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Abstract Members of the bone morphogenetic protein-1/
mammalian tolloid (BMP-1/mTLD) family of proteases
cleave diverse extracellular proteins, including the growth
inhibitor myostatin. The purpose of this work was to
examine the expression of BMP-1/mTLD, tolloid-like-1
and -2 (TLL1 and TLL?2) in hindlimb muscles of the mouse
in vivo and in C,C;, muscle cells in vitro. Quantitative
real-time polymerase chain reaction revealed that neither
BMP-1/mTLD nor TLL1 mRNA levels differed between
the predominantly fast-twitch tibialis anterior (TA) and
gastrocnemius (GAST) muscles and the more slow-twitch
soleus (SOL) muscle; TLL2 mRNA levels were not
detectable in any of the muscles examined. Interestingly,
however, immunohistochemical analysis revealed that
BMP-1 protein was expressed in type I and Ila but not in
IIb fibers. TLL1 mRNA levels significantly increased in the
TA but not the SOL with 3 days of hindlimb suspension
and significantly decreased in both TA and SOL in
response to 2 days of food deprivation. In contrast, BMP-1/
mTLD mRNA levels were unaffected in either muscle by
either condition. In addition, BMP-1/mTLD and TLL1
mRNA levels significantly decreased during C,C;, myo-
blast differentiation in vitro, and activity of a 1,200-bp
mouse TLL1 promoter construct was significantly
decreased in C,C;, myotubes by differentiation, by muta-
tion of an nuclear factor kappa-beta (NF-kappaB) site, or
deletion of a sma/mothers against decapentaplegic
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(SMAD) site. Together, these data demonstrate that TLL1
mRNA levels are altered by loading, energy status, and
differentiation, and thus its expression may be regulated so
as to modulate activity of myostatin or other extracellular
substrates during these adaptive states.
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Introduction

The bone morphogenetic protein-1/mammalian tolloid/
tolloid-like (BMP-1/mTLD/TLL) proteins are a family of
secreted metalloproteinases that proteolytically process a
number of extracellular substrates [1]. BMP-1/mTLD was
originally identified along with six other BMPs as proteins
having bone-forming capabilities [1]. However, BMPs 2-7
were shown to be related to members of the transforming
growth factor-beta (TGF-f) super-family of secreted
autocrine/paracrine factors, while BMP-1/mTLD was
structurally different and was subsequently shown to be
part of a small family of extracellular proteases. Four
members of this family exist: BMP-1 and mTLD, which
are alternatively spliced forms arising from the same gene
[1], and tolloid-like-1 (TLL-1) and -2 [1]. Members of this
family are responsible for the carboxy terminus processing
of various fibrillar procollagens [1] and several other
extracellular matrix proteins [1].

Moreover, BMP-1/mTLD/TLL family members also
proteolytically process a select sub-group of TGF-S/BMP
family members, including BMP-2, BMP-4, and chordin,
which are critical regulators of dorsal-ventral patterning
during development [2]. In addition, BMP-1/mTLD/TLL
family members also cleave the muscle-specific growth
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inhibitor myostatin [3], and recent evidence suggests that
perturbation of this cleavage can have profound effects on
skeletal muscle growth. Transgenic muscle-specific over-
expression of a protease-resistant form of myostatin pro-
duces profound increases in muscle mass, mimicking that
observed in myostatin null mice [4], suggesting that
altering the cleavage of myostatin by these regulatory
proteases can greatly affect muscle growth.

The members of the BMP-1/mTLD/TLL family show
differential spatiotemporal expression in mice. Specifi-
cally, both BMP-1 and mTLD are highly expressed during
murine development, particularly in mesodermal tissue [5,
6], and in the adult are expressed in several tissues,
including (in decreasing order of expression) lung, liver,
heart, kidney, and skeletal muscle [6]. TLL1 is also highly
expressed during murine development, peaking at day 17
post-coitum, and is also expressed in brain, kidney, lung
and skeletal muscle in the adult mouse [7]. TLL2 is
expressed predominantly in skeletal muscle in the devel-
oping prenatal mouse hindlimb [8] but its adult expression
has not been characterized. Thus, all these proteases are
expressed to some extent in skeletal muscle, but at present
little is known regarding whether any of these proteases are
differentially expressed in muscles containing different
percentages of fiber types. Moreover, it is not known
whether expression of these genes is altered during myo-
genic differentiation or in response to adult skeletal muscle
adaptation.

The purpose of the present study was to examine the
mRNA levels of these protease genes in different hindlimb
skeletal muscles, in unloaded or food-deprived skeletal
muscle, and in differentiating muscle cells. Our hypothesis
was that changes in expression of these proteases may
represent another node for regulating overall activity of
myostatin and/or other TGF-f family members during
skeletal muscle growth transitions. MRNA levels of BMP-
I/mTLD and TLL1 did not differ between muscle types,
but BMP-1 protein was localized in more oxidative fiber
types such as I and Ila and was not expressed in type IIb
fibers, a pattern complementary to that reported for one of
its potential substrates, myostatin. In addition, levels of
TLL1 but not BMP-1/mTLD mRNA were responsive to
unloading and food deprivation. Both BMP-1/mTLD and
TLL1 mRNA levels decreased significantly with myoblast
differentiation in vitro, and the decrease in TLL1 mRNA
levels during differentiation appeared to be at least in part
transcriptionally driven. Finally, we identified two key
upstream regulatory elements which may govern tran-
scription of this gene. Together, these data are consistent
with the hypothesis that alterations in expression of
extracellular proteases such as TLL1 may help modulate
the shifts in ECM protein processing and/or growth factor
signaling occurring during conditions of muscle plasticity.
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Methods
Experimental animals

All experimental procedures involving animals were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Colorado, Boulder, and com-
plied with the guidelines of the American Physiological
Society on the use of laboratory animals. Male wild-type
C57/black6j mice were obtained from our breeding colony
in the Department of Integrative Physiology at the Uni-
versity of Colorado, Boulder.

To examine expression of BMP-1/mTLD and TLL1 in
different muscles, we isolated and froze the gastrocnemius
(GAST), tibialis anterior (TA) and soleus (SOL) muscles
from n =5 wild-type C57 mice. For the hindlimb sus-
pension studies, we used RNA isolated from TA and SOL
from unsuspended control and 3 day hindlimb suspended
mice from a study that is described in detail elsewhere
(Hanson et al., in preparation). Briefly, mice (n = 7) were
tail suspended for 3 days as previously described [9-11],
and the TA and SOL were isolated, weighed, frozen, and
stored at —70°C until use. Similarly, for the food depri-
vation studies, we used RNA isolated from TA and SOL
muscles from fed, 2 days food-deprived, and 2 days food-
deprived and refed mice from a previously published study
(Allen et al., in press). Food deprivation was accomplished
by removing the food from the cage top for 2 days starting
in the morning inactive period (n = 4 mice). In addition, a
subset of mice (n = 4) underwent food deprivation then
were allowed ad libitum access to food for an additional
2 days. Control mice (n = 4) were allowed ad libitum
access to food throughout the experiment. All mice had
ad libitum access to drinking water throughout these
experiments. At the end of the treatment period mice were
sacrificed and the TA and SOL were isolated, frozen, and
stored as described above.

Quantitative real-time RT-PCR

RNA was isolated from skeletal muscle and C,C;, myo-
blast and myotube samples with Trizol reagent (Invitrogen)
using standard techniques. The reverse transcription (RT)
reaction was carried out using 0.5 pg of RNA using the
cDNA Archive kit (Advanced Biosystems) according to the
manufacturers protocol. Primer and probe sets for BMP-1/
mTLD, TLL1, TLL2, and f-actin were obtained from
Applied Biosystems. The primers for BMP-1/mTLD rec-
ognize a sequence common to both BMP-1/mTLD and
TOLL, which are formed by alternative splicing from the
same gene [6]. All real-time PCR procedures were run in
triplicate to correct for variances in loading. In addition, a
standard curve ranging from 25 to 0.001 pg dilutions of
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mouse TA cDNA was run in duplicate for every assay and
used for quantification. All values are expressed as the
mean of the triplicate measure for the experimental (BMP-
1/mTLD, TLL1, TLL2) divided by the mean of the tripli-
cate measure of f-actin for each sample. BMP-1/mTLD
was run in duplex with the f-actin primers and probes;
TLL1 did not work in duplex so these reactions were run in
singleplex.

Immunohistochemistry

For immunohistochemical analysis, calf (gastrocnemius,
soleus, plantaris) muscle samples were attached to cork-
board with optimal cutting temperature (OCT) media
(Sakura Finetek, Torrance, CA, USA) and snap frozen in
liquid nitrogen cooled isopentane. Ten-micrometer-thick
serial sections were cut from the mid-belly of the muscle
with a Cryostat Microtome Cryocut 1800 (Leica, Ban-
nockburn, IL) and fixed to Superfrost® slides (VWR, West
Chester, PA, USA) and stored at —20°C until use.
Muscle sections used for immunohistochemistry were
air dried for 15 min and then incubated in a permeabiliz-
ing/blocking solution [0.1% BSA (Fisher Scientific, Pitts-
burgh, PA, USA), 0.1% nonfat dry milk (Kroger,
Cincinnati, OH, USA) 0.1% Triton X-100 (Sigma, St.
Louis, MO. USA) in PBS pH 7.4]. Permeabilization/
blocking solution was applied on tissue sections for 1 h at
room temperature in a humidifying chamber. Tissue sec-
tions were then rinsed three times in permeabilizing/
blocking solution. Sections were then placed in a cocktail
primary antibody solution of rabbit anti-laminin (Sigma;
1:100), Goat IgG BMP-1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA; 1:100), and mouse monoclonal IgG,
myosin heavy chain (MyHC) type Ila (SC-71, 1:3), or anti-
laminin (Sigma; 1:100) and mouse monoclonal IgG;
MyHC type I (Novocastra, Newcastle upon Tyne, UK;
1:40), or anti-laminin and mouse monoclonal IgM MyHC
type IIb (BF-F3; kindly provided by Dr. Leslie Leinwand)
for 2 h at room temperature. After primary incubation,
sections were rinsed three times in the permeabilization/
blocking solution followed by three 5-min incubations in
permeabilizing/blocking solution. Sections were then
incubated with a cocktail of appropriate secondary anti-
bodies for 1 h. Secondary antibodies used were donkey
anti-mouse (H + L) IgG Alexa Fluor® 488 (Invitrogen,
Carlsbad, CA, USA) at a dilution of 1:250 for MyHC type
ITa and 1:500 for MyHC type I, donkey anti-goat (H + L)
IgG Alexa Fluor® 568 (Invitrogen; 1:500), goat anti-mouse
IgM FITC (Jackson Laboratories, West Grove, PA, USA;
1:250), and donkey anti-rabbit (H + L) IgG FITC (Jackson
Laboratories; 1:200). Tissue sections were rinsed three
times in PBS followed by three 5-min incubations in PBS.
Sections were then mounted with a mounting medium of

Gelvatol and DABCO (Sigma) and No. 1 coverslips
(VWR) for subsequent imaging.

We used Metamorph V7.0x4 (Downingtown, PA) soft-
ware alongside a Nikon (Tokyo, Japan) E600 microscope
equipped with a CoolSnap Fx monochrome camera
(Photometrics, Tucson, AZ, USA) and the following filter
sets: B-2 E/C F (Nikon) and Y-2 E/C TR (Nikon) to
acquire images. Image] (NIH Bethesda, MD, USA) and
Photoshop (Adobe Systems, San Jose, CA, USA) were
used for post-processing of images. Briefly, Metamorph
images were opened in ImageJ as an image sequence and
all similar color images were contrast adjusted. Composite
images were then created, converted to 8-bit RGB images
and aligned and blended together using Photoshop to create
whole muscle photos.

Cloning and mutagenesis

Approximately 1300 bp of the mouse TLLI1 promoter
extending through the 5’ untranslated region to the trans-
lational start site was amplified from mouse genomic DNA
using primers containing a Mlul and Ncol site at the 5" and
3’ end, respectively: 5-TAGTGGACGCGTTAGTCGCA
TCTCCAGCCAAA-3' and 5-TAATAACTCGAGCCGTT
ATTTCTACGCCGCCAGACCTTAAAGC-3'. The result-
ing fragment was ligated into the pGL3 basic luciferase
reporter plasmid.

In addition, mutagenesis was carried out using PCR and
Dpnl digestion as described previously for the myostatin
promoter [12] using the following primers: for the forkhead
box O (FoxO) site, 5-GAAAGAAACACACATCGCC
TAggATCTGGGGGTGGGGTGGGGC-3'; for the NF-kB
site, 5'-TTGCTCTCCGGGCAGTCGaacaCTTCCCTAG
CTTCGGCAG-3'; the putative binding site is underlined
and the mutated nucleotides are in lower case. In addition,
an extended repeat of ten CAGA sequences was deleted
using inverse PCR with the primers 5-TAGTGGACT
AGTAGGATTCCGATATCCATGGCT-3' and 5-TAGT
GGACTAGTTCTTTGCCTATCTGTCTCTCT-3’, which
inserted an engineered Spel site in the place of this
sequence. All clones were positively identified using
restriction analysis and/or sequencing at the University of
Colorado, Boulder DNA Sequencing Facility.

Cell culture and transfection

C,Cy, myoblasts were plated on 0.75% gelatin-coated
6-well plates in proliferation medium consisting of Dul-
becco’s Modified Eagle medium (DMEM) supplemented
with 20% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (pen/strep). Once cells reached confluence,
they were either harvested for RNA isolation, or switched
to differentiation medium consisting of DMEM + 1%
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horse serum (HS). After differentiating for 2 days, RNA
was isolated from the myotubes using the Trizol method.

For transfection studies, C,C;, myoblasts were allowed
to reach 90% confluence then were passaged onto 24-well
plates. The following day, cells were transfected with
TLL1 promoter constructs using Lipofectamine 2000 as
previously described [12, 13]. Once myoblasts reached
confluence, they were either harvested and lysed for
quantification of myoblast luciferase activity or were dif-
ferentiated into myotubes for 2 days prior to harvesting and
lysing. All transfections were repeated three times with 4—8
wells per replication and the results were averaged.

Statistical analysis

Differences in expression between the three different
control muscles or between fed, food-deprived, and refed
TA or SOL muscle were determined using one-way anal-
ysis of variance (ANOVA) with Fisher’s post-hoc test;
significance with an alpha level of 0.05 taken as significant.
Differences between myoblast and myotube and control
and hindlimb suspended mRNA values were determined by
an independent ¢ test, with an alpha level of 0.05 taken as
significant.

Results

Expression of BMP-1/mTLD1, TLL1 and TLL2
in Hindlimb Muscles

Quantitative RT-PCR revealed that, relative to f-actin,
mRNA levels of BMP-1/mTLD and TLL1 were not sig-
nificantly different between the three muscles (Fig. 1).
Moreover, we were unable to reliably detect TLL2 mRNA
in either fast or slow skeletal muscle in consistently mea-
surable amounts (data not shown).
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Fig. 1 Bone morphogenetic protein-1/mammalian tolloid (BMP-1/
mTLD) and tolloid-like-1 (TLL-1) gene expression in different muscle
type. a BMP-1/mTLD mRNA expression relative to f-actin in the
tibialis anterior (7A), gastrocnemius (GAST), and soleus (SOL).
b TLL1 mRNA expression relative to fi-actin in TA, GAST, and SOL.
All results are reported as mean + SEM of mRNA levels normalized
to those of f-actin (n = 5 muscles/group). Neither mRNA showed
any significant difference across the different muscles
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Immunohistochemical localization of BMP-1

In addition, we used immunohistochemistry to examine the
localization of BMP-1 protein within skeletal muscle tis-
sue. Surprisingly, BMP-1 protein was found within a subset
of muscle fibers in the calf musculature, particularly in the
soleus and plantaris and deep portion of the gastrocnemius
(Fig. 2a). BMP-1-positive fibers were predominantly
clustered within these muscles in the deep portion of the
calf and were rarely if ever observed in the superficial
compartment of the GAST (Fig. 2b). Double staining with
antibodies to type I MyHC showed that some but not all the
BMP-1-positive fibers were also positive for type I MyHC
(Fig. 2¢). Similarly, double staining with an antibody
against type Ila MyHC also showed that some but not all
BMP-1-positive fibers were also positive for type Ila
MyHC (Fig. 2d). Conversely, staining serial sections with
antibodies to type IIb MyHC showed a complementary
pattern to that of BMP-1, with few if any fibers staining
with both antibodies (Fig. 2e, f). Attempts to immunohis-
tochemically stain mouse hindlimb muscles with a com-
mercially available mouse-derived monoclonal antibody
against TLL1 failed to produce staining above background.

Expression of BMP-1/mTLD and TLL11 mRNA
in response to unloading and food deprivation

As described in more detail elsewhere (Hanson et al., in
preparation), 3 days of hindlimb suspension resulted in
modest and non-significant decreases in TA and SOL
muscle mass (45.8 + 0.8 mg for control TA and
45.1 &+ 1.8 mg for suspended TA; 8.70 £ 0.8 mg for
control SOL and 8.0 £ 0.5 mg for suspended SOL). Three
days of hindlimb suspension significantly increased abso-
lute (data not shown) and relative to f-actin TLL1 mRNA
levels compared to unsuspended controls (Fig. 3b), but had
no effect on BMP-1/mTLD mRNA levels in the TA
(Fig. 3a). In contrast, neither BMP-1/mTLD nor TLL1
mRNA levels were significantly altered by hindlimb sus-
pension in the SOL (Fig. 3c, d).

In addition, as reported elsewhere, 2 days of food
deprivation resulted in a significant 25% decrease in TA
but not SOL muscle mass (Allen et al., in press), and
resulted in a significant decrease in TLL.1 mRNA levels in
both TA and SOL relative to levels in muscles from fed
mice (Fig. 4b, d). Two days of ad libitum feeding increased
TLL1 mRNA levels in the SOL such that they were not
significantly different from those of fed mice, but in the TA
TLL1 mRNA levels remained significantly decreased rel-
ative to fed mice (Fig. 4b). Finally, mRNA levels of BMP-
1/mTLD were modestly and non-significantly decreased by
food deprivation relative to levels in muscles from fed mice
in both TA and SOL (Fig. 4a, c).
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Fig. 2 Immunohistochemical localization of BMP-1 in mouse calf
muscles. a Low power image of BMP-1 (red) and laminin (green)
immunofluorescence staining showing the relative lack of BMP-1-
positive fibers in the superficial portion of the calf. b Low power
image of BMP-1 (red) and laminin (green) immunofluorescence
staining showing the fiber-specific pattern with more BMP-1-positive
fibers in the deep portion of the calf. G, P, and S show the relative
locations of the gastrocnemius, plantaris, and soleus muscles,
respectively. Scale bar in (b) is 0.5 mm and is the same for (a).
¢ High power image of BMP-1 (red) and type I MyHC and laminin
(green) immunofluorescence staining of the SOL showing the co-
localization of BMP-1 with MyHC type 1. Asterisks indicate fibers
positive for both BMP-1 and type I MyHC, arrowheads fibers positive

Expression of BMP-1/mTLD and TLL1 during in vitro

myogenesis

Differentiation of C,C;, myoblasts into myotubes by
2 days exposure of confluent myoblasts to low serum

for BMP-1 but negative for type I MyHC. d High power image of
BMP-1 (red) and type Ila MyHC and laminin (green) immunofluo-
rescence staining showing the co-localization of BMP-1 with MyHC
type Ila in the SOL. Asterisk indicate fibers positive for both BMP-1
and type Ila MyHC, arrowheads fibers positive for BMP-1 but
negative for type Ila MyHC. Scale bar in (d) is 0.1 mm and is the
same for (c¢) and (d). e,f Serial sections with BMP-1 (red) and type IIb
MyHC and laminin (green) immunofluorescence staining showing the
lack of co-localization of BMP-1 and MyHC type IIb. Arrowheads
indicate fibers positive for BMP-1 but negative for type IIb MyHC in
(e). Scale bar in (f) is 0.1 mm and is the same for (e) and (f). See
Fig. 1 for the abbreviations used (color figure online)

differentiation medium significantly decreased both BMP-
1/mTLD and TLL1 mRNA levels (Fig. 5a, b). Similarly,
differentiation also significantly decreased the activity of a
1,200-bp mouse TLL1 promoter construct relative to its
activity in confluent myoblasts (Fig. 6b).
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Fig. 3 BMP-1/mTLD and TLL1 mRNA levels in the TA and SOL
muscles in response to hindlimb suspension. a TA BMP-1/mTLD
mRNA levels, b TA TLL1 mRNA levels, ¢ SOL BMP-1/mTLD
mRNA levels, d SOL TLL1 mRNA levels relative to f-actin in
unsuspended (control) and 3-day hindlimb suspended (suspended)
mice. Expression of TLL1 mRNA was significantly up-regulated in
suspended TA but not SOL relative to unsuspended control values and
BMP-1/mTLD was not affected in either muscle. All results are
reported as mean £ SEM of mRNA levels normalized to those of
p-actin and relative to the unsuspended control. Asterisk significantly
different from unsuspended control, p < 0.05. See Fig. 1 for the
abbreviations used

Using sequence analysis software, we identified three
putative sequences that may regulate activity of this gene
in skeletal muscle: a 10-repeat CAGA sequence that cor-
responds to the consensus for binding of the sma/mothers
against decapentaplegic (SMAD) transcription factors at
approximately —1,250 bp from the translation start site; a
sequence matching the consensus for binding of the FoxO
transcription factors at approximately —466 bp; and a
sequence matching the consensus for binding of the tran-
scription factor nuclear factor kappa-beta (NF-kappaB) at
approximately —47 bp (Fig. 6a). We used mutagenesis to
alter the FoxO and NF-kappaB sequences, and deletion to
remove the 40 bp CAGA 10-mer repeat, and quantified
luciferase activity of these constructs relative to a wild-
type TLL1 promoter-reporter construct. As shown in
Fig. 6¢, mutation/deletion of any of the three sites resulted
in a decrease in luciferase activity of the resulting pro-
moter—reporter plasmid, but mutation of the NF-kappaB
site or deletion of the SMAD repeat significantly
decreased activity of the resulting promoter construct
relative to the wild-type construct while mutation of the
FoxO site did not.
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Fig. 4 BMP-1/mTLD and TLL1 mRNA levels in the TA and SOL
muscles in response to food deprivation. a TA BMP-1/mTLD mRNA
levels, b TA TLL1 mRNA levels, ¢ SOL BMP-1/mTLD mRNA
levels, d SOL TLL1 mRNA levels relative to f-actin in control (fed),
2-day food deprived (food-deprived) and 2-day food-deprived then
refed for 2 days (refed) mice. Expression of TLL1 mRNA was
significantly decreased in TA and SOL of food deprived animals and
remained significantly decreased in the TA, but not SOL, following
2 days of refeeding. All results are reported as mean = SEM of
mRNA levels normalized to those of f-actin and relative to the fed
control. Asterisk significantly different from fed control, p < 0.05.
See Fig. 1 for the abbreviations used
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Fig. 5 BMP-1/mTLD and TLL1 mRNA levels in myoblasts (MB)
and myotubes (MT). a BMP-1/mTLD mRNA levels, b TLL1 mRNA
levels. Expression of both BMP-1/mTLD and TLL1 mRNA was
significantly decreased in differentiated myotubes relative to undif-
ferentiated myoblasts. All results are reported as mean &= SEM of
mRNA levels relative to f-actin. Asterisk significantly different from
myoblasts, p < 0.05. See Fig. 1 for other abbreviations used

Discussion

We explored the mRNA expression pattern of the BMP-1/
mTLD/TLL genes in different skeletal muscles and under
different conditions to better define their potential role in
conditions of muscle plasticity and development. In addi-
tion, we explored the fiber-specific staining pattern of
BMP-1 protein and found that it is predominantly
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Fig. 6 TLL1 promoter and mutagenesis. a Sequence of ~ 1,300 bp
of the mouse TLL1 upstream promoter region. The 40-bp Serum
response factor, Agamous, deficiens (SMAD)/CAGA repeat, the
forkhead box O (FoxO)-like sequence (TATTTATCTG; on the
minus strand), and the nuclear factor-kappa beta (NF-kappaB)
consensus (GGGAGCTTCC). b TLL1 promoter-reporter activity in
undifferentiated C,C;, myoblasts and 2-day differentiated C,C;,
myotubes. Differentiation was associated with a significant decrease
in TLL1 promoter activity. Asterisk significantly different from MB,

expressed in more oxidative fibers. We hypothesized that
differences in expression of these protease genes may
represent another node for regulating activity of myostatin
and other TGF-f§ family members, which are key regulators
of muscle growth and differentiation. We also showed that
the mRNA for TLL1 in particular is responsive to differ-
entiation and to two different models of in vivo muscle
adaptation.

We [12, 13] and others [14-16] have demonstrated that
expression of myostatin shows a fiber- and/or muscle-type
specificity, with greater expression in muscles containing
predominantly fast-twitch, glycolytic fibers such as the TA
or GAST compared to muscles containing more slow-

TLL1 promoter activity

TLL1 Promoter Activity

p—
Lh
(=]

—

[=1
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1

(normalized to WT)

WT TFoxO SMAD NFKB

mut del mut

p < 0.05. Results are reported as mean £ SEM of mRNA levels
normalized to those of myoblasts. Asterisk significantly different from
myoblasts, p < 0.05. ¢ Wild-type (WT) and mutated/deleted TLL1
promoter—reporter activity in differentiated C,C;, myotubes. Deletion
of the 40 bp CAGA repeat or mutation of the NF-kappaB site
significantly decreased TLL1 promoter activity relative to wild-type.
Results are reported as mean += SEM of mRNA levels normalized to
those of the wild type construct. Asterisk significantly different from
wild-type, p < 0.05. See Fig. 1 for other abbreviations used

twitch/oxidative fibers such as the SOL. We have further
shown that expression of the myostatin receptor ActRIIb
also shows muscle specificity, with higher expression in the
TA than in the SOL [13]. Moreover, additional evidence
suggests that other members of the TGF-f super-family are
expressed in a fast/glycolytic muscle-preferential manner
[17]. Our results demonstrate that, unlike these other
members of the TGF-f/myostatin signaling cascade, nei-
ther BMP-1/mTLD nor TLL1 showed preferential mRNA
expression in muscles containing a preponderance of one
or the other muscle fiber types. Thus, differences in myo-
statin signaling between adult skeletal muscles containing
different proportions of fiber types do not appear to be
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reflected in, or a consequence of, differential mRNA
expression of its activating proteases.

However, when we examined the expression pattern of
BMP-1 protein in the mouse calf musculature by immu-
nohistochemistry, we observed a surprising fiber-specific
pattern of expression. BMP-1-positive staining co-local-
ized with type I and Ila MyHC staining and was not found
in type IIb MyHC-positive fibers. Because we did not have
access to an anti-type Ild/x MyHC antibody, we were
unable to determine whether BMP-1 was expressed in type
IId/x fibers or not, though the fact that some BMP-1-
positive fibers were observed in areas of the calf which did
not contain type I or Ila fibers tends to suggest that IId/x
MyHC fibers may also express BMP-1 (data not shown).
Unfortunately, we were unable to detect any staining
intensity above that seen with secondary antibody staining
alone for the only currently commercially available anti-
body to TLL1, which most likely reflects the fact that this
antibody was raised in mouse and thus identifying antibody
staining beyond that of the secondary cross-reactivity with
this same species was not feasible.

Nevertheless, the BMP-1 staining data suggest that
BMP-1 is expressed predominantly in fibers containing a
more oxidative phenotype. This observation is extremely
interesting for two reasons. First, we observed no signifi-
cant difference in BMP-1 mRNA levels across three dif-
ferent hindlimb muscles differing in their fiber type
percentages, TA, SOL, and GAST (Fig. 1a). It might be
expected that BMP-1 mRNA levels would be higher in the
much more oxidative SOL than in either the TA or GAST.
The fact that they were not might reflect a disconnect
between mRNA expression and protein expression of
BMP-1 in these muscles consistent with fiber-specific
translational regulation of mRNA expression. Alterna-
tively, if BMP-1 is indeed expressed in type IId/x MyHC-
expressing fibers, these fibers are found in high levels in
both TA and GAST, and thus expression might appear
similar between the more I1d/X-expressing TA and GAST
than the highly I/Ila SOL.

In addition, the fact that BMP-1 immunostaining was
rarely if ever observed in type IIb MyHC fibers is also in
contrast to the expression pattern of one of its downstream
substrates, myostatin, which tends to show much greater
expression in type IIb fibers [14, 16]. This is an intriguing
result as it suggests that muscle fibers not expressing
myostatin are responsible for the expression of one of its
activators, while fibers expressing myostatin are not. This
implies a level of coordination and perhaps even commu-
nication between these two groups of muscle fibers in the
regulation of overall myostatin activity. It is possible that,
if the same fiber expressed both myostatin and its activator,
it might produce too much active myostatin locally, which
would then act back on those fibers in a positive feedback
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autocrine loop, resulting in excessive fiber growth. By
separating myostatin expression and that of its activating
protease into distinct subtypes of fibers, and moreover
given the geographical separation of type IIb MyHC- and
myostatin-expressing fibers in the superficial portion of the
muscle and the expression of BMP-1 by more oxidative
fibers found deeper in the muscle, local activity of myo-
statin may be modulated in a way that tends to avoid such
an unwanted, out-of-control growth loop.

We were unable to reliably detect TLL2 mRNA in either
the hindlimb muscles examined. Little is currently known
regarding expression of TLL2 in adult tissues. In one of the
only other studies to address expression of TLL2, Scott
et al. [8] showed that TLL2 appeared to be expressed
predominantly in developing muscles of day 15.5 post-
coitum mouse by in situ hybridization [8]. Taken with the
results of the present study, this suggests that TLL2 may be
expressed during early pre- or post-natal development but
that expression may decrease in the adult animal. In a
recent paper, Lee demonstrated that mice in which the
TLL2 gene is inactivated by homologous recombination
present with modest (8—12%) increases in muscle mass
which differ almost by an order of magnitude from the
increases in muscle mass observed in mice harboring a
protease-resistant form of myostatin [4]. It may be that the
modest effects of inactivation of TLL2 reflect its minimal
expression in adult animals as well as redundancy in the
ability of the various BMP-1/mTLD/TLL family members
to activate myostatin [3].

In the present study, expression of BMP-1/mTLD was
not affected by either unloading or food deprivation in
either muscle, but TLL1 mRNA levels were significantly
altered in a muscle- and condition-specific manner. Spe-
cifically, TLL1 mRNA levels significantly increased in the
TA but not the SOL in response to 3 days of hindlimb
suspension and significantly decreased in both the TA and
SOL of food-deprived mice (Fig. 4). These data raise three
interesting points regarding expression of these proteases
during muscle adaptation. Firstly, they do not appear to be
regulated in concert with myostatin, particularly in the
SOL. Myostatin expression is increased in both fast and
slow muscles with hindlimb suspension [14] while TLL1
was increased in just the TA in the present study. Similarly,
myostatin mRNA levels increase in the TA but not the SOL
with food deprivation (Allen et al., in press) while TLL1
mRNA levels decreased in both the TA and the SOL in the
present study. Taken together, these results suggest that
expression of TLL1 is independent of, and may reflect the
need for processing substrates other than, myostatin during
these states.

Secondly, expression of TLL1 does not appear to be
associated with the magnitude of muscle atrophy. Both TA
and SOL experienced only modest and non-significant
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decreases in muscle mass with 3 days of hindlimb sus-
pension that were nevertheless greater for the SOL (8%
decrease in mass) than the TA (1.5% decrease in mass),
while TLL1 mRNA levels increased significantly for TA
but not SOL. Furthermore, TLL1 mRNA levels decreased
in both TA and SOL, but only TA experienced a decrease
in mass with food deprivation. The present data therefore
suggest that TLL1 expression is not strictly dependent on
muscle atrophy and may instead be independently regu-
lated by activity levels, loading status, energy balance, and
other factors impinging upon the muscle during different
adaptive states.

Thirdly, changes in TLL1 mRNA levels in the TA were
modality-dependent in that hindlimb suspension signifi-
cantly increased while food deprivation significantly
decreased TLL1 mRNA levels. Given the vast differences
between these two models, it is perhaps not surprising that
they evince such differential affects on TLL1 expression.
But at the very least these data demonstrate that TLL1 is
not an “atrogene” like the ubiquitin ligases muscle ring
finger] (MuRF1) or atrogin-1 whose expression is
increased in a wide variety of atrophy models [18, 19].

The reason why TLL1 mRNA levels increased in the TA
but not the SOL with hindlimb suspension was also not
clear. One possibility is that these changes in TLLI1
expression may occur in both muscles but with different
kinetics which were not detected in the present study since
we only evaluated a single post-suspension timepoint.
Another possibility is that the greater increase in TLL1
mRNA levels in the TA with hindlimb suspension reflects a
greater biological need for TLL1 in this muscle during the
unloaded state. Previous work has suggested that fast-
twitch muscles tend to show a greater increase in the
expression of secreted factors such as TGF-f2 in response
to inactivity [17]. Thus the greater increase in TLLI1
mRNA in the TA muscle than in the SOL with hindlimb
suspension observed in the present study may reflect a
relatively greater need for processing of secreted signaling
factors such as TGF-f2 in faster-twitch muscles in the
unloaded state.

We also examined the expression of BMP1/mTLD and
TLL1 mRNA in cultured C,C,, myoblasts and myotubes to
determine whether their expression is responsive to dif-
ferentiation. As shown in Fig. 5, expression of both BMP-
1/mTLD and TLL1 mRNA was significantly decreased in
myotubes compared to myoblasts. This decrease in TLL1
mRNA was mirrored by a similar significant decrease in
activity of a ~ 1,300-bp mouse TLL1 promoter-luciferase
reporter construct in myotubes compared to myoblasts
(Fig. 6b), and suggests that this down-regulation in
expression of TLL1 with differentiation is driven at least in
part if not predominantly by a decrease in TLL1 gene
transcription. This is in contrast to myostatin, as previous

work has demonstrated that both myostatin mRNA levels
[20, 21] and myostatin promoter activity [22] increase upon
differentiation in vitro. The decrease in BMP-1/mTLD and
TLL1 expression upon C,C, differentiation may reflect an
attempt to post-translationally attenuate the activity of this
increased amount of myostatin by reducing expression of
its activating proteases.

Finally, we examined the upstream promoter region of
the TLL1 gene so as to identify putative transcriptional
regulatory elements that may contribute to changes in
expression of this gene during periods of muscle adapta-
tion. We identified three elements within the proximal
~ 1,300 bp of the mouse TLL1 promoter sequence of
particular relevance to atrophic signaling: a 40-bp-long
CAGA repeat at approximately —1,250 from the transla-
tional start site that corresponds to the consensus sequence
for SMAD binding [12]; a sequence (ATAAATA) similar
to that of the consensus binding sequence ((C/G)(A/
OC)AAA(C/T)A; [12]) for the FoxO family of transcription
factors; and finally, a sequence (GGGAGCTTC) matching
that of the NF-kappaB consensus binding sequence
(GGG(A/G)NN(C/T)(C/T)C; [23]). We used deletion and
mutagenesis to alter these sequences in order to determine
whether they affected transcription from the TLLI pro-
moter in C,C, cells in vitro. As shown in Fig. 5c, deletion
of the 40 bp SMAD repeat or mutation of the NF-kappaB
site significantly attenuated TLL1 promoter activity rela-
tive to the wild-type construct; however, mutation of the
FoxO-like site had no significant effect (Fig. 6¢). Thus
transcription of TLL1 may be regulated by SMAD and/or
NF-kappaB signaling during periods of muscle adaptation.
In a previous study, the TLL1 promoter was shown to
contain consensus binding sites for the glucocorticoid
receptor, as well as for the heart-specific transcription
factor Nkx2-5 and the brain-specific transcription factor
MyT1 [24], which may suggest that its expression is reg-
ulated by these elements in these other tissues.

Conclusion

In summary, we have examined the expression of two
members of the BMP-1/mTLD/TLL family of extracellular
proteases, BMP-1/mTLD and TLL1, in different hindlimb
muscles, during two conditions of muscle adaptation, and
during differentiation in vitro. These studies provide new
insights into the pattern of expression of these critical
regulatory proteins that may reflect their role(s) in muscle
differentiation and adaptation.
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