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T

he TGF-β superfamily comprises almost 40 signaling proteins
that play important regulatory roles both during embryogenesis and in adult tissues. Because these proteins are potent
regulators of cell growth and differentiation, there has been
extensive focus on elucidating the molecular mechanisms by
which these proteins signal and their activities are regulated, with
the long-term goal of developing strategies to modulate their
activity levels for a variety of different clinical indications.
Myostatin (MSTN) and growth and differentiation factor-11
(GDF-11) are closely related TGF-β family members that share
89% amino acid sequence identity within the mature C-terminal
region (1, 2). Although the activities of these molecules are indistinguishable in in vitro assays, their different tissue expression
patterns confer distinct biological functions. MSTN is expressed
predominantly in skeletal muscle and functions as a negative
regulator of muscle growth (1). As a result, there is considerable
interest in developing MSTN inhibitors to improve muscle growth in
various clinical settings, including muscular dystrophy, age-related
sarcopenia, and cancer cachexia. However, GDF-11 is expressed in
a wide range of tissues and has been shown to play important roles in
the development of the olfactory system (3), retina (4), and pancreas
(5, 6) as well as in anterior–posterior patterning of the axial skeleton
(7). In adult mice, GDF-11 circulates in the blood (8), and declining
levels of circulating GDF-11 have been implicated in the etiology of
age-related cardiac hypertrophy (9).
The regulation of MSTN and GDF-11 seems to be complex,
because multiple proteins have been identiﬁed that are capable
of binding these ligands and inhibiting their activities (8, 10).
One of these binding proteins is GDF-associated serum protein-1
(GASP-1), which was isolated as an MSTN-associated protein
from mouse and human serum by afﬁnity puriﬁcation using an
anti-MSTN antibody (11). GASP-1, also known as WFIKKNRP
or WFIKKN2, contains many conserved domains associated with
protease-inhibitory proteins, including a whey acidic protein domain, a follistatin/Kazal domain, an Ig domain, two tandem
Kunitz domains, and a netrin domain (11, 12). GASP-1 is closely
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related to GASP-2, also known as WFIKKN or WFIKKN1,
which has the same overall domain structure and shares 54%
amino acid sequence identity and 69% sequence similarity with
GASP-1 (12, 13). Both GASP-1 and GASP-2 have been shown to
be capable of blocking MSTN and GDF-11 activity in vitro (11,
14, 15), and overexpression of GASP-1 in mice has also been
shown to cause increased muscle growth, consistent with inhibition of MSTN activity (16, 17). What roles, if any, GASP-1
and GASP-2 normally play in regulating the activity of MSTN
and GDF-11 in vivo are not known. Here, we present data
showing that both GASP-1 and GASP-2 act by blocking the
initial binding of the ligand to its receptor. We also show that
mice carrying targeted mutations in Gasp1 and/or Gasp2 have
skeletal muscle and axial patterning phenotypes consistent with
altered MSTN and GDF-11 signaling, respectively. Our ﬁndings
show the important roles that GASP-1 and GASP-2 play in
regulating the activities of these ligands.
Results
Both GASP-1 and GASP-2 Inhibit MSTN and GDF-11. Previous studies

have shown that GASP-1 and GASP-2 produced as fusion proteins in either COS1 cells or Drosophila S2 cells are capable of
binding MSTN and GDF-11 and inhibiting their activities in vitro
(11, 14). To characterize further the biological activities of GASP1 and GASP-2, we sought to obtain highly puriﬁed preparations of
these proteins in their native state. For this purpose, we generated
CHO cell lines expressing high levels of either murine GASP-1 or
murine GASP-2 and then puriﬁed GASP-1 and GASP-2 from the
conditioned medium of these cells. GASP-1 protein was puriﬁed
by successive fractionation using butyl Sepharose, HiTrap heparin
Sepharose, and wheat germ lectin Sepharose. GASP-2 protein
was puriﬁed by successive fractionation using butyl Sepharose,
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Myostatin (MSTN) and growth and differentiation factor-11 (GDF11) are highly related TGF-β family members that have distinct
biological functions. MSTN is expressed primarily in skeletal muscle and acts to limit muscle growth. GDF-11 is expressed more
widely and plays multiple roles, including regulating axial skeletal
patterning during development. Several MSTN and GDF-11 binding proteins have been identiﬁed, including GDF-associated serum
protein-1 (GASP-1) and GASP-2, which are capable of inhibiting the
activities of these ligands. Here, we show that GASP-1 and GASP-2
act by blocking the initial signaling event (namely, the binding of
the ligand to the type II receptor). Moreover, we show that mice
lacking Gasp1 and Gasp2 have phenotypes consistent with overactivity of MSTN and GDF-11. Speciﬁcally, we show that Gasp2−/−
mice have posteriorly directed transformations of the axial skeleton, which contrast with the anteriorly directed transformations
seen in Gdf11−/− mice. We also show that both Gasp1−/− and
Gasp2−/− mice have reductions in muscle weights, a shift in ﬁber
type from fast glycolytic type IIb ﬁbers to fast oxidative type IIa
ﬁbers, and impaired muscle regeneration ability, which are the
reverse of what are seen in Mstn−/− mice. All of these ﬁndings
suggest that both GASP-1 and GASP-2 are important modulators
of GDF-11 and MSTN activity in vivo.

HiTrap heparin Sepharose, and HiTrap Q Sepharose. Based on
silver stain analysis, these fractionation schemes yielded highly
puriﬁed preparations of GASP-1 and GASP-2 (Fig. 1A).
To conﬁrm that these puriﬁed proteins were biologically active, we tested the ability of these proteins to inhibit MSTN and
GDF-11 activity in vitro. Speciﬁcally, we tested puriﬁed GASP1 and GASP-2 for their ability to block MSTN- and GDF-11–
induced reporter gene activity in A204 rhabdomyosarcoma cells
carrying an Smad2/3-responsive pGL3-(CAGA)12-luciferase expression construct (18). As shown in Fig. 1B, both GASP-1 and
GASP-2 inhibited MSTN and GDF-11 activity in this reporter
assay, with GASP-1 having an IC50 value ∼10-fold lower than
the IC50 value of GASP-2 (∼833 pM for GASP-1 vs. ∼7,792 pM
for GASP-2). To examine the ligand speciﬁcity of GASP-1 and
GASP-2, we tested the ability of these proteins to inhibit the
activities of other TGF-β superfamily members, speciﬁcally
activin A, TGF-β1, and BMP-4, using the same A204 reporter
cells, C3H10T1/2 cells carrying a p3TP-Lux reporter construct
(19), or C3H10T1/2 cells carrying a (BRE)2-Luc reporter construct (20), respectively. Consistent with previous reports (11,
14, 15), neither GASP-1 nor GASP-2 was capable of blocking the
activities of these other ligands (Fig. 1C). Hence, our results conﬁrm
that both of these proteins have a high degree of speciﬁcity for
MSTN and GDF-11.

Both GASP-1 and GASP-2 Inhibit GDF-11 Binding to the Type II Receptor.

To understand the mechanism by which GASP-1 and GASP-2
exert their inhibitory effects, we attempted to identify the step in
the overall MSTN/GDF-11 signaling pathway that is sensitive
to GASP-1 and GASP-2. We started by examining the ability
of GASP-1 and GASP-2 to block the ﬁrst step in the pathway,
namely the binding of the ligand to the type II receptor. Because
MSTN and GDF-11 share 89% amino acid sequence identity in
the mature C-terminal region and seem to use the same signaling
components (21), we focused our analysis only on GDF-11, because this protein is more readily available. We examined the
effect of GASP-1 and GASP-2 on binding of GDF-11 to its highafﬁnity receptor, the activin type IIB receptor (ACVR2B), using
a puriﬁed soluble form of the receptor, in which we fused the ligand binding portion of ACVR2B to an Fc domain (ACVR2B/
Fc). We preincubated puriﬁed GASP-1 and GASP-2 proteins with
the C-terminal dimer of GDF-11, added puriﬁed ACVR2B/Fc to
the mixture, and ﬁnally, isolated the ACVR2B/Fc-bound proteins
using protein A Sepharose. Immunoblot analysis of the eluted
proteins showed that, as expected, GDF-11 bound readily to
ACVR2B/Fc in the absence of either GASP-1 (Fig. 1D) or GASP2 (Fig. 1E). With increasing concentrations of GASP-1 or GASP2, however, the amount of GDF-11 binding to ACVR2B/Fc was
decreased in a concentration-dependent manner. Hence, GASP-1
and GASP-2 are capable of blocking the ﬁrst step in the signaling

Fig. 1. Both GASP-1 and GASP-2 inhibit MSTN and GDF-11 in vitro. (A) Silver stain analysis of puriﬁed GASP-1 and GASP-2. (B and C) Effect of GASP-1 (open
boxes) and GASP-2 (closed circles) on luciferase reporter activity induced in A204 cells by (B, Left) 20 ng/mL MSTN, (B, Right) 20 ng/mL GDF-11, or 20 ng/mL
Activin A (C, Left) or C3H10T1/2 cells by (C, Center) 0.3 ng/mL TGF-β1 and (C, Right) 50 ng/mL BMP-4. RLU, relative light unit. (D) Effect of GASP-1 on GDF-11
binding to ACVR2B/Fc. Immunoblot analysis of GDF-11 (lane 1), puriﬁed GASP-1 (lane 2), or protein A Sepharose-bound proteins (lanes 3–7) was carried out
using (Top) anti–GDF-11, (Middle) anti–GASP-1, or (Bottom) anti-Fc antibodies. (E) Effect of GASP-2 on GDF-11 binding to ACVR2B/Fc. Immunoblot analysis
was performed as in D, except that puriﬁed GASP-2 and anti–GASP-2 antibodies were used in place of puriﬁed GASP-1 and anti–GASP-1 antibodies, respectively. Data were shown as mean ± SEM.
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Expression Patterns of Gasp1 and Gasp2. Based on the ability of
GASP-1 and GASP-2 to inhibit MSTN and GDF-11 activity in
vitro, the identiﬁcation of GASP-1 as a protein bound to MSTN
in the blood (11), and the demonstration that overexpression of
GASP-1 can increase muscle growth in mice (16, 17), we investigated the role that GASP-1 and GASP-2 may normally play
in the regulation of MSTN and GDF-11 activity in vivo. We ﬁrst
examined the expression patterns of Gasp1 and Gasp2 to determine whether either of these genes is expressed in tissues that
would be consistent with regulation of either MSTN or GDF-11
function. By RNA blot analysis (Fig. 2A), the expression of
Gasp1 was detected in many adult tissues, including skeletal
muscle, which is the predominant site of Mstn expression (1). In
contrast, the expression of Gasp2 seemed to be much more tissue-restricted, and its expression in skeletal muscle was below
the level of detection by RNA blot analysis (Fig. 2A).
We also examined the expression patterns of these genes
during embryogenesis. By whole-mount in situ hybridization of
early mouse embryos, we were unable to detect any expression of
Gasp1. In contrast, Gasp2 expression was readily detected in
a variety of sites in day 9.5 postcoitum embryos (Fig. 2 B and C),
including the retina, otocyst, and neural tube, consistent with
previously reported information on rat embryos (22). One notable difference between our results and the results of the prior
study, however, was that we also observed prominent expression
of Gasp2 in the posterior region of the embryo (Fig. 2B). To
conﬁrm the speciﬁcity of this hybridization, we showed that no
Gasp2 expression could be detected by whole-mount in situ hybridization analysis of Gasp2−/− embryos (see below) using the
same probe (Fig. 2D). This expression pattern was intriguing,
because Gdf11 is also known to be expressed in the posterior
region of early stage embryos, speciﬁcally the primitive streak
region and tail bud, and Gdf11 expression in this region is believed to be responsible for the critical role that GDF-11 plays
in regulating anterior/posterior axial patterning (7). Although
the expression pattern of Gasp2 did not coincide precisely with the
expression pattern of Gdf11 (compare Fig. 2B with Fig. 2E), the
fact that these two secreted proteins are expressed in the same
region raised the possibility that they may functionally interact
during development. Also noteworthy was the absence of either
Gasp1 or Gasp2 expression in developing somites, which is the
primary site of Mstn expression during early embryogenesis
(Fig. 2 F and G) (1).
Posteriorly Directed Transformations in Gasp2−/−. To investigate the

functions of GASP-1 and GASP-2 in vivo, we used gene targeting
to generate mice carrying loss-of-function mutations in these
genes. We generated targeting constructs, in which we ﬂanked
exon 2 with LoxP sites (Fig. 3A); because exon 2 contains nearly
the entire coding sequence of each gene, it seemed almost certain that deletion of exon 2 by cre-mediated recombination

Functional Redundancy Between Gasp2 and Follistatin in Axial Skeletal
Patterning. We also investigated the possibility that GASP-2 may

be functionally redundant with other proteins capable of binding
and inhibiting GDF-11. First, we investigated possible genetic
interactions between Gasp1 and Gasp2 by generating mice lacking
the functions of both genes. As shown in Table S1, the skeletal
patterning defects were similar in double Gasp1−/− ;Gasp2−/−
mutant mice compared with Gasp2−/− single mutants, suggesting
that these two genes are not functionally redundant for axial

Fig. 2. Expression patterns of Gasp1 and Gasp2. (A)
RNA blot analysis of adult mouse tissues (20 μg total
RNA) with (Top) Gasp1 and (Middle) Gasp2 probes.
(Bottom) S26 was used as the loading control. (B–G)
Whole-mount in situ hybridization of mouse embryos at 9.5 d postcoitum. Lateral and dorsal views
of the same embryo are shown in B and C, respectively. In B, the arrow denotes expression of
Gasp2 in the posterior region. (D) Absence of Gasp2
expression in Gasp2−/− embryos. (E) Whole-mount
in situ hybridization showing expression of Gdf11 in
the posterior region of the embryo (arrow). (F and G) Lateral and dorsal views, respectively, of an embryo hybridized with an Mstn probe showing expression
in somites.
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would result in a null allele. For both Gasp1 and Gasp2, mice
homozygous for the deletion allele were viable and fertile, and
therefore, all subsequent analysis was carried out using these
deletion alleles.
To investigate possible roles for GASP-1 and GASP-2 in the
regulation of GDF-11 activity, we focused on the known role of
GDF-11 in regulating axial skeletal patterning. Previous studies
have shown that Gdf11−/− mice have dramatic anteriorly directed
homeotic transformations of the axial skeleton (i.e., posterior
regions take a more anterior fate) (7). If GASP-1 or GASP-2
normally acts to block GDF-11 activity, one prediction is that
mice lacking GASP-1 or GASP-2 would have the opposite phenotype, namely posteriorly directed homeotic transformations. We
analyzed the axial skeletal patterns of Gasp1−/− and Gasp2−/− mice
by staining newborn carcasses for bone and cartilage with Alizarin
red and Alcian blue, respectively. Although the axial skeletal
patterning of Gasp1−/− mice was similar to the axial skeletal patterning of WT mice, Gasp2−/− mice exhibited posteriorly directed
homeotic transformations throughout the axial skeleton with incomplete penetrance (Fig. 3 B and C, Table 1, and Table S1). WT
mice most commonly have 7 cervical, 13 thoracic, and 6 lumbar
vertebrae. The most frequent abnormality seen in Gasp2−/− mice
was a defect in the formation of the 13th rib; almost 90% of homozygous mutants had at least one truncated or absent 13th rib,
and over 40% had a complete absence of both ribs, reﬂecting a
transformation of the 13th thoracic segment into a lumbar segment. Posteriorly directed transformations were observed in other
regions of the axial skeleton as well, albeit at lower frequencies.
The next most common abnormality was the partial or complete
loss of one lumbar segment, which was seen in ∼12% of Gasp2−/−
mice. In the cervical region, some rarer abnormalities were observed, including a supernumerary rib arising from the seventh
cervical (C7) vertebra (cervical rib) and a shift in the position of
the anterior tuberculum from C6 to C5 (Fig. 3C). Hence, Gasp2−/−
mice exhibited a wide range of defects in axial skeletal patterning,
all consistent with posteriorly directed homeotic transformations.
If these posteriorly directed transformations result from lack
of inhibition of GDF-11 signaling by GASP-2 during embryogenesis, one prediction is that loss of GASP-2 should have no
effect in the complete absence of GDF-11. To test this prediction, we crossed Gasp2 mutant mice to Gdf11 mutant mice
and analyzed the skeletal patterns in Gasp2−/−;Gdf11−/− double
mutants. Skeletons of Gasp2−/−;Gdf11−/− double mutant mice
appeared to be indistinguishable from skeletons of Gdf11 single
mutant mice, consistent with the defects seen in Gasp2−/− mice
being the result of overactivity of GDF-11 (Table S2).
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cascade by binding the ligand and inhibiting its ability to engage
the type II receptor. While this work was being completed, similar
results were reported in the work by Szláma et al. (15) using
surface plasmon resonance analysis.

Fig. 3. Role of Gasp2 in axial skeletal patterning. (A) Gene targeting strategy for Gasp1 and Gasp2. NEO, neomycin resistance cassette; TK, thymidine kinase.
(B) Vertebral columns of WT, Gasp2−/−, Gasp2−/−;Fst−/−, Gdf11+/−, and Gdf11−/− mice. Note the changes in the number of ribs. *Gasp2−/−;Fst−/− mice also had
a reduced number of lumbar vertebrae from six to four, with extensive fusion of lumbar and sacral segments. (C) Cervical and anterior thoracic regions of WT,
Gasp2−/−, and Gdf11−/− mice. Note the shift of the position of the anterior tuberculum (arrow) from C6 to C5 in Gasp2−/− mice and from C6 to C7 in Gdf11−/−
mice. (D) Vertebrosternal ribs of WT, Gasp2−/−;Fst+/−, Gasp2−/−;Fst−/−, Gdf11+/−, and Gdf11−/− mice. Note changes in the number of attached ribs and additional
cervical ribs (arrow). (E) Schematic representation of vertebral columns. Gdf11+/− and Gdf11−/− mice have anteriorly directed homeotic transformations of
the axial skeleton. In contrast, mice lacking certain GDF-11 inhibitors (Gasp2−/− and Gasp2−/−;Fst−/−) have posteriorly directed transformations. Cervical
(orange), thoracic (purple), and lumbar (sky blue) vertebrae, anterior tuberculi (small blue dots), ectopic ribs from a cervical vertebra (green curved lines),
sternums (red curves), and ribs (blue lines) are color coded as indicated. The dashed lines indicate the normal positions of typical vertebral characteristics:
6 for the anterior tuberculum, 14 for the most posterior rib attached to the sternum, 20 for the most posterior thoracic vertebra, and 26 for the most
posterior lumbar vertebra.

patterning. Second, we examined possible interactions between
GASP-2 and follistatin (FST), which is an unrelated protein capable
of binding and inhibiting GDF-11 (23). A previous study showed
E3716 | www.pnas.org/cgi/doi/10.1073/pnas.1309907110

that Fst−/− mice also exhibit posteriorly directed transformations
of the axial skeleton, with ∼90% of Fst−/− mice having at least one
truncated 13th rib (24) and 30% of Fst−/− mice lacking both 13th
Lee and Lee
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Table 1. Skeletal analysis of WT, Gasp1−/−, Gasp2−/−, and Fst−/− mice in C57BL/6 background
Genotype

WT

N
29
Vertebral pattern
C7T13L6
28 (96.6)
C7T13L5/6
—
C7T13L5
1 (3.4)
C7T12L7
—
C7T12L6/7
—
C7T12L6
—
C7T12L4
—
13th pair of ribs
Intact
29 (100)
One anlage
—
Both anlagen
—
One anlage and one missing
—
One missing
—
Both missing
—
Attached ribs
6
—
6.5
—
7
29 (100)
Cervical ribs
None
28 (96.6)
One side
1 (3.4)
Both sides
—

Gasp1−/− Gasp2+/− Gasp2−/− Gasp2−/−; Fst+/− Gasp2+/−; Fst−/− Gasp2−/−; Fst−/−
24

65

41

12

6

10

24 (100)
—
—
—
—
—
—

61 (93.8) 28 (68.3)
2 (3.1)
—
2 (3.1)
1 (2.4)
—
6 (14.6)
—
4 (9.8)
—
2 (4.9)
—
—

—
1 (8.3)
—
—
3 (25)
8 (66.7)
—

—
—
3 (50)
—
—
3 (50)
—

—
—
—
—
—
9 (90)
1 (10)

24 (100)
—
—
—
—
—

63 (96.9) 12 (29.3)
2 (3.1)
5 (12.2)
—
3 (7.3)
—
5 (12.2)
—
4 (9.8)
—
12 (29.3)

1 (8.3)
—
—
—
—
11 (91.7)

—
—
—
3 (50)
—
3 (50)

—
—
—
—
—
10 (100)

—
—
24 (100)

—
—
65 (100)

—
—
41 (100)

—
—
12 (100)

—
1 (16.7)
5 (83.3)

2 (20)
6 (60)
2 (20)

24 (100)
—
—

60 (92.3) 32 (78)
4 (6.2)
4 (9.8)
1 (1.5)
5 (12.2)

3 (25)
7 (58.3)
2 (16.7)

2 (33.3)
3 (50)
1 (16.7)

—
2 (20)
8 (80)

ribs, most likely because of overactivity of GDF-11. We generated
Gasp2−/−;Fst−/− double mutant mice and found that the complete
loss of both genes exacerbated the patterning defects, with 100%
of Gasp2−/− ;Fst−/− mice lacking both 13th ribs and having at
least one cervical rib (Table 1). Moreover, in one of the double
mutants, not only was the number of thoracic vertebrae reduced
by one but also, the number of lumbar vertebrae was further
reduced from six to four, resulting in a C7T12L4 pattern (Fig.
3B). Finally, the number of ribs attached to the sternum (vertebrosternal ribs) was reduced to six from the normal number
of seven, presumably reﬂecting a transformation of T7 to T8
(Fig. 3D). Hence, there seems to be at least some functional
redundancy between GASP-2 and FST with respect to axial
patterning by GDF-11.
Craniofacial Defects in Gasp1−/−;Gdf11−/− Mutant Mice. Because
Fst−/− and Gdf11−/− mice have been shown to exhibit a range of
palatal defects (7, 24) in addition to the axial patterning defects,
we analyzed the effect of Gasp1 and Gasp2 mutations in craniofacial bone development as well. As shown in Table S2, mice
lacking GASP-2 had normal palates, and loss of GASP-2 also did
not seem to increase the frequency of cleft palate in Gdf11−/−
mice. In contrast, whereas nearly all Gasp1−/− mice also exhibited normal palate development, loss of GASP-1 had a dramatic
effect on the frequency of palatal defects in Gdf11−/− mice, with
15 of 15 Gasp1−/−;Gdf11−/− mice analyzed having cleft palate
(Fig. S1 and Table S3). Interestingly, analysis of Gasp1−/−;Fst−/−
double mutant mice revealed no effect of loss of GASP-1 on the
penetrance of cleft palate in Fst−/− mice.
Effect of Mutations in Gasp1 and Gasp2 on Skeletal Muscle Weight.

Because both Gasp1−/− and Gasp2−/− mice were viable, we were
also able to investigate the possible roles of GASP-1 and GASP-2
in regulating MSTN activity. Mice lacking MSTN have been
shown to have approximately a doubling of muscle weights as a
result of increased numbers of muscle ﬁbers and increased ﬁber
sizes (1). If GASP-1 and GASP-2 normally act to block MSTN,
the prediction is that loss of GASP-1 or GASP-2 would have
the opposite phenotype, namely a reduction in muscle size. To
Lee and Lee

investigate this possibility, we analyzed wet weights of four muscles (pectoralis, triceps, quadriceps, and gastrocnemius) in both
10-wk- and 8-mo-old mice. Although we did not observe signiﬁcant differences between WT and mutant mice at 10 wk of age,
male mutant mice had small but statistically signiﬁcant reductions
in muscle weights at 8 mo of age compared with age-matched WT
mice (Fig. 4A and Table S4). Statistically signiﬁcant decreases in
muscle weights were observed in both mutants, with the effects
generally being greater in Gasp1−/− mice (decreases of 5–12%)
compared with Gasp2−/− mice (decreases of 6–9%). The effects
on the quadriceps were the greatest: 12% decrease in Gasp1−/−
mice (P < 0.001) and 8.6% decrease in Gasp2−/− mice (P <
0.001); the effects on the triceps were the lowest: 5.0% decrease
in Gasp1−/− mice (P < 0.01) and 7.1% decrease in Gasp2−/−
mice (P < 0.001). Although similar trends were also observed
in female mice, most of the differences were smaller than in
male mice (Table S4).
Fiber Type Shifting to Oxidative Type IIa Fibers in Gasp1−/− and
Gasp2−/− Mice. Loss of MSTN has been shown to result not

only in increases in muscle size but also, a shift in the distribution
of ﬁber types to fast glycolytic type IIb ﬁbers (25, 26). To determine whether loss of GASP-1 or GASP-2 has the converse
effect, we carried out ﬁber type analysis of the gastrocnemius
muscle of 8-mo-old mutant mice. Although there were no statistically signiﬁcant differences in the total number of type I
ﬁbers (mean ± SEM) among WT (46.3 ± 9.5), Gasp1−/− (35.7 ±
5.8), and Gasp2−/− (22.3 ± 1.3) mice, the ratio of type IIa to type
IIb ﬁbers seemed to be increased in both Gasp1−/− and Gasp2−/−
mice compared with WT mice. This increase in the percentage of
type IIa ﬁbers was most clearly seen in the ventrolateral portion
of the gastrocenemius muscle, in which there was a clear spread
of the region containing a signiﬁcant number of type IIa ﬁbers to
the outside portion of the muscle (Fig. 4B). In this region, the
percentage of IIa ﬁbers increased from 39.9 ± 2.4% in WT mice
to 51.3 ± 1.3% and 50.1 ± 1.0% in Gasp1−/− and Gasp2−/− mice,
respectively, and the percentage of type IIb ﬁbers decreased
correspondingly from 57.8 ± 2.1% in WT mice to 46.9 ± 1.1%
and 48.8 ± 1.0% in Gasp1−/− and Gasp2−/− mice, respectively
PNAS | Published online September 9, 2013 | E3717
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The percentage of each genotype is shown in parentheses.

(Fig. 4C). Hence, there seemed to be a shift in ﬁber type from
fast glycolytic type IIb ﬁbers to fast oxidative type IIa ﬁbers in the
gastrocnemius muscles of Gasp1−/− and Gasp2−/− mice, which is
the reverse of what is seen in Mstn−/− mice.
Impaired Muscle Regeneration in Gasp1−/−, Gasp2−/−, and Gasp1−/−;
Gasp2−/− Mice After Cardiotoxin-Induced Injury. Loss of MSTN has

been shown to affect not only muscle mass and ﬁber type distribution but also, the ability of the muscle to regenerate. In
particular, loss of MSTN activity has been shown to result in an
enhanced regenerative response to injury (27, 28), whereas
heterozygous loss of Fst impaired muscle remodeling in response
to injury (29). We investigated the possibility that loss of GASP-1
or GASP-2 may affect muscle regeneration by examining the
response of the gastrocnemius muscle to cardiotoxin (CTX)
-induced injury. We injected CTX into the right gastrocnemius
muscles of WT, Gasp1−/− , Gasp2−/− , and Gasp1−/− ;Gasp2−/−
mice at the age of 3 wk and analyzed muscle histology at 1, 3, 7,
14, and 28 d after injection. Before CTX injection, muscles from
mutant mice were histologically similar to WT muscle. After
CTX injection, however, there were clear differences in the response of the muscle to injury in the mutant mice, which could be
seen easily on histologic examination (Fig. 5). In WT mice,
degenerating ﬁbers were prominent at early stages, and these
degenerating ﬁbers were replaced with regenerating myoﬁbers
containing centralized nuclei at later stages. Calciﬁed ﬁbers,
which could be readily seen as black deposits after von Kossa
staining, were present in injured WT muscle at days 7 and 14, but
these calciﬁed ﬁbers completely disappeared by 4 wk. Indeed, by

4 wk, the muscle appeared almost completely regenerated, with
very little evidence of ﬁbrotic changes. In contrast, this regenerative response was impaired in the mutant mice. As early as
3 d after injury, Gasp2−/− and Gasp1−/−;Gasp2−/− mice exhibited
myoﬁber degeneration that was accompanied by extensive calciﬁcations, and many of these calciﬁed ﬁbers persisted, even at 4
wk after injury. Similarly, although the appearance of calciﬁed
ﬁbers was not accelerated in timing in Gasp1−/− mice, these
calciﬁed ﬁbers persisted in the mutant muscle. The impairment
of regeneration in the mutant mice was also readily seen by examining the extent of ﬁbrotic changes. As shown in Fig. 5, extensive areas of ﬁbrosis could be seen by Masson trichrome
staining in Gasp1−/−, Gasp2−/−, and Gasp1−/−;Gasp2−/− mice by 2
wk, and these areas persisted at 4 wk. Hence, although muscles
from the mutants were capable of mounting a regenerative response after CTX-induced injury, this response was clearly impaired in the absence of either GASP-1 or GASP-2.
Gene Expression Patterns of MSTN Signaling Components During
Skeletal Muscle Regeneration. To begin to understand these his-

tologic changes at a molecular level, we carried out gene expression analysis of the muscles in Gasp1−/−, Gasp2−/−, and
Gasp1−/−;Gasp2−/− mice after injury. Speciﬁcally, we analyzed
the expression patterns of 12 candidate genes using real-time
RT-PCR: 8 genes encoding components of the MSTN signaling
pathway, namely Mstn, Gdf11, Gasp1, Gasp2, Fst, follistatin-like
3 (Fstl3), Acvr2b, and mammalian tolloid (mTld), and 4 genes
known to be involved in skeletal muscle regeneration, namely
paired box 7 (Pax7), myogenic differentiation 1 (MyoD), myo-

Fig. 4. Effect of mutations in Gasp1 and Gasp2 on skeletal muscle. (A) Reductions in muscle mass in Gasp1−/− and Gasp2−/− mice. Numbers represent percent
increase or decrease in muscle mass relative to WT mice and were calculated from the data shown in Table S4. Muscles analyzed were pectoralis (red), triceps
(gray), quadriceps (blue), and gastrocnemius (green). *P < 0.01 vs. WT; †P < 0.001 vs. WT. (B) Fiber type analysis of the gastrocnemius muscle. Note that
muscles of Gasp1−/− and Gasp2−/− mice had an increased ratio of myosin heavy chain IIa (green) to myosin heavy chain IIb (red) positive ﬁbers compared with
WT mice, which was most evident in the ventrolateral portion of the muscle. The boxed region is shown at higher magniﬁcation next to the image of the
entire gastrocnemius muscle. (C) Quantiﬁcation of the ratio of IIa to IIb ﬁbers. Analysis of 2,000 myoﬁbers in the ventrolateral region of the gastrocnemius
was carried out for three mice per group. Note the increase in the percentage of IIa ﬁbers in Gasp1−/− (P = 0.014) and Gasp2−/− (P = 0.017) mice and the
decrease in the percentage of IIb ﬁbers in Gasp1−/− (P = 0.010) and Gasp2−/− (P = 0.018) mice compared with WT mice. Data are shown as mean ± SEM.
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genic factor 5 (Myf5), and myogenin (Myog). The mRNA levels
of each gene were normalized to 18S rRNA and then compared
with levels in the muscles before injury.
Consistent with a key role for MSTN signaling in muscle regeneration, expression levels of many of the components of the
MSTN regulatory system changed after CTX-induced injury in
WT mice (Fig. 6). Several genes were down-regulated at early
time points, including Gasp1, Mstn, and Acvr2b. The expression
levels of each of these genes gradually increased during the regenerative process and in the case of Gasp1 and Acvr2b, were
even slightly higher at 4 wk compared with time 0. Other components were up-regulated after injury. Perhaps the most dramatic change was seen for Fstl3, which was up-regulated by more
than eightfold at day 1 and then quickly restored to almost
normal levels by day 7. Fst, mTld, and Gasp2 were also up-regulated early, albeit to a lesser extent than Fstl3, and these increased expression levels persisted through day 14. Expression of
Gdf11 was not changed in the early time points (1–7 d) after
injury but up-regulated in the later time points, with a peak being
reached at 14 d after injury. Finally, consistent with previous
studies (27, 28, 30), we observed up-regulation of genes known to
be important for skeletal muscle regeneration, speciﬁcally Pax7,
MyoD, Myf5, and Myog, with peak expression levels being seen at
3 d after injury.
Altered Patterns of Gene Expression in Gasp1 and Gasp2 Mutants
During Skeletal Muscle Regeneration. The overall gene expression

Fig. 5. Impaired muscle regeneration in Gasp1−/−, Gasp2−/−, and Gasp1−/−;
Gasp2−/− after CTX injury. Gastrocnemius muscles at various days after CTX
injury were analyzed by H&E, von Kossa (to highlight calciﬁed ﬁbers), and
Masson trichrome (to highlight areas of ﬁbrosis) staining. Severe myoﬁber
degeneration, accompanied by extensive calciﬁcations, is observed in
Gasp2−/− and Gasp1−/−;Gasp2−/− mice as early as 3 d after injury, and extensive areas of ﬁbrosis are seen in Gasp1−/−, Gasp2−/−, and Gasp1−/−;Gasp2−/−
mice by 14 d after injury. These abnormalities persisted at 28 d after injury.
Please note that the ﬁgure is a composite of images taken from representative stained sections prepared from the individual experimental groups as
indicated.

Discussion
In this study, we have investigated the biological functions of
GASP-1 and GASP-2, which are related proteins capable of
modulating the activities of certain members of the TGF-β superfamily, namely MSTN and GDF-11. Previous studies have
shown that GASP-1 and GASP-2 are capable of binding MSTN
and GDF-11 and inhibiting their activities in vitro (11, 14, 15).
Although a role for GASP-1 in regulating MSTN activity in vivo
was suggested by the ﬁnding that these proteins could be
detected complexed together in the blood (11), the precise biological functions of GASP-1 and GASP-2 in vivo were not
known. Here, we have provided a detailed characterization of
the activities of GASP-1 and GASP-2 in vitro using highly puriﬁed preparations of native proteins, and we have presented

evidence that these molecules act by blocking the ability of the
ligand to engage the type II receptor, which is the initial event in
the signaling cascade. Most importantly, we have presented genetic data showing that mice carrying targeted mutations in
Gasp1 and/or Gasp2 have phenotypes consistent with regulation
of MSTN and GDF-11 in vivo.
Based on our genetic studies, it is clear that GASP-2 plays an
important role in modulating the activity of GDF-11 during
embryogenesis. We showed that Gasp2, like Gdf11, is expressed
in the posterior region of midgestation embryos and that mice
lacking GASP-2 exhibit posteriorly directed homeotic transformations of axial skeleton. A schematic summary of the axial
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patterns in Gasp1−/−, Gasp2−/−, and Gasp1−/−;Gasp2−/− mice
after injury were generally similar to the expression patterns of
WT mice. As shown in Fig. 7 A–D, expression of Pax7, MyoD,
Myf5, and Myog were all induced by CTX injury in mutant mice
like in WT mice, with the highest expression levels being observed
at day 3. We did, however, observe some small but statistically
signiﬁcant differences at speciﬁc time points, and in general, these
differences reﬂected a slight reduction in expression levels in the
mutants. For example, the induction of both Pax7 and Myog
expressions was slightly blunted at day 3 in mutant compared with
WT mice. Similarly, expression levels of all four genes were
generally lower at day 14 in the injured mutant muscles.
Expression analysis of the eight genes representing components of the MSTN regulatory system in mutant mice is shown in
Fig. 7 E–J. Although the expression patterns of some genes, like
Mstn and Acvr2b, were very similar in mutant compared with WT
mice, we observed some differences in the expression patterns of
the other genes. For example, the extent of induction of Gdf11
expression was signiﬁcantly reduced in all of the mutant samples
at day 14, which was the time point at which the highest levels of
Gdf11 expression were seen in WT mice. Similarly, the induction
of mTld and Fstl3 expressions was also blunted, particularly in
Gasp1−/−;Gasp2−/− mice. Finally, in the case of Fst, the time
course of induction seemed to be delayed, with a peak being seen
at day 7 in Gasp1−/−;Gasp2−/− mice compared with day 1 in WT
mice. The general blunting of the magnitude of the gene expression changes in mutant mice is consistent with the impaired
regeneration that was evident on histological examination of
the muscles.
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Fig. 6. Gene expression patterns in WT muscles after CTX-induced injury. Real-time RT-PCR was performed on gastrocnemius muscles of WT mice before
injury and at 1, 3, 7, 14, and 28 d after CTX injection (n = 3). Eight genes encoding components of the MSTN signaling pathway, including (A) Gasp1, (B) Gasp2,
(C) Fst, (D) Fstl3, (E) Mstn, (F) Gdf11, (G) Acvr2b, and (H) mTld, and four genes known to be involved in skeletal muscle regeneration, including (I) Pax7, (J)
MyoD, (K) Myf5, and (L) Myog, were evaluated. The mRNA levels of each gene were normalized to 18S rRNA and then compared with levels in the muscles
before injury. Data were shown as mean ± SEM.

skeletal patterning effects of targeting Gasp2 is shown in Fig. 3E.
For example, mice lacking GASP-2 are characterized by homeotic transformations of the last thoracic vertebra into a lumbar
vertebra and the last lumbar vertebra into a sacral vertebra, the
presence of supernumerary ribs on cervical segments, and an
anterior shift in the position of the anterior tuberculi, which is
normally seen at the level of C6. These shifts are the reverse of
the shifts that are observed in mice carrying mutations in Gdf11.
When GDF-11 levels are slightly reduced (for example, in mice
heterozygous for a Gdf11 loss-of-function mutation), one lumbar
vertebra undergoes an anteriorly directed homeotic transformation to have a morphology typical of a thoracic vertebra (7). In the
complete absence of GDF-11 (i.e., in Gdf11 homozygous mutants),
the anteriorly directed homeotic transformations are much more
extensive; for example, ﬁve lumbar segments are transformed into
thoracic segments, eight sacral and caudal segments are transformed into lumbar segments, and there is a posterior shift in the
position of the anterior tuberculi (7). Based on the results presented here, it seems clear that GASP-2 plays an important role in
axial skeletal patterning, most likely by regulating the activity of
GDF-11 in the posterior region of the developing embryo, where
segment identity is being speciﬁed.
The function of GASP-2 in regulating axial patterning seems
to be redundant with the function of FST, which is also known to
block GDF-11 activity. In mice lacking both GASP-2 and FST,
the posteriorly directed homeotic transformations are more extensive; double mutant mice are characterized, for example, by
a reduction in the number of vertebrae with ribs touching the
sternum, transformation of additional lumbar segments into sacral segments, and signiﬁcantly increased penetrance of other
abnormalities seen in Gasp2−/− mice. Hence, proper anterior–
posterior patterning of the axial skeleton occurs within a narrow
range of GDF-11 signaling activity, which must be precisely
regulated by balancing levels of GDF-11 with levels of its inE3720 | www.pnas.org/cgi/doi/10.1073/pnas.1309907110

hibitory binding proteins, including GASP-2 and FST. Slight
deviations in GDF-11 signaling activity either up or down can
lead to homeotic transformations that are posteriorly or anteriorly directed, respectively.
An interesting feature of this regulatory system is that axial
patterning is remarkably sensitive to altered levels of signaling,
even though there is functional redundancy among the regulatory components. As discussed above, it is clear that there is
some functional redundancy among the inhibitory binding proteins, GASP-2 and FST, although loss of either one alone leads
to a clear patterning phenotype. There also seems to be functional redundancy among the ligands, because complete loss of
both GDF-11 and MSTN results in an even more severe patterning phenotype than loss of GDF-11 alone, with the most
dramatic manifestations being the presence of 20–21 thoracic
segments and an additional pair of forelimbs (31).
In this respect, the range of effects in the number of vertebral
segments that can be altered with respect to their positional
identity by manipulating GDF-11 activity is remarkable and
much wider than the range of effects seen in mice carrying lossof-function mutations in individual Hox genes, which generally
exhibit only mild axial changes (32). The wide range of vertebral
patterns that can be generated by targeted manipulation of this
pathway in mice is reminiscent of the wide variation in skeletal
patterns seen in different species. It is tempting to speculate that
naturally occurring genetic changes leading to alterations in the
activity levels of this signaling pathway during embryonic development may have been responsible for the generation of
new vertebral patterns during the evolution of the vertebrate
body plan.
We have also presented data supporting roles for GASP-1 and
GASP-2 in the regulation of MSTN activity in vivo. Skeletal
muscle analysis of adult mice revealed that both Gasp1 and
Gasp2 mutants had small but statistically signiﬁcant decreases in
Lee and Lee
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overall muscle weights as well as a shift in ﬁber type from fast
glycolytic type IIb ﬁbers to fast oxidative type IIa ﬁbers. These
phenotypes contrast with the increased muscle weights and the
shift in ﬁber types to type IIb ﬁbers seen in Mstn−/− mice (25, 26),
and therefore, they are consistent with overactivity of MSTN in
Gasp1 and Gasp2 mutants. Considering the dramatic muscle
phenotype resulting from loss of MSTN, however, the effects
seen in Gasp1 and Gasp2 mutants were relatively mild. One
potential explanation for the mild phenotype may be possible
functional redundancy between these proteins and other MSTN
binding proteins. In this respect, it will be important to investigate
the effect of targeting GASP-1 and GASP-2 combined with other
known MSTN inhibitors, such as FST and FSTL-3 (33).
Much more pronounced effects of GASP-1 and GASP-2 loss
were seen in the setting of cardiotoxin-induced muscle injury and
regeneration. Histologically, muscles of mutant mice exhibited
signs of increased damage and impaired regeneration after CTX
injection compared with muscles of WT mice. For example,
calciﬁed ﬁbers appeared as early as 3 d after injury in Gasp2−/−
and Gasp1−/−;Gasp2−/− mice compared with 7 d in WT mice, and
unlike in WT muscle, many of the calciﬁed ﬁbers in the mutant
muscles persisted, even 4 wk after injury. Moreover, extensive
ﬁbrotic changes were observed by 2 wk in both Gasp1−/− and
Gasp2−/− single mutant mice as well as Gasp1−/−;Gasp2−/− double
mutant mice, and this ﬁbrosis persisted at 4 wk.
At a molecular level, we also detected gene expression changes
consistent with an overall blunting of the regenerative response in
the mutant mice. We ﬁrst showed that expression of many components of the MSTN regulatory system are normally either up- or
down-regulated after CTX-induced injury, consistent with an important role for this signaling pathway in muscle regeneration.
Examination of muscles from CTX-injured mutant mice revealed
that these expression patterns were altered in the absence of
GASP-1 or GASP-2. For certain components of this regulatory
Lee and Lee

system, like Gdf11, mTld, and Fstl3, the magnitude of changes in
expression levels was generally lower in the mutant mice, whereas
for Fst, the time course of induction seemed to be delayed. We
also observed that the magnitude of induction of Pax7 and the
MyoD family of myogenic regulators after CTX-induced injury was
reduced in the mutants compared with WT mice.
This impairment in the regenerative response after CTXinduced injury in mice lacking GASP-1 and/or GASP-2 contrasts
with the enhanced regenerative response seen in mice lacking
MSTN. The mechanisms by which MSTN loss leads to improved
muscle healing are not fully understood, but studies have suggested that MSTN is capable of inhibiting myoblast proliferation
by arresting cell cycles in the G1 phase (34) and blocking myoblast differentiation by inhibiting MyoD activity (35). A number
of studies have suggested that one role for MSTN may be to
maintain satellite cells in quiescence (27, 34, 36, 37). MSTN has
also been suggested to accelerate ﬁbrotic changes in injured
muscle by directly stimulating muscle ﬁbroblasts (38, 39). Hence,
in the absence of MSTN, muscle healing may be enhanced
through increased activation of satellite cells and reduced activity
of muscle ﬁbroblasts (27, 28). Whatever the underlying mechanisms, the contrasting phenotypes seen in mice lacking MSTN vs.
mice lacking GASP-1 and/or GASP-2 suggest that the impairment of muscle regeneration seen in Gasp1 and/or Gasp2 mutant
mice likely reﬂects overactivity of the MSTN signaling pathway.
Based on the results presented here, it is clear that both
GASP-1 and GASP-2 are important modulators of GDF-11 and
MSTN activity in vivo. Because members of the TGF-β superfamily are potent regulators of cell growth and differentiation,
there is considerable interest in understanding the molecular
mechanisms by which their activities are regulated, with the longterm goal of exploiting their activities for clinical applications.
In this regard, there is considerable effort being directed at developing strategies for modulating MSTN activity in vivo to enPNAS | Published online September 9, 2013 | E3721
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Fig. 7. Gene expression patterns in Gasp1 and Gasp2 mutant muscles after CTX-induced injury. Real-time RT-PCR was performed on gastrocnemius muscles of
WT (green), Gasp1−/− (yellow), Gasp2−/− (blue), and Gasp1−/−;Gasp2−/− (red) before injury and at 1, 3, 7, 14, and 28 d after CTX injection (n = 3). The mRNA
levels of each gene were normalized to 18S rRNA and then compared with levels in the WT muscles before injury. (A) Pax7. (B) MyoD. (C) Myf5. (D) Myog. (E)
Mstn. (F) Gdf11. (G) Fst. (H) Fstl3. (I) Acvr2b. (J) mTld. Data were shown as mean ± SEM.

hance muscle strength, function, and regeneration in patients
with muscle loss. Hence, the elucidation of the precise biological
roles that binding proteins, like GASP-1 and GASP-2, play in
this regulatory system will be important for not only understanding how the activity of this system is modulated in different
physiological states but also, developing the best strategies for
targeting this regulatory network for clinical applications.
Methods
Functional Assays. GASP-1 and GASP-2 proteins in their native state were
puriﬁed as described in SI Methods. MSTN, GDF-11, and activin A activities
were measured in A204 rhabdomyosarcoma cells carrying an Smad2/3responsive pGL3-(CAGA)12-luciferase expression construct (18). TGF-β1 and
BMP-4 activities were measured using C3H10T1/2 cells carrying either
a p3TP-Lux reporter construct (plasmid 11767; Addgene) (19) or a (BRE)2-Luc
reporter construct (provided by P. ten Dijke, Leiden University Medical
Center, Leiden, The Netherlands) (20), respectively.
RNA Blot Analysis and Whole-Mount in Situ Hybridization. Full-length cDNA of
Gasp1 was used as a probe for the RNA blot and in situ hybridization. For
analysis of Gasp2 expression patterns, we used a probe corresponding to the
C-terminal region (452 bp) of exon 2 (chromosome 17: 26,014,635–26,015,086)
to avoid repetitive elements. For whole-mount in situ hybridization, embryos
were prepared and stained as described (7).

were carried out in accordance with protocols that were approved by the
Institutional Animal Care and Use Committees at Johns Hopkins University
School of Medicine.
Muscle Weight and Fiber Type Analysis. For measurement of muscle weights,
individual muscles from both sides of 10-wk-old and 8-mo-old mice were
dissected, and the average weight was used for each muscle. For muscle ﬁber
type analysis, 10-μm frozen cross-sections were taken from the right gastrocnemius and subjected to immunohistochemistry for three different isoforms of myosin heavy chain. Information on the primary antibodies for
myosin heavy chain staining can be found in SI Methods.
CTX Injury. For skeletal muscle injury experiments, 250 μL CTX (10 μM Naja
mossambica mossambica; Sigma-Aldrich) were injected into the right gastrocnemius muscles of WT, Gasp1−/−, Gasp2−/−, and Gasp1−/−;Gasp2−/− mice
at the age of 3 wk, and muscles were harvested at 1, 3, 7, 14, and 28 d after
induction of injury. A total of 144 mice muscles was evaluated for skeletal
muscle regeneration after CTX injury: six mice per each genotype (four
different genotype groups) at six different time points. One-half was harvested for histological analysis, and the other one-half was harvested for
gene expression analysis.

KO Mice. Gasp1 and Gasp2 KO mice were generated as described in SI
Methods. Fst KO mice were obtained from Martin M. Matzuk (Baylor College
of Medicine, Houston, TX). Skeletal analysis of newborn mice and fetuses at
18.5 d postcoitum was carried out as described (7). All animal experiments
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SI Methods
Puriﬁcation of Growth and Differentiation Factor-Associated Serum
Proteins-1 and -2. CHO cell lines were generated, in which ex-

pression of either murine growth and differentiation factor
(GDF) -associated serum protein-1 (GASP-1) or murine GASP-2
was placed under the control of the metallothionine promoter.
Conditioned media were collected 24 h after induction with 100
nM cadmium in serum-free EX-CELL 325 PF CHO media
(Sigma). GASP-1 protein was puriﬁed by successive fractionation
using butyl Sepharose (eluted with 10 mM sodium phosphate, pH
7.2), HiTrap heparin Sepharose (eluted with 10 mM sodium
phosphate and 0.36–0.72 M NaCl), and wheat germ lectin Sepharose (eluted with 10 mM sodium phosphate, 0.5 M NaCl,
and 0.06 M N-acetyl-D-glucosamine). GASP-2 protein was puriﬁed by successive fractionation using butyl Sepharose (eluted
with 10 mM sodium phosphate, pH 7.2), HiTrap heparin Sepharose (eluted with 10 mM sodium phosphate and 0.6–0.765 M
NaCl), and HiTrap Q Sepharose (eluted with 10 mM sodium
phosphate and 0.23–0.3 M NaCl).
Receptor Binding Assays. For receptor binding, 150 ng of human
recombinant GDF-11 (R&D systems) were incubated with increasing amounts (0 - 1.5 μg) of either GASP-1 or GASP-2 (total
reaction volume = 200 μl) overnight and then with 2 μg
ACVR2B/Fc for an additional 5 h. ACVR2B/Fc-bound proteins
were isolated using protein A Sepharose, and the eluted proteins
were analyzed by Immunoblot.
Generation of Gasp1 and Gasp2 KO Mice. To generate mice carrying
loss-of-function mutations in Gasp1 and Gasp2 genes, we generated targeting constructs, in which we ﬂanked exon 2 with LoxP
sites (Fig. 3A); because exon 2 contains nearly the entire coding
sequence of each gene, it seemed almost certain that deletion of
exon 2 by cre-mediated recombination would result in a null
allele. Moreover, in anticipation of the possibility that we might
desire to generate mice simultaneously carrying cell type-speciﬁc
1. Lee G, Saito I (1998) Role of nucleotide sequences of loxP spacer region in Cre-mediated
recombination. Gene 216(1):55–65.
2. Schiafﬁno S, et al. (1989) Three myosin heavy chain isoforms in type 2 skeletal muscle
ﬁbres. J Muscle Res Cell Motil 10(3):197–205.
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deletions of both genes, we used a standard LoxP site for Gasp1
and a LoxP variant, Lox2272 (1), for Gasp2 to prevent the
possibility of trans-recombination between these genes. Both
Gasp1 and Gasp2 homozygous KO mice were viable and fertile.
Antibodies for Fiber Type-Speciﬁc Staining. The primary antibodies
[BA-D5 for myosin heavy chain I, SC-71 for myosin heavy chain IIa,
and BF-F3 for myosin heavy chain IIb] developed by Schiafﬁno
et al. (2) were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained
by the University of Iowa.
Histological Analysis of Skeletal Muscle Injury. The right gastrocnemius muscles harvested after CTX-induced injury were snap
frozen in isopentene cooled in liquid nitrogen; 10-μm crosssections taken from the frozen muscles were subjected to H&E,
von Kossa (IHC World), and Masson’s trichrome staining (IHC
World) using standard procedures.
Real-Time PCR Analysis. The real-time PCR assays were performed
in triplicate for each sample in three mice per group in 24 groups
(four different genotypes at six different time points) with 13
different sequence-speciﬁc primer and TaqMan 6-FAM dyelabeled MGB probe sets (Assay-on-Demand; Applied Biosystems).
Eight primer and probe sets for genes encoding components of
the myostatin signaling pathway (myostatin, Gdf11, Gasp1, Gasp2,
follistatin, follistatin-like 3, activin type IIB receptor, and mammalian tolloid), four sets for representative genes known to be involved in skeletal muscle regeneration (paired box 7, myogenic
factor 5, myogenic differentiation 1, and myogenin), and one set for
18S rRNA as an endogenous control were used. The mRNA level of
each gene was normalized to 18S rRNA and then compared with
levels in the WT muscles before injury. Relative quantitation of gene
expression was determined by standard 2(−ΔΔCt) calculations (3).
3. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using realtime quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25(4):402–408.
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Fig. S1. Craniofacial defects in Gasp1−/−;Gdf11−/− mice. (A–D) Ventral views of the newborn mouse skull. The boxed regions in A and B are shown at higher
magniﬁcation in C and D. Palatine (p) bones (arrow) are missing, and the distance between the pterygoid (pt) processes (arrowheads) is widen in the Gasp1−/−;
Gdf11−/− skull. (E and F) Coronal sections of the mouse head at E18.5. The palatal shelves fail to fuse in Gasp1−/−;Gdf11−/− embryos.

Table S1. Skeletal analysis of WT, Gasp1−/−, and Gasp2−/− mice in C57/129 hybrid background
Genotypes of Gasp1 and Gasp2 mutant mice
Gasp1
+/+
Gasp2
+/+
N
17
Vertebral pattern
C7T13L6
12 (70.6)
C7T13L5/6
2 (11.8)
C7T13L5
3 (17.6)
C7T12L7
—
C7T12L6/7
—
C7T12L6
—
13th pair of ribs
Intact
14 (82.4)
One anlage
1 (5.9)
Both anlagen
2 (11.8)
One anlage and one missing
—
One missing
—
Both missing
—
Cervical ribs
None
17 (100)
One side
—
Both sides
—

−/−
+/+
5

+/−
+/−
20

3 (60)
1 (20)
1 (20)
—
—
—

10 (50)
3 (15)
6 (30)
—
—
1 (5)

5 (100) 13 (65)
—
2 (10)
—
4 (20)
—
—
—
—
—
1 (5)

−/−
+/−
41

+/+
−/−
83

+/−
−/−
104

−/−
−/−
140

27 (65.9) 39 (47)
2 (4.9)
6 (7.2)
11 (26.8) 4 (4.8)
—
4 (4.8)
—
12 (14.5)
1 (2.4) 18 (21.7)

33
8
12
6
11
34

(31.7)
(7.7)
(11.5)
(5.8)
(10.6)
(32.7)

67
20
15
7
9
22

(47.9)
(14.3)
(10.7)
(5)
(6.4)
(15.7)

35
2
2
1

17
6
10
11
9
51

(16.3)
(5.8)
(9.6)
(10.6)
(8.7)
(49)

41
13
15
25
8
38

(29.3)
(9.3)
(10.7)
(17.9)
(5.7)
(27.1)

(85.4)
(4.9)
(4.9)
(2.4)
—
1 (2.4)

9
11
15
14

(10.8)
(13.3)
(18.1)
(16.9)
—
34 (41)

5 (100) 20 (100) 39 (95.1) 82 (98.8) 102 (98.1) 135 (96.4)
—
—
1 (2.4)
1 (1.2)
2 (1.9)
4 (2.9)
—
—
1 (2.4)
—
—
1 (0.7)

The percentage of each genotype is shown in parentheses.
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Table S2.

Skeletal analysis of WT, Gasp2−/−, and Gdf11−/− mice in C57/129 hybrid background
Genotypes of Gasp2 and Gdf11 mutant mice

Gasp2
Gdf11
N
Total no. of thoracic
vertebrae
12
13
14
15
16
17
18
Total no. of lumbar
vertebrae
5
5/6
6
6/7
7
7/8
8
8/9
9
Attached ribs
7
8
9
10
11
Anterior tuberculi
on no. vertebrae
C5
C6
C7
Cervical ribs
None
One side
Both sides
Palate
Intact
Cleft

+/+
+/+
4

+/−
+/+
12

−/−
+/+
27

+/+
+/−
2

+/−
+/−
15

−/−
+/−
36

+/+
−/−
3

+/−
−/−
6

−/−
−/−
11

—
4
—
—
—
—
—

1
11
—
—
—
—
—

9
18
—
—
—
—
—

—
—
2
—
—
—
—

—
—
15
—
—
—
—

—
3
33
—
—
—
—

—
—
—
—
—
1
2

—
—
—
—
—
1
5

—
—
—
—
—
—
11

—
—
4
—
—
—
—
—
—

2
2
8
—
—
—
—
—
—

1
1
18
1
6
—
—
—
—

—
—
2
—
—
—
—
—
—

1
1
13
—
—
—
—
—
—

—
2
31
—
3
—
—
—
—

—
—
—
—
—
—
2
—
1

—
—
—
—
1
1
3
1
—

—
—
—
—
2
3
6
—
—

4
—
—
—
—

12
—
—
—
—

27
—
—
—
—

—
2
—
—
—

—
15
—
—
—

—
36
—
—
—

—
—
—
3
—

—
—
—
4
2

—
—
—
7
4

—
4
—

—
12
—

1
26
—

—
2
—

—
15
—

—
36
—

—
2
1

—
5
1

—
11
—

4
—
—

12
—
—

21
4
2

2
—
—

15
—
—

36
—
—

3
—
—

6
—
—

11
—
—

4
—

12
—

27
—

2
—

15
—

36
—

1
2

3
3

4
7
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Table S3. Skeletal analysis of Gasp1−/− and Gdf11−/− mice in C57/129 hybrid background
Genotypes of Gasp1 and Gdf11 mutant mice
Gasp1
Gdf11
N
Total no. of thoracic vertebrae
13
14
15
16
17
18
19
Total no. of lumbar vertebrae
5
5/6
6
6/7
7
7/8
8
8/9
9
Attached ribs
7
8
9
10
11
Anterior tuberculi on no. vertebrae
C5
C6
C7
Cervical ribs
None
One side
Both sides
Palate
Intact
Cleft

Lee and Lee www.pnas.org/cgi/content/short/1309907110

−/−
+/+
18

−/−
+/−
39

−/−
−/−
15

18
—
—
—
—
—
—

—
39
—
—
—
—
—

—
—
—
—
1
13
1

3
3
12
—
—
—
—
—
—

—
1
38
—
—
—
—
—
—

—
—
—
—
—
—
3
2
10

18
—
—
—
—

—
39
—
—
—

—
—
—
6
9

—
18
—

—
39
—

—
13
2

18
—
—

39
—
—

15
—
—

18
—

38
1

—
15
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Table S4. Effect of the targeting Gasp1 and Gasp2 in myoﬁbers on
muscle weights
Muscle weights (mg)

10 wk old
Females
WT
Gasp1−/−
Gasp2−/−
Males
WT
Gasp1−/−
Gasp2−/−
8 mo old
Females
WT
Gasp1−/−
Gasp2−/−
Males
WT
Gasp1−/−
Gasp2−/−

n

Pectoralis

Triceps

Quadriceps

Gastrocnemius

27
21
12

50.4 ± 1.1
52.0 ± 1.3
49.3 ± 1.2

68.1 ± 0.8
144.4 ± 2.0
73.3 ± 1.0* 148.6 ± 2.3
68.3 ± 1.2
142.9 ± 3.1

100.8 ± 1.2
100.9 ± 1.5
97.1 ± 1.6

23
20
17

76.0 ± 1.4
73.6 ± 2.0
71.7 ± 1.9

94.4 ± 1.3
99.4 ± 1.7†
89.4 ± 2.4

193.2 ± 2.7
187.2 ± 3.5
185.4 ± 5.3

136.7 ± 1.5
129.2 ± 1.8‡
131.3 ± 3.7

35
39
25

68.2 ± 0.6
63.9 ± 0.8*
65.0 ± 0.7‡

91.1 ± 0.6
91.3 ± 0.8
88.0 ± 0.6‡

198.7 ± 1.2
184.5 ± 1.6*
189.7 ± 1.7*

135.0 ± 1.1
124.8 ± 1.3*
127.7 ± 1.2*

29 101.0 ± 1.3
120.4 ± 1.3
240.5 ± 2.7
40
89.6 ± 1.2* 114.3 ± 1.1‡ 211.6 ± 1.9*
38
92.9 ± 0.7* 111.8 ± 0.8* 219.8 ± 1.7*

164.3 ± 1.7
146.5 ± 1.2*
154.3 ± 0.9*

Mean ± SEM.
*P < 0.001 vs. WT.
†
P < 0.05 vs. WT.
‡
P < 0.01 vs. WT.
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