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Bone formation is controlled by osteoblasts, but the signaling proteins that control osteoblast differen-
tiation and function are still unclear. We examined if the dynamin GTPase, which is associated with
actin remodeling and migration in other cells, plays a role in osteoblast differentiation and migra-
tion. Dynamin mRNA was expressed in primary osteoblasts throughout differentiation (0-21 days).
However, alkaline phosphatase (ALP) activity, a marker of osteoblast differentiation, was decreased in
osteoblasts over-expressing dynamin. Conversely, ALP activity was increased following shRNA-mediated

g?;) ‘?:zgc[i)st;orylation knockdown of dynamin and in osteoblasts treated with the dynamin inhibitor, dynasore. Dynasore
PTP-PEST also reduced c-fos and osterix expression, markers of early osteoblasts, suggesting a role for dynamin

in pre-osteoblast to osteoblast differentiation. Since dynamin GTPase activity is regulated by tyrosine
phosphorylation, we examined the mechanism of dynamin dephosphorylation in osteoblasts. Dynamin
formed a protein complex with the tyrosine phosphatase PTP-PEST and inhibition of phosphatase
activity increased the level of phosphorylated dynamin. Further, PTP-PEST blocked the Src-mediated
increase in the phosphorylation and GTPase activity of wild-type dynamin but not the phosphorylation
mutantdynY231F/Y597F. Although ALP activity was increased in osteoblasts expressing GTPase-defective
dynK44A, and to a lesser extent dynY231F/Y597F, osteoblast migration was significantly inhibited by
dynK44A and dynY231F/Y597F. These studies demonstrate a novel role for dynamin GTPase activity and
phosphorylation in osteoblast differentiation and migration, which may be important for bone formation.

Alkaline phosphatase
Tyrosine phosphorylation

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Bone mass is regulated by the activity of osteoclasts which
degrade bone and osteoblasts which form new bone (Tanaka et al.,
2005). Bone formation at eroded bone surfaces begins by the
recruitment of osteoblast precursors which undergo differentia-
tion and maturation into osteoblasts capable of secreting collagen
which is later mineralized to form bone (Ducy et al., 2000; Mackie,
2003). Although several key proteins involved in osteoblast func-
tion have been identified, much remains to be understood about
the process of osteoblast recruitment, migration and differentiation
into mature bone-forming cells.

Abbreviations: IP, immunoprecipitation; co-IP, co-immunoprecipitation; B,
Western blot; dyn, dynamin; TCL, total cell lysate; GFP, green fluorescent protein.
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Dynamin is a GTP hydrolase (GTPase) that participates in sev-
eral cellular activities such as endocytosis, intracellular membrane
trafficking (Hinshaw, 2000; Oh et al., 1998; Schmid et al., 1998;
Song and Schmid, 2003; Werbonat et al., 2000), actin remodeling
(Ochoaetal., 2000; Taylor et al., 2012) and migration (Razidlo et al.,
2013). Dynamin self-assembles into tetramers which stimulates its
basal GTPase activity (Warnock et al., 1996). The dynamin GTPase
cycle is also regulated by post-translational modifications such as
serine/threonine phosphorylation and subsequent dephosphory-
lation by calcineurin (Liu et al., 1994; Ahn et al.,, 1999; Graham
et al.,, 2007). Dynamin is also phosphorylated at tyrosine residues
by Src, which promotes its GTPase activity (Ahn et al., 2002). It was
previously demonstrated that dynamin acts in a GTP-dependent
manner to promote actin disassembly in osteoclasts (Ochoa et al.,
2000). We also reported that shRNA-mediated knockdown of
dynamin or over-expression of GTPase-inactive dynamin K44A in
osteoclasts increased the thickness of the actin-rich podosome
ring and decreased osteoclasts bone resorbing activity (Bruzzaniti
et al., 2005). In the current study, we examined the expression of
dynamin in osteoblasts, and demonstrated an important role for
dynamin phosphorylation and GTPase activity in osteoblast differ-
entiation and migration.
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2. Materials and methods
2.1. Cell culture

Murine calvarial osteoblast cells were harvested from 2- to
3-day-old mice (Subramaniam et al., 2005) and digested in alpha-
MEM containing 0.1% collagenase type V and 0.05% trypsin-EDTA
for 15min at 37 °C with rotation. The cells were centrifuged and
re-suspended in alpha-MEM plus 10% FBS and plated. Osteoclasts
were prepared from murine bone marrow as previously described
(Bruzzaniti et al., 2009). 293VnR cells (HEK293 human embry-
onic kidney cells stably expressing the vitronectin receptor) were
described previously and validated as an appropriate model sys-
tem to study dynamin GTPase activity (Bruzzaniti et al., 2005).
MC3T3-E1 (ATCC) and 293VnR cells were transiently transfected
in Opti-MEM media using FUGENE 6 as recommended by the man-
ufacturer (Roche Diagnostics, Indianapolis, IN).

2.2. Plasmids

Dynamin 2, the most common dynamin isoform (Cook et al.,
1994), was used for all of our studies. Rat dynamin 2 (splice vari-
ant aa) and dynK44A were inserted into the pEGFP-N1 vector as
previously reported (Ochoa et al., 2000). The single point mutants
(dynY231F,dynY597F) and double mutant (dynY231F/Y597F) were
generated by site-directed mutagenesis (Bruzzaniti et al., 2005).
Protein tyrosine phosphatase PTP-PEST containing a C-terminal
myc tag was previously described (Davidson and Veillette, 2001).

2.3. Viral expression of dynamin and dynamin shRNA knockdown

Recombinant adenovirus-expressing dynamin 2 (ba splice vari-
ant) (Damke et al, 2001) was used as previously reported
(Bruzzaniti et al., 2005). Adenovirus expressing dynamin 2 shRNA
or scrambled shRNA were generated using the Block-iT U6 RNAi
entry vector kit and adenoviral RNAi expression system (Invitro-
gen) as reported (Bruzzaniti et al., 2009). The virus concentration
used for dynamin over-expression or knockdown studies was opti-
mized prior to use and a multiplicity of infection of 100-300 was
used. After virus infection, calvarial osteoblasts were incubated in
osteogenic media for up to 3 days prior to harvesting.

2.4. Colorimetric dynamin GTP hydrolysis assay

Dynamin GTPase activity was quantified using a modified non-
radioactive in vitro GTP activity assay (Leonard et al., 2005). Briefly,
dynamin was isolated from cells by immunoprecipitation (IP) with
agarose beads. The IPs were washed 3 times with GTPase assay
buffer (20mM HEPES-KOH (pH 7.5), 20mM KCl, 20mM MgCl,,
1mM DTT). Soluble GTP (20 wM final) was then added to the
agarose bead-protein complex and samples were incubated at
37°C for 1h. The supernatant (5 L) was transferred to a 96-well
microtiter plate containing 1.25 L of 0.5 M EDTA. 100 p.L of Mala-
chite green stock solution (1 mM Malachite Green, and 10 mM
ammonium molybdate tetrahydrate) was added and color devel-
opment was measured after 5-7 min at 650 nm. The concentration
of phosphate in solution was then calculated. A number of pos-
itive and negative controls were included; dynamin alone, GTP
solution (substrate solution), empty protein G-agarose beads, RIPA
buffer and un-transfected 293VnR cells were used. All background
absorbance readings were subtracted from the absorbance val-
ues for the dynamin-containing samples. Our optimization studies
demonstrated that the chemical components did not significantly
contribute to the GTPase assay.

2.5. Alkaline phosphatase activity

Osteoblasts were cultured for up to 21 days in osteogenic media
containing 10 wM ascorbic acid and 50 uM [3-glycerolphosphate.
For alkaline phosphatase (ALP) staining, cells were fixed in 10%
formalin for 15 min. The ALP staining solution was prepared by
dissolving 1 mg Naphthol AS=MX (Sigma) in one droplet of N,N-
dimethylformamide (Wako, Osaka, Japan) and resuspended in
10mL of 0.1 M Tris—HCl buffer containing 2 mM MgCl,. Fast BB salt
(6 g, Sigma) was added. Cells were stained for 20 min at 37°C,
washed and stored dry. For ALP in vitro chemical assays, osteoblasts
were suspended in 0.3 mL lysis buffer (0.1% triton X-100, 50 mM
NaF, 1% aprotinin, 1% pepstatin and 1% phenylmethanesulfonyl flu-
oride). An aliquot of the cell lysate was added to the ALP substrate
buffer containing 2 mg/mL p-nitrophenyl phosphate in 1.5 M alka-
line buffer (Sigma), and the mixture was incubated at 37°C for
50 min. The enzymatic reaction was stopped by the addition of
10mM NaOH, and the absorbance was read at 405 nm. A protein
assay was then performed using the BCA Protein Assay reagent
(Pierce Biotechnology, Rockford, IL.) and ALP activity was normal-
ized to protein concentration.

2.6. Migration assays

Osteoblast migration assays were performed using Culture-
Insert w-Dishes as described by the manufacturer (Ibidi, Mt.
Prospect, I1.). Primary osteoblasts were seeded into the inner well
of the p-Dish and incubated at 37°C and 5% CO,. After overnight
incubation, the insert was removed, unattached cells were rinsed
off, and osteoblasts were incubated with alpha-MEM contain-
ing 0.5% serum in the presence of dynasore (40 M) or vehicle
(DMSO) for 12 h. Alternatively, primary osteoblasts or MC3T3-E1
osteoblasts were transiently transfected and then plated onto cov-
erslips. After 24 h, a rubber policeman was used to remove cells
from the center of the coverslip and the migration of cells into
the clear zone was quantified microscopically. Images were taken
using a Leica DMI4000B inverted microscope with attached digital
camera. Osteoblasts were imaged using bright field or fluorescent
microscopy (by virtue of a GFP tag) as necessary. Migration analy-
ses were carried out using Image Pro software (Media Cybernetics,
Inc. Bethesda, MD).

2.7. Reverse transcription PCR and Quantitative PCR

Complementary DNA (cDNA) was generated using the
Transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Science, Mannheim, Germany). PCR was performed following
standard protocols using oligonucleotide primers to dynamin
(dynamin2) (5-TGGAGCCCGCATCAATCGTATCTT-3' and 5'-
TTGCCTGACTCCGTGGATGTTCTT3-'). GAPDH was used as an
endogenous control (5-CTTTGGCATTGTGGAAGGGC-3/, 5'-
CAGGGATGATGTTCTGGGCA-3’). PCR products were resolved
on a 2% agarose gel containing ethidium bromide and imaged.
Alternatively, Syber® green Gene Expression Master Mix (Applied
Biosystems, Warrington, UK) was used for quantitative PCR
(QPCR). Samples were analyzed in the Applied Biosystems QPCR
machine using Step-One Software. The threshold cycle (Ct) for
each test gene was normalized against their respective endoge-
nous controls. QPCR was analyzed for fold change in expression
relative to controls with ACt values of the sample and refer-
ence gene using the formula 2-AACt. Samples were prepared
in duplicate and experiments were repeated 3 times and the
mean and SEM calculated. The QPCR primers used to detect
osteoblast genes were as follows; c-fos (5-ACTTCTTGTTTCCGGC-
3/, 5'-AGCTTCAGGGTAGGTG-3'), type I collagen (5'-AACCTGGTG-
CGAAAGGTGAA-3’, 5-AGGAGCACCAACGTTACCAA-3'), osteocalcin
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Fig. 1. Dynamin expression decreases during osteoblast differentiation. (A) Total cell lysates (TCL) from murine-derived osteoclasts and calvarial osteoblasts were blotted for
dynamin. Equal protein loading was confirmed with actin. Protein molecular (kDa) markers are shown. (B) Calvarial osteoblasts were differentiated in osteogenic media for
0-21 days. Quantitative real-time PCR was performed using primers specific to dynamin and results were expressed relative to dynamin levels at day 3. GAPDH was used
as the reference mRNA control. Samples were prepared in triplicate and the average +SEM is shown. Experiments were reproduced 3 times. Statistical significance was
performed using Student’s t-test and significance (p <0.05) relative to day 3 is indicated by the asterisk (*).

(5’-TCTCTCTGACCTCACAGATGCCAAGC-3/, 5-GGACTGAGGCTCC-
AAGGTAGCG-3’) and osterix (5-CCCTTCTCAAGCACCAATGG-

3, 5'-AGGGTGGGTAGTCATTTGCATAG-3’). The housekeeping
gene 18S RNA was used the internal reference control
and amplified wusing the 5-AGTCCCTGCCCTTTGTACACA-3’
and 5'-CGATCCGAGGGCCTCACTA-3’ primers. Alternatively,
the GAPDH primers 5-CTTTGGCATTGTGGAAGGGC-3' and

5'-CAGGGATGATGTTCTGGGCA-3’ were used.

3. Results

3.1. Dynamin is expressed during osteoblast differentiation

We first examined if dynamin was expressed in primary
osteoblasts, and whether the expression of dynamin was altered
during osteoblast differentiation. Primary osteoblasts were isolated
from the calvaria of neonatal mice and total cell lysates (TCL) were
subject to SDS-PAGE and Western blotting with an antibody to
endogenous dynamin. Since we previously demonstrated osteo-
clasts express dynamin (Bruzzaniti et al., 2005), we used primary
murine osteoclasts as a positive control (Fig. 1A). Western blotting
confirmed that dynamin is endogenously expressed in osteoblasts,
as well as osteoclasts. We next differentiated osteoblasts for 0-21
days in the presence of osteogenic media containing ascorbic
acid and B-glycerolphosphate, and then examined dynamin mRNA
levels on different days using quantitative real-time PCR (QPCR)
(Fig. 1B). Dynamin mRNA was detected throughout the osteoblast
differentiation process, with anincrease in dynamin levels detected
in day 7 cultures compared to day 3 cultures. These findings sug-
gested that dynamin may play a role in osteoblast differentiation
and function.

3.2. Osteoblast differentiation is regulated by dynamin activity

We examined if dynamin played a functional role in osteoblasts
by examining the effect of dynamin on alkaline phosphatase
(ALP) activity. ALP is a key enzyme expressed early in the
osteoblast differentiation process that regulates calcium phos-
phate deposition (Anh et al.,, 1998; Bonucci and Nanci, 2001).
We over-expressed dynamin in calvarial-derived osteoblasts using
adenovirus-mediated infection. Infected osteoblasts expressing
dynamin or a control were differentiated in osteogenic media con-
taining ascorbic acid and 3-glyerolphosphate for 3 days, then either
stained for ALP or assayed for ALP activity using an in vitro biochem-
ical assay. As shown in Fig. 2A, overexpression of dynamin, but not
the control virus, significantly reduced ALP staining and ALP activity
in osteoblasts.

Alternatively, we examined the effect of dynamin knock-
down on ALP expression and activity. Calvarial osteoblasts were
infected with adenoviruses expressing dynamin short hairpin RNA

(shRNA) or a scrambled shRNA. Cells were also differentiated in
osteogenic media for 3 days prior to ALP assay. Dynamin shRNA
knockdown reduced dynamin levels by approximately 50% and
led to an increase in ALP staining and ALP activity in osteoblasts
(approximately 2-fold increase) (Fig. 2B), further supporting a role
for dynamin in osteoblast differentiation.

We next examined if dynamin GTPase activity was important
for its effect on ALP activity. We used MC3T3-E1 osteoblast cells
which can be differentiated into mature osteoblasts in the pres-
ence of osteogenic media. MC3T3-E1 cells were incubated for 1,
2 or 3 days in osteogenic media containing dynasore, a specific
chemical inhibitor of dynamin GTPase activity (Kirchhausen et al.,
2008; Macia et al.,2006) (Fig. 2C). Osteoblasts treated with/without
dynasore were collected each day and assayed for ALP activity.
Of interest, dynasore stimulated ALP activity in a dose- and time-
dependent manner, with maximal ALP activity observed after 1 day
using low concentrations of dynasore (5 and 15 wM). In contrast,
higher concentrations of dynasore (40 M) inhibited ALP activity
after 24 h. After 3 days, the magnitude of the dynasore response was
reduced for all concentrations tested, although a higher level of ALP
activity was still observed in cells treated with 15 wM dynasore. To
confirm these results were not due to decreases in cell viability,
we used the trypan-blue exclusion viability test. Cell viability for
all dynasore-treated osteoblasts was found to be greater than 97%
(data not shown). These studies suggest that inhibition of dynamin
GTPase activity promotes ALP activity in a dose-dependent and
time-dependent manner, having its greatest stimulatory effect in
early osteoblast cultures.

To further examine the effect of dynamin inhibition on
osteoblast differentiation, we treated primary osteoblasts for 24 h
with dynasore and then performed QPCR analysis of known
osteoblast transcription factors or functional proteins as follows;
proliferating/pre-osteoblasts (c-fos), pre-osteoblasts to osteoblast
transition (osterix) and osteoblasts/mature osteoblasts (type I col-
lagen, osteocalcin) (Raisz, 1999) (Fig. 2D). These studies revealed a
significant decrease in c-fos and osterix expression in osteoblasts
treated with dynasore, compared to vehicle-treated cells. However,
collagen and osteocalcin mRNA levels remained unchanged after
dynasore treatment. Since c-fos and osterix expression precede ALP
expression during osteoblast differentiation, these studies suggest
that inhibition of dynamin GTPase activity promotes the differenti-
ation of early osteoblasts towards increased ALP activity. However,
dynasore does not appear to affect the differentiation of osteoblasts
into mature cells expressing both type I collagen or osteocalcin.

3.3. PTP-PEST decreases the phosphorylation and GTPase activity
of dynamin

Tyrosine phosphorylation is known to regulate dynamin
GTPase activity (Ahn et al., 2002), but the phosphatase involved
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Fig. 2. Dynamin regulates alkaline phosphatase activity. (A) Calvarial osteoblasts were infected with adenoviruses expressing dynamin (HA-tagged) or control (con) virus and
incubated in osteogenic media for 3 days, then fixed and stained for ALP activity. Pre-optimized virus concentrations were used. Representative ALP stained osteoblasts and
Western blot (WB) demonstrating increased dynamin-HA levels are shown. Protein loading was normalized by blotting for actin. ALP activity was also quantified using an
in vitro assay and results were normalized for total protein. (B) Osteoblasts were infected with dynamin shRNA adenovirus or a control scrambled shRNA virus, differentiated
for 3 days in osteogenic media and stained or assayed for ALP activity. Dynamin knockdown was confirmed by Western blotting with an antibody to total dynamin. (C)
Calvaria-derived osteoblasts were differentiated with increasing concentrations of dynasore (5, 15, 40 wM) for 1, 2 and 3 days. DMSO was used as the vehicle control. Cells
were harvested each day and assayed for ALP activity and then normalized for total protein. Asterisks indicate significance (p <0.05) as determined by Student t-test relative
to controls for each day. All experiments were reproduced 3-4 times. (D) Calvarial osteoblasts were treated with dynasore (10 wM) or DMSO vehicle for 24 h. RNA was
extracted and used for QPCR analysis of osteoblast markers (c-fos, osterix, osteocalcin and type I collagen). QPCR was performed in duplicate and the results from 3 separate
experiments were averaged. Statistical significance (p <0.05) is indicated by the asterisk (*).

in dephosphorylating dynamin is unknown. PTP-PEST is a
ubiquitously-expressed cytosolic phosphatase that is involved
in tyrosine dephosphorylation (Alonso et al., 2004; Veillette
et al., 2009; Eleniste et al., 2012; Chellaiah et al., 2007). We first
examined if dynamin could form a complex with PTP-PEST in
osteoblasts and if dynamin GTPase activity was necessary for their
interaction. Primary murine osteoblasts were treated with dyna-
sore or a vehicle control and subject to immunoprecipitation (IP)
with antibodies to either dynamin or PTP-PEST. Using reciprocal

antibody combinations for IPs we found that endogenous dynamin
and PTP-PEST formed a protein complex in osteoblasts (Fig. 3A).
Moreover, dynasore had little effect on the association of dynamin
with PTP-PEST in osteoblasts. To confirm if endogenous dynamin
was dephosphorylated by phosphatases, calvarial osteoblasts were
subject to IP using an antibody to dynamin, followed by Western
blotting using an antibody that detects phosphorylated tyrosine
residues (p-tyr). IPs were also performed with an IgG antibody
which demonstrated the absence of non-specific binding. To
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Fig. 3. Dynamin is dephosphorylated by PTP-PEST. (A) Calvarial osteoblasts were treated with dynasore (40 wM) or vehicle for 1 h. Endogenous dynamin and PTP-PEST (PEST)
were immunoprecipitated (IP) and blotted as indicated. (B) Calvarial osteoblasts were treated with PAO (20 and 40 M) or vehicle control for 1 h. Lysates were subject to IP
and Western blotting with an antibody to phospho-tyrosine (pTyr) residues. Blots were striped and re-blotted for dynamin to confirm equal amount of dynamin in each IP.
IPs were also performed with an IgG antibody. Total cell lysates (TCL). (C) Dynamin (dynWT-GFP) was co-expressed with increasing amounts of PTP-PEST (myc-tagged) in
293VnR cells. Dynamin was immunoprecipitated with anti-GFP and blotted with anti-pTyr. PTP-PEST was detected with an antibody to myc. To determine changes in dynamin
phosphorylation, densitometric analysis of dynamin pTyr blots was performed and results were normalized for total dynamin without PTP-PEST. Results are expressed as %
dynWT (bar graph). TCLs were blotted with GFP or myc to detect expression of transfected proteins. (D) DynWT and PTP-PEST were expressed as above and cells were treated
with 2 mM Na3VO;4 for 2 and 3 h. Dynamin phosphorylation was analyzed by IP and Western blotting using a pTyr antibody, followed by densitometry. Results are expressed
as a % of dynWT. (E) Lysates from cells expressing dynWT and PTP-PEST (from Fig. 4C) were subject to IP and assayed using the GTPase assay. Results are expressed as a % of
dynWT. The expression of dynWT and PTP-PEST was confirmed by Western blotting (see Fig. 4C). (F) 293VnR cells expressing dynWT and PTP-PEST that were treated with
NasVO4 (same lysates as in Fig. 4D) were assayed for GTPase activity. All samples were prepared in duplicate and results were averaged and expressed as a percentage of
dynWT (no PTP-PEST). Similar findings were observed when cells were treated with PAO (data not shown). Labels: IP, immunoprecipitation; B, Western blot; TCL, total cell
lysates. Experiments were replicated at least 3-5 times with similar findings and representative experiments are shown.

stabilize phosphorylated dynamin levels, osteoblasts were treated increasing concentrations of PAO, suggesting that the tyrosine
with the phosphatase inhibitor phenylarsine oxide (PAO), which dephosphorylation of dynamin in osteoblasts may be tightly
is a known inhibitor of PTP-PEST (Chellaiah et al., 2007) (Fig. 3B). regulated by phosphatases.

Although we detected a low level of phosphorylated dynamin in We next determined if PTP-PEST was involved in dynamin
osteoblasts, we found an increase in phosphorylated dynamin with dephosphorylation, and if dephosphorylation affected dynamin
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GTPase activity. Because of the low transfection efficiency of
primary osteoblasts, dynWT and PTP-PEST were co-expressed
in 293VnR cells which we previously validated as an appro-
priate model system for dynamin activity assays. Changes in
dynamin phosphorylation were then examined by IP and West-
ern blotting with a phospho-tyrosine specific antibody, followed
by densitometric analysis of blots. Similar to our findings in
osteoblasts, dynamin co-immunoprecipitated with PTP-PEST in
293VnR cells (Fig. 3C). In the presence of PTP-PEST, we also
found that the level of phosphorylated dynamin significantly
decreased by 75-90%, compared cells expressing dynWT only.
Like PAO, sodium orthovanadate (Na3VQ,) is a known chemical
inhibitor of PTP-PEST phosphatase activity. We examined if inhi-
bition of transfected PTP-PEST by Na3VO4 could restore dynamin
phosphorylation and consequently dynamin GTPase activity. We
treated cells expressing dynWT and PTP-PEST with Na3VO,4 for
2 and 3h and examined dynamin phosphorylation (Fig. 3D) and
GTPase activity (see below). We found a 62-85% increase in
dynamin phosphorylation in cells treated with NazVO4, com-
pared to vehicle-treated cells. Similar results were found using
PAO (data not shown). Indeed, Na3VO4 completely reversed the
effects of PTP-PEST on dynamin phosphorylation levels after
2h.

We next examined if dynamin dephosphorylation by PTP-
PEST negatively regulated dynamin GTPase activity. In order to
quantitate dynamin GTPase activity we used a modified in vitro
colorimetric dynamin GTPase assay. The dynamin GTPase activity
assay was based on the ability of immunoprecipitated dynamin to
hydrolyze GTP to GDP, releasing inorganic phosphate (P;) (Leonard
et al., 2005). The dynamin GTPase activity assay was validated
using a number of positive and negative controls. Positive controls
(dynWT) showed high levels of GTPase activity. Negative con-
trols, including dynasore and dynkK44A, a known GTPase-inactive
mutant) (Damke et al., 1994; Song et al., 2004; Kirchhausen et al.,
2008) showed low or undetectable levels of GTPase activity as
expected (data not shown). Using this assay, we examined the
effect of PTP-PEST activity on dynamin GTPase activity. Aliquots
of the same cell lysates prepared for IPs (see Fig. 3C) were used for
these analyses and Western blotting confirmed similar expression
levels of dynamin in each sample. We observed a corresponding
78-88% decrease in dynWT GTPase activity with increasing expres-
sion of PTP-PEST (Fig. 3E). Since the phosphorylation of dynamin
was increased in a time-dependent manner by the phosphatase
inhibitor Na3VO,4, we examined its ability to restore dynamin
GTPase activity in the presence of PTP-PEST. Consistent with the
effect of Na3VO4 on dynamin phosphorylation, a time-dependent
increase in dynamin GTPase activity was also observed in the
presence of Na3VO, (Fig. 3F). Indeed, Na3VO,4 increased dynamin
GTPase activity above the levels of the dynamin only control, most
likely as a result of inhibition of endogenous as well as over-
expressed phosphatase activity. Together, these results suggest
that PTP-PEST promotes dynamin dephosphorylation at tyrosine
residues, leading to a corresponding decrease in dynamin GTPase
activity.

3.4. PTP-PEST reverses the effect of Src on dynamin
phosphorylation and activity

It was previously demonstrated that dynamin phosphoryla-
tion at tyrosine residues occurs in part by c-Src (Foster-Barber
and Bishop, 1998; Ahn et al., 1999, 2002). To determine if PTP-
PEST-mediated dephosphorylation of dynamin occurred at Src
target sites, dynamin and c-Src were expressed in the pres-
ence or absence of PTP-PEST. Dynamin was subject to IP and
analyzed for phosphorylation by Western blotting and densit-
ometry (Fig. 4A). We found that c-Src catalyzed the tyrosine

phosphorylation of dynamin, increasing its phosphorylation
level by 130%, compared to controls. However, in cells con-
taining dynWT, Src and PTP-PEST, the level of phosphory-
lated dynamin was decreased to 30% of controls (dyn+Src).
We also examined the effect of PTP-PEST on Src-mediated
increases in dynamin GTPase activity (Fig. 4B). In paral-
lel to changes in dynamin phosphorylation, we observed a
corresponding increase in dynamin GTPase activity in the
presence of Src, which was reversed by the addition of PTP-
PEST.

Two putative Src phosphorylation sites have been reported
in dynamin; Y231 and Y597 (Foster-Barber and Bishop, 1998;
Ahn et al, 1999, 2002). We confirmed the importance of
these tyrosine sites for overall dynamin phosphorylation and
GTPase activity by expressing Src and PTP-PEST with dynY231F,
dynY597F or dynY231F/Y597F. Dynamin was subject to IP and
analyzed for phosphorylation by Western blotting and densit-
ometry. As expected, the phosphorylation level of dynY231F,
dynY597F and dynY231F/Y597F were significantly lower (75%,
65% and 70%, respectively) than dynWT, and were similar to
cells expressing dynWT +PTP-PEST. We also observed a robust
70% decrease in the GTPase activity of dynY231F, dynY597F and
dynY231F/Y597F, compared to dynWT (Fig. 4D). Co-expression
of PTP-PEST with dynY231F, dynY597F or dynY231F/Y597F
had only a minor inhibitory effect on the dephosphoryla-
tion or GTPase-activity of the dynamin tyrosine mutants as
anticipated. These findings confirmed that Y231 and Y597 sig-
nificantly contribute to the overall tyrosine phosphorylation
state of dynamin, which regulates dynamin GTPase activ-
ity.

3.5. Effect of dynamin phosphorylation and GTPase activity on
osteoblast function

To examine if dynamin phosphorylation was important
for ALP activity, we expressed dynWT, dynK44A (GTPase-
defective) or dynY231F/Y597F (phosphorylation-defective)
in MC3T3-E1 osteoblasts and then assayed ALP activity.
Western blotting confirmed a similar level of expression of
dynWT, dynK44A and dynY231F/Y597F in osteoblasts (Fig. 5).
DynK44A increased ALP expression in MC3T3-E1 cells by
almost 80%, compared to dynWT. Although dynY231F/Y597F-
expressing osteoblasts exhibited a small increase in ALP
activity (40% increase compared to dynWT), the overall effect
of dynY231F/Y597F on ALP activity was significantly less than that
of dynK44A.

Since osteoblasts are migratory cells that are recruited to
resorbed bone surfaces, we examined whether dynamin activity
and phosphorylation played a role in osteoblast migration. Cal-
varial osteoblasts were plated in migration chambers and treated
with or without dynasore (5 or 40 wM) and imaged at O and
12h (Fig. 6A). Osteoblasts treated with 5 M dynasore displayed
a similar migration pattern as vehicle treated cells. However,
higher doses of dynasore (40 wM) led to a significant decrease
(—50%) in osteoblast migration, compared to vehicle-treated con-
trols. Dynasore is reported to be a specific chemical inhibitor
of dynamin (Kirchhausen et al., 2008; Macia et al., 2006). How-
ever, we cannot yet exclude the possibility that the decrease in
migration in the presence of 40 wM dynasore was due in part
to inhibition of other GTPases in osteoblasts. To further examine
the role of dynamin phosphorylation in the osteoblast migration
process, we expressed dynWT, dynK44A or dynY231F/Y597F in
MC3T3-E1 osteoblastic cells. All transfected proteins contained
a GFP-tag and therefore could be imaged under fluorescence
microscopy (Fig. 6B). The expression of dynWT had no signifi-
cant effect on osteoblast migration, perhaps reflecting the fact
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Fig. 4. Src stimulation of dynamin phosphorylation and activity is reversed by PTP-PEST. (A) Dynamin and Src were co-expressed with or without PTP-PEST in 293VnR cells.
Dynamin was subject to IP and blotted as indicated. Densitometric analysis of phosphorylated dynamin was performed and results were expressed as a percentage relative
to dynWT. Findings reveal 140% increase in dynamin phosphorylation by Src and 192% decrease in phosphorylation when PTP-PEST was co-expressed with dynWT and Src.
(B) The GTPase activity of dynamin in cell lysates (prepared as in 6A) was assayed and expressed as % of dynWT control. Samples were prepared in duplicate and results
were averaged and expressed as % of dynWT. Experiments were replicated at least 3 times and representative experiments are shown. (C) DynWT, dynY231F, dynY597F
and dynY231F/Y597F were expressed in 293VnR cells in the presence or absence of PTP-PEST. Dynamin was subject to IP and Western blotting as indicated. Densitometric
analysis of phosphorylated dynamin was performed and results were expressed as % relative to dynWT. (D) Lysates were assayed for dynamin GTPase activity and results
were expressed as a % relative to dynWT alone.
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media, cells were harvested and lysates were assayed for ALP activity. Results were normalized for total protein. Western blotting of TCL with an anti-GFP antibody was used
to confirm equal level of expression of transfected dynamin. Actin was used as a loading control. Experiments were performed in triplicate and the average + SEM is shown.
Statistical significance (p <0.05) compared to dynWT is indicated by the asterisk.
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were performed 3-4 times, each in duplicate, and the average + SEM is shown. Statistical analysis was performed using Student’s t-test. Significance for the 40 wM dynasore
group compared to the control group or 5 wM group is indicted by (*) and (#), respectively. (B) MC3T3-E1 cells expressing empty GFP vector, dynWT-GFP, dynK44A-GFP,
or dynY231F/Y597F-GFP were replated onto glass coverslips. A cell scraper was used to remove cells from the center of the well. Cells were imaged for GFP at Oh and
27 h. Migration was quantified by microscopy and expressed as a % relative to GFP-expressing cells. Western blot analysis confirmed equal expression of dynWT, dynkK44A
and dynY231F/Y597F. Experiments were performed in triplicate and repeated 3 times with similar results. The result of a representative experiment is shown. Statistical
significance for dynK44A versus control (*), dynY213F/Y597F versus control (*) and dynY213F/Y597F versus dynK44A (#) is indicated. Scale bar indicates 10 wm. (D) Schematic
summary of our findings. Our current studies demonstrate that endogenous dynamin plays a role in osteoblast function and that inhibition of dynamin activity increases
ALP activity and decreases osteoblast migration. We also reported that inhibition of dynamin GTPase activity decreased the bone resorbing activity and the migration of
osteoclasts in vitro (Bruzzaniti et al., 2005) (OB, osteoblast; OC, osteoclast).

that MC3T3-E1 cells express endogenous dynamin and that these dynK44A, resulting in a 62% decrease in migration. Together, these
cells are already highly migratory. Nevertheless, as expected findings were consistent with the inhibitory effect of dynasore
over-expression of dynkK44A inhibited MC3T3-E1 migration by on migration, and suggested that osteoblast migration is regu-
approximately 40%. Furthermore, the dynY231F/Y597F mutant lated by both the tyrosine phosphorylation and GTPase activity of
inhibited osteoblast migration to a much greater extent than dynamin.
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4. Discussion

Osteoblasts are derived from the mesenchymal stem cell pool
and differentiate from pre-osteoblasts into mature bone-forming
osteoblasts through the tight regulatory control of transcrip-
tion factors and functional proteins. We previously demonstrated
that dynamin GTPase activity is critical for promoting the bone-
resorbing function of osteoclasts, and that inhibition of dynamin
blocked osteoclast function. Our current studies now demonstrate
an important role for dynamin in osteoblast differentiation and
migration. Dynamin expression was found to be temporally reg-
ulated during osteoblast differentiation, with the highest level of
dynamin mRNA detected in 7 day cultures. We also found that
the expression of dynamin in osteoblasts negatively regulated
ALP activity, a marker of early osteoblast differentiation. Specif-
ically, over-expression of dynamin reduced ALP levels, whereas
shRNA-mediated knockdown of dynamin stimulated ALP activity.
The important role of dynamin GTPase activity on ALP expression
was also confirmed using the dynamin inhibitor dynasore, albeit
at low concentrations, and by over-expression of kinase-defective
dynK44A in MC3T3-E1 osteoblast cells. In contrast to dynK44A,
dynY231F/Y597F modestly increased ALP activity in MC3T3-E1
cells, despite similar levels of expression, which may reflect the
different rates of GTP-hydrolysis by these mutants. The increase in
ALP activity in osteoblasts treated with 5 and 15 M dynasore also
correlated with decreased c-fos and osterix mRNA levels, which are
involved in osteoblast proliferation and pre-osteoblast-osteoblast
transition, respectively. Together, these findings suggest that inhi-
bition of dynamin promotes the differentiation of osteoblasts from
pre-osteoblasts into early differentiated osteoblasts, as evidenced
by increased ALP activity. However, it appears that dynamin activ-
ity is dispensable for latter stages of osteoblast differentiation as
indicated by the finding that long-term incubation with dynasore (3
days) had little effect on ALP expression, and collagen and osteocal-
cin mRNA levels were unaffected by dynasore. In studies published
by others (Heining et al., 2011) it was reported that 40 wM dyna-
sore blocked the ability of the bone morphogenic protein 2 (BMP-2)
to induce transcription in the osteoblastic cell line, C2C12, which
was suggested to attenuate osteoblast differentiation. However,
no dose-response analyses were performed, and we found a clear
temporal and dose-dependent effect of dynasore on osteoblast dif-
ferentiation.

Dynamin GTPase activity is regulated by self-assembly, intra-
cellular localization and post-translational modification (Warnock
et al., 1996; Schafer, 2004; Shajahan et al., 2004). Dynamin
contains several potential tyrosine phosphorylation sites (Cook
et al.,, 1994), but the cellular effect of dynamin phosphoryla-
tion is poorly understood. Our study revealed low levels of
phosphorylated dynamin in osteoblasts under basal conditions
(Fig. 3). However, inhibition of phosphatase activity increased
the level of phosphorylated dynamin, suggesting tyrosine phos-
phorylation/dephosphorylation in osteoblasts is a transient and
tightly-regulated event. We also found that endogenous dynamin
forms a protein complex with the tyrosine phosphatase PTP-PEST
in osteoblasts. In addition, transient expression of PTP-PEST with
dynamin led to a dose-dependent decrease in dynamin phosphor-
ylation, which was highly correlated with a decrease in dynamin
GTPase activity. PTP-PEST was also found to reverse the Src-
mediated phosphorylation of dynamin, which promoted dynamin
GTPase activity (Fig. 4). Whether the association of dynamin
with PTP-PEST is direct or mediated by other proteins is not
yet known. Moreover, our findings do not exclude the possibil-
ity that other phosphatases present in osteoblasts may participate
in the dephosphorylation of dynamin. Nevertheless, our stud-
ies suggest that the dephosphorylation of dynamin may in part
be regulated by PTP-PEST, and that dynamin dephosphorylation

is important for restoring dynamin GTPase activity to its basal
state.

Previously, it was shown that tyrosine residues Y231 and Y597
are phosphorylated in response to [3;-adrenergic stimulation (Ahn
et al., 1999) and are necessary for epidermal growth factor recep-
tor internalization (Ahn et al., 2002). It has also been shown that
c-Src is involved in the tyrosine phosphorylation of dynamin at
residue Y597 (Foster-Barber and Bishop, 1998; Ahn et al., 1999,
2002). Consistent with a decrease in the phosphorylation level
of dynY231F, dynY597F and dynY231F/Y597F, the GTPase activ-
ity of these tyrosine mutants was also significantly lower than
dynWT (Fig. 4), confirming that dynamin phosphorylation is a
critical step for GTPase activation. Moreover, mutation of these
sites affected the ability of PTP-PEST to dephosphorylate dynamin.
Given that self-assembly and phosphorylation stimulate the basal
GTPase activity of dynamin, we speculate that the dephosphory-
lation of dynamin is likely to occur after self-assembly stimulated
GTP-hydrolysis, or alternatively, that dephosphorylation by PTP-
PEST or other phosphatases reduces the ability of dynamin to
self-assemble.

During bone remodeling, osteoblasts are recruited to eroded
bone surfaces where they begin the process of bone formation.
Our finding that dynamin regulates ALP activity, a marker of early
osteoblasts, led us to also examine the role of dynamin in osteoblast
migration. Our studies demonstrated that dynasore (40 wM) and
dynK44A significantly inhibited osteoblast cell migration (Fig. 6).
Of interest, the phosphorylation mutant dynY231F/Y597F blocked
osteoblast migration to a greater extent than dynkK44A, but had a
lesser effect on ALP activity. These findings suggested that tyro-
sine phosphorylation of dynamin is an important step in the
migration of osteoblasts, which is likely to affect dynamin’s con-
formation and its binding to downstream signaling proteins (Wang
et al,, 2011; Krause et al., 2003; Nagano et al., 2012). Consistent
with this hypothesis, it was recently shown in tumor cells that
dynamin Y231 is phosphorylated at focal adhesions by Src, and
that dynamin is recruited to focal adhesions by the focal adhe-
sion kinase FAK (Wang et al,, 2011). A link between dynamin
and actin turnover has also been shown in osteoclasts (Ochoa
et al, 2000; Bruzzaniti et al.,, 2005) and osteoblasts (Eleniste
and Bruzzaniti, 2012 and unpublished data). However, additional
studies are needed to better understand the role of dynamin in
regulating focal adhesion turnover rate and its effect on cell migra-
tion.

In summary, our results demonstrate that dynamin GTPase
activity, which is regulated in part by changes in its phosphor-
ylation, controls the differentiation and migration of osteoblasts.
Our findings also demonstrate that inhibition of dynamin GTPase
activity promoted early osteoblast differentiation leading to an
increase in ALP activity, and led to a decrease in osteoblast migra-
tion. Interestingly, we also previously reported that inhibition of
dynamin blocked both osteoclast bone resorbing activity and osteo-
clast migration on dentin slices (Bruzzaniti et al., 2005) (see Fig. 6C).
Taken together, our results suggest that inhibitors of dynamin may
be useful for the treatment of bone loss diseases by promoting
early osteoblast activity while inhibiting osteoclast bone resorbing
activity.
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