively for CXCL12 (36) and that systemic delivery of CXCR4-over-exressing cells
prevents OV X-reduced bone loss (49). However, currently we do not have an 7 vivo cell
migration assay that will allow us to examine if cells from WW/p1~~ mice migrate to
CXCL12 faster. Thus if CXCL12/CXCR4-mediated cell migration that we found using /n
vitro assay contribute to general bone remodeling needs further investigation.

Wwpl is a member of C2-WW-HECT family E3 ligases and several of them regulate
osteoblast functions and target some of the same proteins (refs). It will be important to study
the specificity of individual E3 ligase in bone. We suspect that different E3 ligases regulate
osteoblast function at different stages of differentiation and/or in different physiologic or
pathologic settings. Wwp1 likely plays a more critical role in MSCs or osteoblast precursors
in disease conditions, such as chronic inflammation (1®) and aging. Ww1p may not play an
important role in bone homeostasis because it is expressed at very low levels
physiologically. Inflammation or the aging process up-regulate Wwp1 expression in MSCs
and osteoblast precursors, leading to inhibition of bone formation as a consequence of
increased degradation of positive osteoblast regulatory proteins.

Currently, we do not know why Wwp1 levels are increased in MSCs from old mice.
Ubiquitin E3 ligases are largely activated constitutively and are regulated at the level of
target protein interaction (°9). However, they can also be regulated by phosphorylation 1),
utilization of adaptor proteins 2) and at the transcription level. For example, LPS induces
muscle atrophy by stimulating the expression of atrogin-like-muscle-specific E3 ligase
through NF-xB (3). TNF rapidly (within 24 hours) increases Wwpl mRNA expression in
primary murine and human MSCs. This is strikingly faster than TNF-induced Smurfl
expression (3 days) (12, suggesting that TNF directly regulates Wwp1 transcription. We
identified a putative NF-xB response element in the murine WiwpI promoter. The role of
NF-xB in osteogenesis of MSCs has not been extensively investigated. However, mice over-
expressing an NF-xB inhibitor 44 in osteoblasts or with osteoblast-specific NF-xB
knockout (5°) have increased bone formation, indicating that NF-xB is a negative regulator
of osteoblasts (°6). Aging is a complicated process associated with low-grade chronic
inflammation, including increased TNF levels 47:58) and NF-xB activity (9. Thus, it is
likely that these factors up-regulate Wwp1 expression, but this will require further
investigation.

A previous study indicated that Wwp1 contributes to the high bone mass phenotype of
Shn3~ mice by promoting Runx2 ubiquitination in osteoblasts 7). A recent report
demonstrated that the high bone mass phenotype of $A737~ mice is also due to decreased
osteoclast formation. S/n37~ MSCs express low levels of RANKL, resulting in reduced
numbers of osteoclasts in the diaphyseal region of long bones 69). We found that Wiwp1™~
mice have normal osteoclast numbers in long bones and that their MSCs express comparable
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levels of RANKL (data not shown), indicating that Wwp1 regulates bone mass mainly
through the regulation of osteoblast function.

In summary, our results demonstrate that Wwp1 is a new negative regulator of osteoblast
function by reducing the protein levels of multiple positive osteoblast regulators. Wiwp1 ™~
mice exhibit high bone mass due to increased osteoblast precursor differentiation and
migration. Wwp1 expression is low in MSCs from young mice and it increases gradually as
mice age, while Wwp1 deficiency in mice prevents age-related bone loss and osteoblast
inhibition. Wwp1 inhibitors may represent a new class of bone anabolic agents to treat
patients with osteoporosis.
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Figure 1. MSC-enriched CD45™ cells from old mice express decreased osteoblast marker genes
and increased E3 ligase Wwpl

Different ages of WT mice were used. CD45™ cells were isolated from bone marrow cells
via negative selection using micro-beads conjugated with anti-mouse CD45 antibody. The
gene expression levels of osteoblast markers (ALPand Runx2, A) and E3 ligases (Wipd,
Smurfl and itch, B) were determined by gPCR. Values are the means + SD of 3 culture
dishes. (C) 3rd passage of bone marrow stromal cells (BMSCs) were stained with MSC and
non-MSC surface markers and subjected to FACS analysis. (D) Protein expression of Wwpl
and Smurfl in BMSCs from young (1-month-old) and old (12-month-old) mice was
determined by Western blot analysis. The fold changes were calculated from the intensity of
bands on Western blot image using Scion Image Beta 4.02 (Scion Corporation, NIH).
Values are the means + SD of 3 separate experiments. *, p<0.05 vs data from 1-month-old
mice.
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Figure 2. Increased trabecular bone volume in Wwpl‘/‘ mice

Femurs isolated from 1-month-, 6-month- and 12-month-old WiypI~~ mice and WT
littermates were subjected to micro-CT analysis. (A) Representative 3D reconstructed
images show significantly increased trabecular structure parameters in bones of Wip1™~
mice. (B) Trabecular bone parameters from microCT analysis. Values are the means + SD of
5 mice. *, p<0.05 vs data from WT mice.
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Figure 3. Increased bone formation in Wwpl_/_ mice

Six-month-old WiwpI~~ mice and WT littermates were labeled with calcein, and femurs
were subjected to histologic examination. (A) Representative images of calcein-labeled
trabecular and cortical bone. (B) Histomorphometric analyses of calcein-labeled sections.
(C) Right panels: representative TRAP-stained sections. Left panels: histomorphometric
analyses of TRAP-stained sections. Values are the means + SD of 5 mice. **, p<0.01 vs data

from WT mice.
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Figure 4. MSC-enriched bone marrow stromal cells from Wwpl‘/' mice have increased
osteoblast differentiation

BMSCs from 6-month-old WiwpZ 7~ mice and WT littermates were used. (A) Cells were
cultured in the basal (CFU-F) or in the osteoblast-inducing medium (CFU-ALP) for 14 or 21
days respectively. Cells were stained with H&E or ALP. The number of colonies was
counted (upper panels). The bone marrow cells from WipZ™~ mice and WT littermates
were stained with a panel of antibodies for MSC marker and subjected to FACS analysis
(lower panels). (B) Primary bone marrow cells were stained with MSC and non-MSC
surface markers and subjected to FACS analysis. CD45™ cells were examined the frequency
of cells expressing Scal, CD105 and Ter119. (C) Cells were cultured in osteoblast-inducing
medium for 21 days. Cells were stained with Alizarin Red and the area of calcified nodules
was measured. (D) The expression levels of osteoblast markers (ALPand RunxZ2) were
determined by qPCR. (E) Cells were cultured in adipocyte-inducing medium for 6 days and
subjected to Oil red O staining. (F) Expression levels of Runx2 and JunB proteins by
Western blot analysis. The fold changes were calculated as Fig. 1D. Values are the means
SD of 3 separate dishes. *, p<0.05 or **, p<0.01 vs WT cells.
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Figure 5. MSC-enriched bone marrow stromal cells from Wwpl‘/‘

CXCL12 gradient

Page 17

mice migrate faster to a

(A) BMSCs from WT mice were labeled with calcein AM and seeded in the upper chamber
of a transwell dish. CXCL12 (10 ng/ml) was added to the lower chamber and cells were
incubated for different times (upper panel) or different doses of CXCL12 were added to the

lower chamber and cells were incubated for 24 hrs (lower panel). The % of cells that

migrated to the lower chamber was determined by measuring calcein intensity. (B) BMSCs
from Wip1™~ mice and WT littermates were labeled and seeded as above. CXCL12 was
added to the lower chamber and cells were incubated for 24hrs. The % of cells that migrated

to the lower chamber was determined. Values are the means + SD of 3 well/group. *,

p<0.05, **, p<0.01, and ***, p<0.001 vs PBS or WT group.
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Figure 6. MSC-enriched bone marrow stromal cells from Wwpl_/_ mice have decreased
CXCL12-induced CXCR4 degradation

(A-C) C3H10T1/2 cells were used. (A) Cells were labeled and seeded as Fig. 5A. CXCL12
was added to the lower chamber and cells were incubated for different times. The % of cells
that migrated to the lower chamber was determined. Values are the means + SD of 3 wells/
group. **, p<0.01 vs PBS group. (B) Expression of CXCR4 protein in CXCL12-treated cells
was determined by Western blot analysis. (C) Cells were pre-treated with the proteasome
inhibitor, MG132, or the lysosome inhibitor, chloroquine (CQ), and then treated with
CXCL12 for 12 hours. Expression of CXCR4 protein was determined. (D) BMSCs from

Wwp1™~ mice and WT littermates were pre-treated with MG132 or CQ and then with
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CXCL12 as above. Expression of CXCR4 protein was determined by Western blot analysis
and the fold changes were calculated as Fig. 1D.
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Figure 7. Decreased bone volume and osteoblast function in old mice is rescued in Wwpl'/‘mice
(A-C) BMSCs from young (1-month-old) and old (12-month-old) WT mice were used. (A)
The area of alizarin-red-stained calcified nodules. (B) The % of CXCL12-mediated
migration. Values are the means + SD of 3 wells/group. *, p<0.05, **, p<0.01 vs data from
young mice. (C) Expression of Runx2, JunB and CXCR4 proteins was determined by
Western blot analysis and the fold changes were calculated as Fig. 1D. (D-F) BMSCs from
old Wwwp1™~ mice and WT littermates were used. (D) The area of alizarin-red-stained
calcified nodules. (E) The % of CXCL12-mediated migration. Values are the means + SD of
3 wells/group. *, p<0.05, **, p<0.01 vs data from WT littermates. (F) Expression of Runx2,
JunB and CXCR4 proteins was determined by Western blot analysis and the fold changes
were calculated as Fig. 1D. (G) BMSCs derived from WipZ™~ mice and WT littermates
were treated with MG 132 (10 wM) for 4 hours and then lysed for ubiquitination assays to
detect endogenous ubiquitinated JunB and Runx2 proteins. (H) BMSCs from WwpI™~ mice
and WT littermates were transfected with JunB siRNA or control siRNA. Protein
expressions of Runx2 and JunB were determined by Western blot analysis.
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