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FKBP25 (FKBP3 gene) is a dual-domain PPlase protein that consists of a
C-terminal PPlase domain and an N-terminal basic tilted helix bundle
(BTHB). The PPlase domain of FKBP25 has been shown to bind to micro-
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tubules, which has impacts upon microtubule polymerisation and cell cycle
progression. Using quantitative proteomics, it was recently found that
FKBP25 was expressed in the top 10% of the mouse skeletal muscle prote-
ome. However, to date there have been few studies investigating the role
of FKBP25 in non-transformed systems. As such, this study aimed to
investigate potential roles for FKBP25 in myoblast viability, migration and
differentiation and in adaptation of mature skeletal muscle. Doxycycline-
inducible FKBP25 knockdown in C2C12 myoblasts revealed an increase in
cell accumulation/viability and migration in vitro that was independent of
alterations in tubulin dynamics; however, FKBP25 knockdown had no dis-
cernible impact on myoblast differentiation into myotubes. Finally, a series
of in vivo models of muscle adaptation were assessed, where it was
observed that FKBP25 protein expression was increased in hypertrophy
and regeneration conditions (chronic mechanical overload and the mdx
model of Duchenne muscular dystrophy) but decreased in an atrophy
model (denervation). Overall, the findings of this study establish FKBP25
as a regulator of myoblast viability and migration, with possible implica-
tions for satellite cell proliferation and migration and muscle regeneration,
and as a potential regulator of in vivo skeletal muscle adaptation.

Introduction

Peptidyl prolyl isomerases (PPlase), which include the
FK506 binding proteins (FKBPs), are a class of
enzymes that facilitate the conversion of peptide bonds

conformations [1]. The unusual conformation of the
cyclic proline side chain leads to steric hindrance of the
growing polypeptide chain, such that the non-binding

between proline residues from cis to tranms interaction of the cis-proline side chain impairs the
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ability of the peptide chain to bind to additional amino
acids and form a secondary structure [2,3]. Proline iso-
merisation can also occur as a regulatory modification
of selected proteins to modulate their function, includ-
ing histone H3 [4], RNA polymerase II [5] and mitogen-
activated protein kinase (MAPK/p38) [6].

FKBPs are a diverse family of immunophilin mole-
cules that range in size and function (for review see
[7,8]). The most well known is FKBP12 (FKBP1A
gene) which mediates immune suppression when com-
plexed with the immunosuppressant drug, FK506
(Tacrolimus) [9], and plays a role in the inhibition of
the mechanistic target of rapamycin complex 1
(mTORCI) signalling when complexed with rapamycin
[10]. The function of the FKBPs is dependent on their
structure and presence of functional domains, includ-
ing the PPlase domain, PPIase-like domain and tetra-
copeptide (TPR) domain, which can be found in large
FKBPs [11]. While the function of large FKBPs,
including FKBP51 and FKBP52, has been extensively
studied [12-17], other FKBPs, such as FKBP25, are
yet to be thoroughly investigated.

FKBP25 (FKBP3 gene) is a dual-domain protein
consisting of a C-terminal PPlase region and an
N-terminal basic tilted helix bundle (BTHB) region
[18]. From the relatively few studies that have investi-
gated FKBP25’s structure and function, it has been
found that the PPlase domain is required for protein
binding activity and the BTLB domain is needed to
facilitate nucleic acid binding [18]. Consistent with this,
FKBP25 has been demonstrated to shuttle between the
cytoplasm and the nucleus and be involved in nucleic
acid binding, DNA repair and interaction with pre-60S
ribosomal subunits [19-22]. Recently, FKBP25 has
also been found to bind to microtubules, via its cata-
lytic domain, regulating tubulin polymerisation and
mitotic spindle dynamics during the cell cycle [23], sug-
gesting that FKBP25 has the potential to regulate cell
proliferation and/or cell migration. Indeed, two recent
studies have shown that the knockdown of FKBP25
reduces breast and lung cancer cell proliferation and
invasion properties [24,25]; however, studies on the
role of FKBP25 in cell proliferation and migration in
non-transformed cells are lacking.

FKBP25 in myoblast function and muscle adaptation

Interestingly, a recent quantitative proteomics study
found that FKBP25 is the mostly highly expressed of
all FKBPs in mature mouse skeletal muscle and is in
the top 25% most highly expressed proteins in the
muscle proteome [26]. To date, however, no studies
have specifically examined the role and regulation of
FKBP25 in muscle cells or in mature skeletal muscle.
Therefore, this study examined the expression of
FKBP25 in proliferating, differentiating and quiescent
myoblasts, the role of FKBP25 in myoblast accumula-
tion/viability, migration and differentiation, and
changes to the expression of FKBP25 in various in
vivo models of adaptation in mature skeletal muscle.

Results

FKBP25 protein expression is associated with
proliferative potential of C2C12 myoblasts

Myogenesis is the process of proliferative myoblasts
fusing together and differentiating into myotubes (in
vitro) or mature muscle fibres (in vivo) [27]. Upon
induction of myoblast differentiation, a cascade of
myogenic regulatory factors (MRFs) begin to be tran-
scribed to facilitate the transition to mature myotubes,
including myoblast determination protein 1 (MyoD)
and myogenin [28]. These factors are repressed in pro-
liferative myoblasts and are activated upon induction
of differentiation by cessation of cyclin-dependent
kinase activity corresponding to the withdrawal of
myoblasts from the cell cycle to undergo terminal dif-
ferentiation. To determine whether FKBP25 abun-
dance would be altered during myogenesis, we
examined FKBP25 protein expression in C2C12 myo-
blasts over a 96-h time course from the initiation of
differentiation by serum deprivation (Fig. 1). As
shown in Fig. 1A,B, differentiation resulted in the
expected progressive formation of multi-nucleated
myotubes. Corresponding to the withdrawal from the
cell cycle, myotube formation was associated with a
decreased expression of Cyclin D1, and increases in
MyoD, myogenin and myosin heavy chain proteins.
Importantly, differentiation was also associated with
significant increase expression in FKBP25 protein

Fig. 1. FKBP25 protein increases during C2C12 myoblast differentiation and is ubiquitously expressed throughout the cytoplasm and
nucleus of C2C12 myoblasts. Proliferating C2C12 myoblasts were induced to differentiate in media containing 2% horse serum for up to
96 h. (A) C2C12 morphology throughout differentiation from an immature myoblast cell to mature myotube (i—iv; images taken at 10x
magnification. Scale bar = 100 um). (B) Representative western blots of FKBP25 expression, myogenic and proliferation markers. (C)
FKBP25 expression increases throughout C2C12 myogenesis, represented by one-way ANOVA with Tukey's post hoc test. (D) FKBP25 is
ubiquitously expressed throughout the cytoplasm and nucleus of C2C12 myoblasts (i) and myotubes (ii) (images taken at 60x magnification.
Scale bar = 10 um). Data are presented as mean + SD of n =3, * = P < 0.05.
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(Fig. 1B,C). Immunofluorescence analysis of myoblasts
and differentiated myotubes showed that FKBP25 pro-
tein was predominantly localised to the cytoplasm,
with a lower signal in the nucleus (Fig. 1D). These
findings suggest that FKBP25 protein expression is
related to differentiation status of the muscle cell, such
that undifferentiated myoblasts expressed low levels of
FKBP25, while differentiated myotubes express com-
paratively higher FKBP25 levels.

In contrast to post-mitotic myotubes, myogenic pre-
cursors cells can also exist as quiescent satellite cells.
Satellite cells are the stem population within the skele-
tal muscle that enable regeneration in response to mus-
cle damage [29]. Upon activation of satellite cells by
injury, the cells divide to replenish their stem popula-
tion, after which a daughter cell is able to migrate
to the damaged site, fuse into the myofibres and initi-
ate regeneration [30]. To examine whether FKBP25
expression is altered when quiescent myoblasts are
activated to re-enter the cell cycle, a suspension culture
was utilised to induce quiescence in myoblasts in vitro,
followed by replating of these quiescent cells in high
serum to induce proliferation. As shown in Fig. 2A,
replating and differentiation of suspended myoblasts
had no distinct impact of the time course of differenti-
ation or morphology of the proliferating myoblasts or
differentiated myotubes. Forty-eight hours of growth
in suspension culture was associated with reduced
Cyclin DI, consistent with a temporary withdrawal
from the cell cycle and the induction of quiescence
(Fig. 2B,C). Importantly, examination of FKBP25
protein revealed a marked decline in FKBP25 protein
in the first 12 h after replating to a solid substratum in
high serum conditions, which gradually recovered over
48 h of continued proliferation (Fig. 2C). These data
suggest that FKBP25 expression may be required to
be reduced to enhance the transition from quiescence
to rapid proliferation on a solid surface. When com-
bined with the differentiation data (Fig. 1), these
results suggest that proliferation is associated with low
levels of FKBP25 protein and that a reduction in
FKBP25 may be required for efficient proliferation.

FKBP25 knockdown increases C2C12 myoblast
accumulation/viability and migration in vitro

To further elucidate a potential role of FKBP25 in
C2C12 myoblast proliferation and differentiation, an
inducible FKBP25 knockdown (25KD) model was
developed using SMARTvector doxycycline (Dox)-
inducible lentiviral shRNA (Dharmacon, CO, USA).
Following 72 h of treatment with 0.5 pg-mL~" of doxy-
cycline, a 70% reduction of FKBP25 protein was

FKBP25 in myoblast function and muscle adaptation

observed in C2C12 myoblasts containing mir2 treated
with Dox (Fig. 3A.,B). Considering our previous find-
ings, we aimed to assess if levels of FKBP25 protein
were, in fact, associated with enhanced proliferative
capacity. To interrogate this hypothesis, 25KD C2C12
cells were subjected to a 5-day resazurin viability assay
to assess cell accumulation over time. It was observed
that, over time, there was a significant increase in cell
viability of 25K D cells (Fig. 3C) and an increase in cell
density, demonstrated by DiffQuick staining, at the 5d
end point (Fig. 3D,E). Both these measures are consis-
tent with an increase in cell proliferation; however, we
cannot rule out that a 25KD-induced reduction in cell
death also contributes to the increase cell accumulation.
We next aimed to assess functional measures of 25KD
myoblasts. Thus, using live cell imaging, a wound heal-
ing assay was performed to assess the impact of 25KD
on cell migration in vitro. As shown in Fig. 3F,G, there
was a significant increase in wound closure in 25KD
myoblasts compared to control cells. These data suggest
that a reduction in FKBP25 protein does indeed result
in enhanced cell accumulation/viability and an increased
migratory phenotype in C2C12 myoblasts.

FKBP25 knockdown does not alter microtubule
post-translational modifications, impair tubulin
stabilisation or the fraction of polymerised
tubulin in C2C12 myoblasts

FKBP25 has recently been shown to be a microtubule
(MT) binding protein that helps to promote MT stabil-
ity by associating with the mitotic spindle during the
telophase and cytokinesis stages of the cell cycle [23],
with the knockdown of FKBP25 in U20S cells resulting
in a decrease in the fraction of stable microtubules, as
assessed by a MT pelleting assay [23]. To investigate
whether enhanced myoblast cell viability and migration
may, in part, be due to decreased MT stability, subcellu-
lar fractionation was performed to assess the ratio of
MTs to free tubulin. Under control and maximal poly-
merisation conditions (pre-treated with paclitaxel), the
soluble fraction (S) represents less stable, dynamic MTs,
while the pelleted fraction (P) represents the stable MTs
[23]. Using this assay, we found that 25KD did not alter
the relative proportion of MT polymerisation in C2C12
myoblasts under control (Fig. 4A) or forced polymerisa-
tion conditions (Fig. 4B). We also examined two tubulin
post-translational modifications that can impact MT sta-
bility, alpha-tubulin acetylation and detyrosination, and
found that these were no affected by 25KD (Fig. 4B,C-F).
Finally, the expression of the MT depolymerising protein,
stathmin, was also assessed and found not to be altered by
25KD (Fig. 4E,F). Combined, these data suggest that
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Fig. 2. FKBP25 protein is increased in quiescent myoblasts and reduced upon re-entry into the cell cycle. C2C12 myoblasts were suspended
in a semi-solid medium (0.04%w/v methylcellulose/DMEM) for 48 to enter a state of cell cycle arrest. (A) Upon removal from suspension
culture, cells were replated on a standard tissue culture substratum. It was observed that there were no morphological changes to myo-
blasts or differentiated myotubes (Scale bar = 100 um). (B) FKBP25 protein expression is indifferent in suspended quiescent cells; however,
it decreases once replated and allowed to re-enter the cell cycle. This is seen by an increase in Cyclin D expression. Represented by one-
way ANOVA with Tukey's post hoc test. (C) Representative blots. Data are presented as mean + SD of n= 3, * = P < 0.05.

FKBP25 is not essential for regulation of MT dynamics
in proliferating C2C12 myoblasts.

FKBP25 knockdown does not impair C2C12
myogenesis or myotube fusion

Next, we aimed to examine the impact of a reduction
in FKBP25 on C2C12 myogenesis and myoblast fusion

during differentiation. Because Dox has previously
been shown to inhibit C2C12 myoblast differentiation
[31], we treated proliferating C2C12 myoblasts with
Dox for 72 h to induce 25KD prior to differentiation.
These 25KD cells were then differentiated for 120 h in
the absence of Dox. Importantly, we found that the
knockdown of FKBP25 in proliferating myoblasts was
maintained throughout differentiation (Fig. 5A,E).
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Fig. 3. FKBP25 knockdown increases C2C12 myoblast accumulation/viability and migration in vitro. Proliferating C2C12 myoblasts were
transduced with lentiviral particles containing a plasmid expressing a doxycycline (Dox)-inducible shRNA (Mir2) that targets FKBP25 mRNA to
knockdown FKBP25 protein expression or a non-targeting (NT) shRNA as the control. Transduced cells were selected and passaged every 2—
3 days, for 10 days. Mir2 (and NT) expressing myoblasts were then treated with 0.5 pg-mL~" Dox for 72 h, to induce FKBP25 knockdown
(25KD). (A) Quantification and generation of 25KD using doxycycline-inducible shRNA in C2C12 myoblasts. (B) Representative Western blot
showing reduced FKBP25 protein in Dox-treated and Mir2 expressing cells, compared to Dox-treated NT cells and untreated NT and Mir2 cells.
(C) Dox-treated and untreated NT and Mir2 cells were seeded at low density and allowed to proliferate for 1-5 days, after which they were sub-
jected to the AlamarBIlue viability assay to assess the number of viable/proliferating cells. Upon 25KD there is a significant increase in cell viabil-
ity over a 5-day period of active 26KD Mir 2. (D, E) After the AlamarBlue assays cells were stained with Diff-Quick stain and analysed for relative
differences in cell density. Cell viability data is supported by density staining of cell accumulation over the same 5-day period. (F, G) Cells were
plated at 90% confluence and left to adhere overnight before being scratched with a 200-uL pipette tip. The media was replaced with complete
medium containing Mitomycin C to prevent proliferation during wound healing. Images were then captured every 15 min, and the percentage
of wound closure (area in the wound pm?) in 20 h was determined. Following 25KD C2C12 myoblast wound healing migration is enhanced such
that Mir2 myoblasts close wound in 20 h compared to NT control, resulting in a 20% increase in wound healing (images taken at 10x magnifica-

tion. Scale bar = 100 um). Data presented as mean + SD of n =3, * = P < 0.05.

Despite this, there were no observable differences in
the expression of fast myosin heavy chain, myogenin,
or MyoD, indicating no effect on differentiation
(Fig. 5B-E). In support of this, 25KD had no effect
on overall myotube morphology or myotube size
(Fig. 6A,B). Moreover, fusion index (i.e. the number
of nuclei/myotube) was found to be unaltered follow-
ing 25KD (Fig. 6C/D). Combined, these data suggest
that FKBP25 is unlikely to play an essential role in
myoblast differentiation.

FKBP25 protein abundance is altered in in vivo
models of skeletal muscle adaptation

Although we found no evidence that FKBP25 plays an
important role in myoblast differentiation, it has
recently been shown that FKBP25 protein is the most
highly expressed FKBP in mature differentiated skele-
tal muscle in vivo, and this high expression places it
just inside the top 10% of the most highly expressed
proteins in the skeletal muscle proteome. This suggests
that, although it may not be important for the process
of differentiation, FKBP25 may still have an impor-
tant role to play in the structure and/or function of
differentiated muscle cells/fibres in vivo. Thus, to begin
to explore this further, we examined whether FKBP25
abundance is altered in mature skeletal muscle under-
going adaptation to a range of different stressors.
Firstly, we examined FKBP25 in two models of
mechanically induced muscle hypertrophy. MTE and
SA are forms of chronic mechanical loading, and we
have shown that the MTE is a milder overload stimu-
lus that induces less muscle damage/regeneration than
the SA model [32,33]. As shown in Fig. 7A, FKBP25
was significantly increased 7 days after MTE and SA
surgeries compared to sham muscles, suggesting that
FKBP25 is upregulated during muscle growth. Next,

we examined FKBP25 expression in a mouse model of
Duchenne muscular dystrophy (DMD), the mdx
mouse. DMD is a severe type of muscular dystrophy
induced by deletion of the dystrophin gene [34,35]
which leads to increased susceptibility to mechanical
stress resulting in repeated cycles of muscle damage
and regeneration that lead to fibrosis, inflammation
and pseudohypertrophy [36-38]. Similar to the MTE
and SA models of muscle adaptation, FKBP25 was
also upregulated in mdx muscle (Fig. 7B).

Finally, we examined FKBP25 in models of muscle
atrophy. In the first model, denervation, where the
muscle is unable to contract and undergoes a marked
reduction in mechanical loading [39], we found that
FKBP25 expression was reduced compared to sham
controls (Fig. 7C). In the food deprivation model,
muscle atrophy is due to reduced caloric intake which
leads to reduced mTORCI signalling and protein syn-
thesis [39] and not to altered mechanical loading. In
this model, we found that FKBP25 expression was not
altered compared to ad lib fed controls (Fig. 7D).
Combined, these studies demonstrate for the first time
that FKB25 expression dynamically regulated several
models of skeletal muscle adaptation associated with
muscle hypertrophy, atrophy and regeneration. This
suggests that, in addition to a potential role in myo-
blast proliferation, FKBP25 may also play a role in
the adaptation of mature skeletal muscle in vivo. These
findings highlight the need for further in vivo loss- and
gain-of-function studies to fully elucidate the role of
FKBP25 in skeletal muscle in vivo.

Discussion

This is the first study to investigate the potential role
of FKBP25 in skeletal muscle cells, showing that
FKBP25 protein abundance is relatively low in
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Fig. 4. FKBP25 knockdown in C2C12 myoblasts does not impair tubulin modifications associated with microtubule polymer stability, or the
proportion of polymerised tubulin. Proliferating C2C12 myoblasts were transduced with lentiviral particles containing a plasmid expressing a
doxycycline (Dox)-inducible shRNA (Mir2) that targets FKBP25 mRNA to knockdown FKBP25 protein expression or a non-targeting (NT)
shRNA as the control. Transduced cells were selected and passaged every 2-3 days, for 10 days. Transduced cells were selected and pas-
saged every 2-3 days, for 10 days. Mir2 (and NT) expressing myoblasts were then pre-treated with Dox for 72 h to induce FKBP25 knock-
down (25KD) and plated at 80% confluency 24 h prior to the Microtubule/Tubulin in vivo assay (see Materials and methods section for
details). (A) 256KD does not impair the proportion of polymerised tubulin in C2C12 myoblasts in either control or (B) paclitaxel-treated C2C12
myoblasts. (C/D) 25KD does not impair alpha-tubulin acetylation, or detyrosination in C2C12 myoblasts. (E) 256KD does not impact upon total
microtubule catastrophe inducer, stathmin-1 in C2C12 myoblasts. (F) Representative Western blots. All data are presented as n & SD,
n=3.
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Fig. 5. FKBP25 knockdown does not impact upon features of myogenic differentiation or expression of myogenic regulatory factors.
Proliferating C2C12 myoblasts were transduced with lentiviral particles containing a plasmid expressing a doxycycline (Dox)-inducible shRNA
(Mir2) that targets FKBP25 mRNA to knockdown FKBP25 protein expression or a non-targeting (NT) shRNA as the control. Transduced cells
were selected and passaged every 2-3 days, for 10 days. To induce FKBP25 knockdown in C2C12 myotubes, myoblasts were treated with
0.5 pg-mL~" doxycycline (Dox) in growth medium for 72 h prior to transition to differentiation medium containing 2% horse serum for up to
96 h. (A) 25KD knockdown in proliferating myoblasts was maintained throughout subsequent C2C12 differentiation. (B-E) 25KD did not
impact the protein expression of differentiation markers, fast myosin heavy chain, myogenin or MyoD in differentiated C2C12 myotubes. All
data are presented as mean + SD, n =3, * = P < 0.05.

proliferating myoblasts, compared to differentiated accumulation/viability and migration. Interestingly, we
myotubes and non-proliferating/quiescent myoblasts, found that a reduction in FKBP25 had no impact on
suggesting that FKBP25 may need to be maintained at in vitro myogenesis, despite FKBP25 abundance increas-
low levels to facilitate cell proliferation. This hypothe- ing during differentiation, suggesting that FKBP2S5 is
sis is, in part, supported by our novel finding that a not required for differentiation per se. Nonetheless, this
reduction in FKBP25 expression increased myoblast differentiation-induced increase in FKBP25 is consistent
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Fig. 6. FKBP25 knockdown does not impair myotube formation or fusion index of C2C12 myotubes in vitro. Proliferating C2C12 myoblasts
were transduced with lentiviral particles containing a plasmid expressing a doxycycline (Dox)-inducible shRNA (Mir2) that targets FKBP25
mRNA to knockdown FKBP25 protein expression or a non-targeting (NT) shRNA as the control. Transduced cells were selected and pas-
saged every 2-3 days, for 10 days. To induce FKBP25 knockdown in C2C12 myotubes, myoblasts were treated with 0.5 pg-mL™" doxycy-
cline (Dox) in growth medium for 72 h prior to transition to differentiation medium containing 2% horse serum for up to 96 h. (A) Myotube
formation after 96 h of differentiation post 25KD resulted in no morphological alterations compared to NT control (images taken at 10x mag-
nification. Scale bar = 100 um. (B) Measurements of myotube size revealed no differences in myotube size upon 25KD. (C) Fusion index
was calculated as number of nuclei per myosin HC-positive myofibre. (D) It was observed that 25KD did not impact upon fusion index

(images taken at 60x magnification. Scale bar = 10 um). All data are presented as mean + SD, n = 3.

with high levels of FKBP25 found in mature skeletal
muscle in vivo, suggesting thatFKBP25 may also play a
role(s) in regulating skeletal muscle structure, function
and/or adaptation. Indeed, we show for the first time
that the abundance FKBP25 protein is dynamically reg-
ulated in a range of in vivo models of muscle adapta-
tion. Overall, the findings of this study establish
FKBP25 as a potential regulator of myoblast prolifera-
tion, with possible implications for satellite cell prolifer-
ation and migration and muscle regeneration, and as a
potential regulator of skeletal muscle adaptation to in
Vivo Stressors.

Our finding that FKBP25 protein increased during
the differentiation of myoblasts initially suggested that
this increase may be required for myogenesis; however,
when FKBP25 was knocked down in myoblasts by
~70%, there was no impact on molecular or morpho-
logical markers of myoblast fusion or differentiation.
Notwithstanding the possibility that the remaining
~30% of FKBP25 was sufficient to enable differentia-
tion, these data suggest that FKBP25 is unlikely to play
an important role in myogenesis. Given that under
basal conditions, muscle stem cells in vivo (i.e. satellite
cells) are typically found in a quiescent state and are
activated to proliferate, migrate and fuse with existing
muscle fibres in response to muscle damage [40], we
assessed whether FKBP25 protein would be altered
during the process of transitioning from a quiescent to
a proliferative state. These experiments found that
FKBP25 abundance rapidly decreased upon re-entry
into the cell cycle and then gradually increased again as
cell confluency increased. These data suggest that a
reduction in FKBP25 may be required to facilitate the
re-entry into the cell cycle and/or for accelerating pro-
liferation. This hypothesis is supported by our finding
that the knockdown of FKBP25 led to increased cell
accumulation/viability. While our data suggest a time-
dependent divergence for an observable change in
25KD cell accumulation, further studies would benefit
from addition measurements to delineate the role of
FKBP25 in promoting proliferation versus inhibiting
apoptosis in the enhancement of cell accumulation.

This finding, however, contrasts with recent studies in
transformed breast, lung and osteosarcoma cancer cell
lines, in which FKBP25 expression is elevated, where
the knockdown of FKBP25 reduced cell proliferation
[23-25]. Together, these findings suggest that FKBP25’s
role in cell accumulation/viability may be cell type-
specific and requires further investigation.

FKBP25 was recently identified as a microtubule
(MT)-associated protein (MAP) that promotes MT
polymerisation and stabilisation, with the knockdown
of FKBP25 leading to disruption of the MT network in
sarcoma-derived U20S cells [23]. In the context of our
finding that FKBP25 was reduced in myoblasts transi-
tioning from a quiescent to a proliferative state, these
findings could suggest that FKBP25 abundance may
need to be reduced to allow for optimal MT dynamics
required for high rates of proliferation, i.e. sustained
elevated levels of FKBP25 may make MTs too stable
and slow cell cycle progression. MTs also play roles in
cell migration [41], and our finding that the knockdown
of FKBP25 enhanced cell migration could similarly
suggest that reduced FKBP25 optimises MT dynamics
in a way that favours increased migration velocity.
Although these hypotheses are attractive, we found no
evidence of altered MT polymerisation, or changes to
tubulin post-translational modifications that are associ-
ated with MT stability (acetylation or detyrosination)
[42], with FKBP25 knockdown. This may, in part, be
due to different levels of tubulin polymerisation in
C2C12 myoblasts versus U20S cells. Specifically, in the
study of Dilworth et al. [23], the majority of tubulin
was in the soluble non-polymerised fraction from
U20S cells, while we found most of the tubulin was in
the insoluble polymerised fraction in C2CI12 cells
(Fig. 4A). Interestingly, the relative proportion of solu-
ble to insoluble tubulin that we found in C2C12 myo-
blasts is similar to that reported for HELA, CG-4 cells
and OE19 cell lines [43.,44]. The reason for these cell
type differences is not clear; however, they suggest the
possibility of cell-specific differences in MT dynamics.
Thus, while we cannot definitively rule out a role in the
regulation of MT dynamics, other FKBP25-regulated
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Fig. 7. FKBP25 protein expression is differentially expressed in in vivo models of skeletal muscle adaptations. (A) Female FVB/N mice were
subjected to lower leg MTE or SA surgeries (or sham controls; see Materials and methods for details) to induce chronic mechanical
overload and hypertrophy of the plantaris muscle over 7 days. FKBP25 protein expression is increased in both models of chronic mechanical
loading (one-way ANOVA with Tukey’'s post hoc test). (B) Tibialis anterior (TA) muscles were dissected from male C57BI/10ScSn (normal
wild-type strain; Control) and C57BI/10mdx (mdx) mice. FKBP25 protein expression is increased in mdx muscle tissue. (C) Female FVB/N
mice were subjected to sciatic nerve denervation (or sham) surgery and the TA muscles were dissected 7 days post-surgery. FKBP25 pro-
tein expression is reduced in denervation-induced skeletal muscle atrophy. (D) Female FVB/N mice were subjected to 48-h food deprivation
(or the control ad libitum diet; ad lib), after which TA muscles were dissected. FKBP25 protein is not altered in food deprivation-induced skel-

etal muscle atrophy. (B-D) Represented with unpaired t-tests. All data are presented as n + SD, n = 3-4, * = P < 0.05.

mechanisms are likely to play more substantial roles.
One possibility is that FKBP25 is a MAP [23], but
instead of regulating MT dynamics per se, it somehow
regulates MT-mediated transport of cargo along the
MTs, such as mRNA, rRNA and nascent proteins
[45,46]. Therefore, a reduction in FKBP25 could lead
to altered mRNA translation and/or protein localisa-
tion within the cell, leading to altered cell function.
Clearly, further studies are required to elucidate a role
for FKBP25, if any, in regulating MT-mediated intra-
cellular transport.

Although we found no evidence that FKBP25 plays
a key role in myogenesis in vitro, a recent quantitative
proteomics analysis found that not only is FKBP25
the most highly expressed FKBP in mature differenti-
ated mouse skeletal muscle in vivo, but its high expres-
sion levels places it in the top 10% most highly
expressed proteins in the skeletal muscle proteome.
This is an intriguing finding which suggests that, while
FKBP25 may not be vital for the process of differenti-
ation per se, it may still have an important role(s) to
play in the structure and/or function of differentiated
muscle fibres in vivo. Therefore, we began to investi-
gate whether FKBP25 protein levels would be dynami-
cally regulated in different in vivo models of muscle
adaptation. These studies showed that FKBP25 pro-
tein was increased in two models of chronic mechani-
cal loading [myotenectomy (MTE) and synergist
ablation (SA)] [33,39] and a model of chronic low-level
muscle damage and regeneration [the mdx mouse
model of Duchenne muscular dystrophy (DMD)] [47]
but was decreased in the atrophic denervation model
of reduced mechanical loading [39,48]. Whether these
changes in FKBP25 are due to changes in transcrip-
tion, mRNA translation and/or protein stability
remains to be determined. Nonetheless, when com-
bined, these data demonstrate that FKBP25 protein
levels are dynamically regulated in muscles undergoing
significant remodelling and changes in protein turn-
over. These findings prompt the question of what role
(s) FKBP25 might be playing in models and adapta-
tion? If FKBP25 does play a role in MT network

stability, it is interesting to note that muscles from
adult dystrophic mdx mice have a denser microtubule
structure than wild-type mice [49], which may necessi-
tate higher levels of MAPs, including FKBP25. Dener-
vation is also associated with significant reorganisation
of the MT network [50,51]; however, the reduction of
FKBP25 may be representative of reduced muscle fibre
size and subsequent reduction in net density of the MT
networks of atrophied muscle [52]. Conversely, the
increase in FKBP25 with mechanical overload may sim-
ply be linked to the need for an increase in MTs with
the expansion of muscle fibre size.

One feature that is common to the models in which
FKBP25 levels were elevated (MTE- and SA-induced
overload and mdx muscle) is an increase in protein
synthesis and ribosome biogenesis [33,39,53]. In this
context, and given its role as a peptide isomerase, it is
perhaps not surprising that FKBP25 has been found
to be associated with the pre-60S ribosomal subunit
and with polyribosomes [21,54], the site of protein syn-
thesis. Thus, an increase in FKBP25 may coincide with
increased ribosomal biogenesis and may be required
for an increase in protein synthesis. Arguing against
this hypothesis, however, is the fact that FKBP25 was
reduced in denervated muscle, despite the known asso-
ciated increases in ribosomal biogenesis and protein
synthesis [39,55]. FKBP25 was also recently shown to
bind and inhibit the mTORCI [56], a major regulator
of protein synthesis and cell growth [57], whose signal-
ling is known to be elevated in all four models in
which FKBP25 was differentially regulated in this
study (i.e. MTE, SA, mdx and Den) [33,39,48,53]. This
could suggest that, at least in overloaded and dystro-
phic muscles, FKBP25 is part of a negative feedback
loop to limit mTORCI activation. In the case of
denervation, however, the reduction in FKBP25 levels
may be part of the mechanism that helps to increase
mTORCI activity and protein synthesis to attenuate
the loss of muscle mass [39,48]. Further in vivo loss-of-
function and gain-of-function studies are required to
fully elucidate the function(s) of FKBP25 in mature
skeletal muscle fibres.
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In summary, this study shows that FKBP25 is be a
novel regulator of myoblast viability and migration,
with potential implications for the regulation of satel-
lite cell proliferation and migration in response to
muscle damage. Furthermore, we found that
FKBKP25 protein abundance is differentially regu-
lated in in vivo models of skeletal muscle hypertrophy,
damage and regeneration, and atrophy, suggesting the
potential for a role in muscle remodelling/protein turn-
over. Future mechanistic studies are now required to
determine the role of FKBP25 in basal muscle struc-
ture and function, and in muscle adaptation.

Materials and methods

C2C12 myoblast culture

Mouse C2C12 myoblasts were cultured in Dulbecco’s modi-
fied eagle medium (DMEM, Thermo Fisher, Waltham, MA,
USA) supplemented with 10% foetal bovine serum (FBS),
antibiotic/antimycotic (1%, Invitrogen, Carlsbad, CA, USA),
Glutamax (1%, stable L-glutamine substitute, Thermo Fisher)
and sodium pyruvate (I mM per 110 mg-L™!, Thermo Fisher),
and HEPES (25 mMm per 5.9 gL ™!, Thermo Fisher). Cells
were routinely tested for mycoplasma contamination using
MycoAlert™ mycoplasma detection kit #LT07-318 (Lonza,
Switzerland).

C2C12 differentiation

Cultures were maintained at low confluence to prevent pre-
mature differentiation. C2C12 myoblasts were differentiated
by changing media to differentiation medium, DMEM con-
taining 2% horse serum for up to 96 h.

C2C12 suspension culture to induce quiescence

C2C12 cells were grown to 70% confluency in T75 flasks
and lifted as mentioned. A viscous suspension medium con-
taining 4% methylcellulose/DMEM (V/W) prepared as pre-
viously described [58]. Cells were either collected from
suspension or replated following 48 h in suspension.

Generation of shRNA knockdown of FKBP25 in
C2C12 cells

C2C12 myoblasts were plated at 1 x 10° cells in a T25
flask (Corning, Mulgrave, Victoria, Australia) and allowed
to adhere overnight at 37 °C with 5% CO,. The growth
medium was removed and replaced with 2 mL of DMEM
containing lentiviral particles and 10 pg-mL~" of polybrene
and incubated for 24 h. Following this, media was dis-
carded and replaced with growth medium for a recovery
period of 24 h. Cells were selected by puromycin antibiotic

FKBP25 in myoblast function and muscle adaptation

resistance marker using 5 pgmL~' puromycin (Sigma
Aldrich, St. Louis, MO, USA) which was replaced or pas-
saged every 2-3 days, for 10 days. To induce FKBP25
knockdown in C2CI12 myotubes, myoblasts were treated
with 0.5 pg-mL~! doxycycline (Dox) in growth medium for
72 h prior to transition to differentiation medium — as it is
well established that the presence of Dox itself impairs
myogenic differentiation [31]. shRNA sequences used for
inducible FKBP25 knockdown include non-targeting (NT):
TTTCAGTACCCTTAAAACG and Mir 3: AAAC-
GAATCTGAACCGTGT. Mir2 for FKBP25 was selected
from a set of miRNAs optimised and tested for FKBP25
knockdown in MD-MB-468 cells (not shown).

Tubulin polymerisation assay

The ratio of microtubule to free tubulin was determined
using a Microtubule/Tubulin /n Vivo Assay Biochem Kit
(Cytoskeleton, CO, USA). In brief, cells were pre-treated
with doxycycline to induce FKBP25 knockdown and played
at 80% confluency 24 h prior to the assay. Each sample was
treated with 1 um of paclitaxel to induce polymerisation of
the microtubules (MT) (1 h at 37 °C) as well as untreated
control cells. All reagents were warmed to 37 °C unless oth-
erwise specified. Cells were washed in PBS lysed and col-
lected in 80 pL of buffer. Next, the supernatant from the
low-speed spin was aliquoted into 1 mL of ultracentrifuge
tubes and centrifuged at 100 000 g. for 1 h at 37 °C. The
supernatant from the ultracentrifugation contained the free
tubulin fraction, and the pellet contained the polymerised
MT fraction. The pelleted MTs were resuspended in 80 pL
of MT stabilisation buffer, and 20 pL of 5x SDS buffer.
15 pL of 5x SDS buffer was added to the supernatant. The
samples were left to stabilise at room temperature for 15 min
before being subjected to SDS PAGE.

Immunofluorescence

Cells were grown on 150 pm thick poly-p-lysine coated
glass coverslips (Nue Vitro Corporation, Vancouver, WA,
USA), following treatment/induction of knockdown. Cells
were fixed with 4% paraformaldehyde (PFA) at 37 °C for
5 min, followed by room temperature for 25 min. Fixed
cells were washed five times with PBS. Cells were then incu-
bated in blocking and permeabilising buffer (0.2% skim
milk powder, 0.1 M glycine, 1% BSA, 0.01% triton-X in
PBS) at room temperature for 30 min, followed by three
PBS washes. The primary antibodies were made up in
0.1% BSA/PBST and incubated at room temperature for
60 min. The fluorophore-conjugated secondary antibodies
were diluted in 0.1% BSA/PBS and incubated for 30 min
at room temperature protected from light. Slides were
washed five times in PBS and the nuclei counterstained
with 1 pgmL™"  46-diamidino-2-phenylindole (DAPI;
Sigma Aldrich) for 10 min, and wash steps were repeated.
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Slides were mounted with a coverslip using Fluoroshield
anti-fade mounting media (Sigma Aldrich) and dried over-
night before imaging with the BX53 Olympus microscope.

AlamarBlue viability assay

AlamarBlue (resazurin salt) viability assay (Sigma Aldrich)
was used to measure viable, proliferating cells in a popula-
tion. Seventy-two hours after initiating Dox-mediated
FKBP25 knockdown, cells were resuspended at
1 x 10* cellsmL ™" and seeded at 1000 cells per well and
allowed to adhere overnight. AlamarBlue reagent was
diluted 1 in 10 with growth medium and added to C2C12
plates followed by incubation protected from light at 37 °C
with 5% CO, for 2 h. After the incubation period, the
supernatant was transferred to a white opaque 96-well plate
for fluorometric reading in the Varioskan Flash plate
reader using SKANIT RE software (Thermo Fisher) at 580-
610 nm (peak emission is 585 nm). The cells were replaced
with fresh media and placed back into the incubator; this
assay was repeated for 5 days. Measured relative fluores-
cence units (RFU) values were plotted for each time point.

Cell density measurements

At the end point of AlamarBlue assays, the cells were fixed
and stained with Diff-Quick stain (Histolabs, Kew East,
Victoria, Australia). The plates were then left to dry over-
night and before being scanned for analysis. Mean relative
density measurements were read using IMAGEJ (NIH; http://
rsb.info.nih.gov/nih-image/) and normalised to non-dox-
treated controls.

Wound healing assay

C2CI12 cells were cultured and reseeded on a 6-well plate
(Corning) at approximately 90% confluence. Cells were left
to adhere overnight before being scratched with a 200-pL
pipette tip. The media was replaced with complete medium
containing 5 ng-mL~' Mitomycin C (Sigma Aldrich) to
prevent proliferation during wound healing. Coordinates
were set within the scratch wound using NIS ELEMENTS soft-
ware on the Nikon Eclipse Ti-E inverted widefield micro-
scope (Nikon, Tokyo, Japan) to image each wound every
15 min for up to 24 h at 4x magnification. The images
were compiled into a film clip and analysed using NIS ELE-
MENTs software (Nikon) to determine the wound closure
time. Wound healing was analysed by determining the per-
centage of wound closure (area in the wound pm?) in 20 h.

C2C12 protein extraction and Western blot
analysis

Cells were plated in 6-well plates for protein extraction.
Plates were placed on ice and rinsed with ice-cold PBS
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before lysis with a modified radio-immunoprecipitation
assay buffer (RIPA buffer — 1 mm EDTA, 0.5 mm EGTA,
10 mm Tris—HCI, 140 mmMm sodium chloride, 10% sodium
deoxycholate and 1% Triton-X 100), containing protease
and phosphatase inhibitor cocktails (Sigma Aldrich). Plates
scraped using a cell scraper, and lysates were collected and
triturated to shear any remaining cellular debris. Lysates
were centrifuged, and the supernatants were collected. The
protein concentration of lysates were quantified using
bicinchoninic acid assay (BCA, Pierce Biotechnology,
Rockford, IL, USA) using the Varioskan Flash plate reader
using SKANIT RE software (Thermo Fisher) at 562 nm as per
manufacturer’s instructions.

Samples were prepared as per the manufacturer’s
instructions and  electrophoretically  separated on
NUPAGE Novex 4-12% Bis-Tris precast gradient gels
(Invitrogen). Gels were equilibrated in 20% ethanol and
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane using the iBlot2 dry blotting system (Invitrogen).
Membranes were blocked in 3% skim milk powder (w/v)
in tris-buffered saline with 0.1% tween-20 (TBST, pH
7.4), washed and incubated in appropriate primary anti-
bodies at 4 °C overnight. Following washing and second-
ary antibody incubation, membranes were imaged in the
Vilber Lourmat imaging system (Vilber Lourmat,
Eberhardzell, Germany). Densitometric measurements of
the protein of interest were quantified using FUSION CAPT
ADVANCE software (Vilber Lourmat). Upon analysis of
protein expression results were normalised to a loading
control (beta-actin) and expressed as either a proportion
of beta-actin expression or normalised to non-dox-treated
controls. The following primary antibodies were used:
FKBP25 (WB; 1 : 3000, MAB3955, R&D Systems, Min-
neapolis, MN, USA), FKBP25 (IF; 1:500, abl16654,
Abcam, Waltham, MA, USA), fast myosin heavy chain
(1:3000, ADb51263, Abcam), myogenin (1 : 3000,
ADb134175, Abcam), detyrosinated alpha-tubulin (1 : 1000,
ab131368, Abcam), MyoD1 (1 : 1000, #13812, CST, Dan-
vers, MA, USA), Cyclin D1 (1 : 3000, #55506, CST),
beta-actin (1 : 5000, #4970, CST), Stathmin (1 : 1000,
#13655, CST), acetylated alpha-tubulin (Lys40; 1 : 3000,
#32-2700, Invitrogen), total alpha-tubulin (1 : 5000, sc-
5286, Santa Cruz, Dallas, TX, USA) and pan tubulin
(1:1000, #ATNO2, Cytoskeleton, Denver, CO, USA).
The following secondary antibodies were used: Anti-sheep
HRP-conjugated (1 : 10 000, #GL21, Cytoskeleton), Goat
anti-Rat IgG (H + L) HRP-conjugated (1 : 10 000, #PI-
9400-1, Vector Labs, Newark, CA, USA), Goat anti-
Mouse IgG (H + L) HRP-conjugated (1 : 10 000, A-
10685, Invitrogen), Goat anti-Rabbit (H + L) IgG HRP-
conjugated (1 : 5000, #32460, Invitrogen), Goat anti-
Rabbit IgG (H + L) Cross-Adsorbed Alexa Fluor 594
conjugate (1 : 1000, A-11012, Invitrogen) and Goat anti-
Mouse IgG (H + L) Cross-Adsorbed Alexa Fluor 488
conjugate (1 : 1000, A-11001, Invitrogen).
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Animal models

All mice were purchased from Animal Resources Centre
(ARC; Western Australia) and housed at the Western Cen-
tre for Health, Research and Education (WCHRE, Sun-
shine Hospital, Victoria, Australia) on a 12-h light/dark
cycle with ad libitum access to food and water, unless oth-
erwise stated. For mechanical overload (MTE and SA),
denervation and food deprivation experiments, female
FVB/N mice aged 8-11 weeks were used. For comparison
between wild-type and dystrophic mdx mice, 3-week-old
male C57Bl/10ScSn (normal wild-type strain; CON) and
C57Bl/10mdx (mdx) were initially purchased and housed
until 12 weeks of age before tissue collection. All experi-
mental procedures were approved by the Victoria Univer-
sity Animal Ethics Committee and conformed to the
Australian Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes, 8th Edition, 2003.

Myotenectomy and synergist ablation models of
mechanical Overload-Induced muscle
hypertrophy

To examine potential changes in FKBP25 protein abun-
dance during in vivo models of adaptive muscle growth,
mice were subjected to either sham, MTE or SA surgeries
to induce chronic mechanical overload, as previously
described [33,39]. Briefly, mice were anaesthetised with iso-
flurane, and immediately before the surgery mice were
given an intraperitoneal (IP) injection of 0.05 mg-g~' of
buprenorphine analgesic. To induce mechanical overload of
the plantaris (PLT) muscles, bilateral MTE was performed
under isoflurane anaesthesia by removing the distal tendon
and myotendinous junction of the lower leg gastrocnemius
muscle, as previously described [39]. For a more robust/
stronger mechanical overload stimulus, SA surgeries were
performed under isoflurane anaesthesia which the distal
half of the gastrocnemius muscle and soleus muscle were
removed as previously described [48]. Control mice were
subjected to bilateral sham surgeries where an incision was
made on the lower leg and then closed. Following the
MTE and SA surgeries, incisions were closed with Vetbond
surgical glue (Henry Schein, Melville, NY, USA). Mice
were allowed to recover for 7 days, after which mice were
re-anaesthetised with isoflurane and the PLT muscles were
collected, immediately frozen in liquid N, and subjected to
Western blot analysis as described below. Following tissue
extraction, mice were killed by cervical dislocation while
still under anaesthesia.

Denervation and food deprivation models of
muscle atrophy

To examine potential changes to FKBP25 protein abun-
dance in in vivo models of muscle atrophy in vivo, mice

FKBP25 in myoblast function and muscle adaptation

were subjected to unilateral sciatic nerve denervation (Den)
or 48-h food deprivation (FD). For denervation experi-
ments, unilateral denervation surgeries were performed
under isoflurane anaesthesia by making a small incision in
the skin and underlying musculature on the lateral proxi-
mal thigh parallel with the femur, as previously described
[39]. The sciatic nerve was then isolated, and a 3-4 mm sec-
tion of the nerve was cut out. Control mice were subjected
to a sham surgery. Following the surgeries, incisions were
closed with Vetbond surgical glue. Mice were allowed to
recover for 7 days, after which the tibialis anterior (TA)
muscle was collected under isoflurane anaesthesia, frozen in
liquid N, and subjected to Western blot analysis as
described below. Following tissue extraction, mice were
killed by cervical dislocation while still under anaesthesia.

For food deprivation experiments, food was withheld
from mice for 48 h, with ad libitum access to water, as pre-
viously described [39]. Control mice were maintained on
the ad libitum diet (AL). After 48 h, mice were anaesthe-
tised with isoflurane and the TA muscles were collected,
frozen in liquid N, and subjected to western blot analysis
as described below.

mdx mouse model of Duchenne muscular
dystrophy

For the collection of TA muscles from WT and mdx mice,
mice first anaesthetised via IP injection of sodium pento-
barbitone (60 mg-kg™') as previously described [47], after
which muscles were frozen in liquid N, and subjected to
Western blot analysis as described below. Following tissue
extraction, mice were killed by cervical dislocation while
still under anaesthesia.

Mouse muscle sample preparation and western
blotting

Frozen muscles were homogenised with an Omni homoge-
niser (Model #TH220) for 20 s in ice-cold buffer A [40 mm
Tris (pH 7.5), 1 mm EDTA, 5 mm EGTA, 0.5% Triton X-
100, 25 mm B-glycerophosphate, 25 mm NaF, 1 mm
Na;VO,, 10 mgmL™" leupeptin and 1 mm PMSF]. The
whole homogenate was used for further Western blot anal-
ysis. Sample protein concentration was determined with a
DC protein assay kit (Bio-Rad, Hercules, CA, USA).
Equivalent amounts of protein from each sample were dis-
solved in Laemmli buffer, heated to 100 °C for 5 min and
then subjected to electrophoretic separation by SDS/PAGE.
Following electrophoretic separation, proteins were trans-
ferred to a PVDF membrane and blocked with 5% pow-
dered milk in TBS containing 0.1% Tween 20 (TBST) for
1 h followed by an overnight incubation at 4 °C with pri-
mary antibody dissolved in TBST containing 1% bovine
serum albumin. After an overnight incubation, the
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membranes were washed for 30 min in TBST and then
probed with a peroxidase-conjugated secondary antibody
(1 : 5000, #PI-1000, Vector Laboratories, Burlingame, CA,
USA) for 1 h at room temperature. Following 30 min of
washing in TBST, the blots were developed using ECL
Prime reagent (Amersham, Piscataway, NJ, USA) and
images were captured (Fusion FX imaging system, Vilber
Lourmat). Densitometric analysis was performed using
FUSION CAPT ADVANCE software (Vilber Lourmat). Mem-
branes were then stained for total protein with Coomassie
Blue. The signal for the band of the protein of interest was
then normalised to the signal for total protein in each lane.

Statistical analysis

All C2C12 experiments were performed at least three times
using biological replicates, and all biological replicates of
functional data are representatives of three technical repli-
cates. Animal experiments were represented as an n =4,
except MTE and SA which is represented by n = 3. Graph-
Pad prism was used to analyse all data sets. All data sets
were tested for normality using the Shapiro-Wilk test, and
all data sets meet normality (P > 0.05). All experiments
pertaining to doxycycline-inducible cell lines were analysed
using a two-way analysis of variance (ANOVA). While
treatments and conditions undertaken on parental cell lines
were analysed with independent -tests or one-way ANOVA
depending on the variables, which is indicated throughout.
Throughout the studies significance was reported at
P <0.05, and data were presented as mean =+ standard
deviation.
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