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Abstract

were mostly unaffected.

Background: Myostatin (MSTN) is a transforming growth factor-I3 superfamily member that acts as a major regulator
of skeletal muscle mass. GDF-11, which is highly related to MSTN, plays multiple roles during embryonic develop-
ment, including regulating development of the axial skeleton, kidneys, nervous system, and pancreas. As MSTN and
GDF-11 share a high degree of amino acid sequence identity, behave virtually identically in cell culture assays, and uti-
lize similar regulatory and signaling components, a critical question is whether their distinct biological functions result
from inherent differences in their abilities to interact with specific regulatory and signaling components or whether
their distinct biological functions mainly reflect their differing temporal and spatial patterns of expression.

Methods: We generated and characterized mice in which we precisely replaced in the germline the portion of the
Mstn gene encoding the mature C-terminal peptide with the corresponding region of Gdf11.

Results: In mice homozygous for the knock-in allele, all of the circulating MSTN protein was replaced with GDF-11,
resulting in ~ 30-40-fold increased levels of circulating GDF-11. Male mice homozygous for the knock-in allele had
slightly decreased muscle weights, slightly increased weight gain in response to a high-fat diet, slightly increased
plasma cholesterol and HDL levels, and significantly decreased bone density and bone mass, whereas female mice

Conclusions: GDF-11 appears to be capable of nearly completely functionally replacing MSTN in the control of mus-
cle mass. The developmental and physiological consequences of replacing MSTN with GDF-11 are strikingly limited.

Keywords: Myostatin, GDF-11, Gene knock-in, Body composition, Muscle, Fat, Bone, Metabolism

Background

Myostatin (MSTN) is a transforming growth factor-3
(TGE-3) superfamily member that normally acts to limit
skeletal muscle mass [1]. Mice lacking MSTN exhibit
dramatic increases in muscle mass throughout the body,
with individual muscles growing to about twice the nor-
mal size. MSTN has been highly conserved through
evolution [2], and naturally occurring and engineered
mutations in the MSTN gene also have been shown
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to result in increased muscle mass and/or function in
numerous other mammalian [2-16], piscine [17-19], and
avian [20, 21] species. Loss of MSTN leads to both an
increase in the number of muscle fibers that are formed
during development and an increase in the sizes of indi-
vidual fibers [1]. Postnatally, MSTN is made by myofib-
ers [1], circulates in the blood [22], and signals back to
myofibers to limit growth [23, 24]. Based on this post-
natal function of MSTN, numerous pharmaceutical and
biotechnology companies have developed MSTN inhibi-
tors that have been tested in clinical trials in patients with
muscle and metabolic diseases (for review, see ref. [25]).
GDEF-11, which was originally identified using Mstn
as a probe [1], is a highly related TGF-f} family member
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that is about 90% identical to MSTN in the mature por-
tion of the protein [26, 27]. Gene targeting studies in
mice showed that the function of GDF-11 is distinct from
that of MSTN. During embryogenesis, GDF-11 has been
shown to regulate anterior-posterior patterning of the
axial skeleton [28] as well as the development of the kid-
ney [29], pancreas [30, 31], and nervous system [32—-34].
Although the phenotypes of Mstn™'~ and Gdf11~/~ mice
appear to be mostly non-overlapping, the two genes have
been shown to be at least partially functionally redundant
with respect to anterior-posterior axial patterning [35].
Much less is known about adult functions of GDF-11, as
Gdf11~/~ mice die within the first 24 h after birth.

MSTN and GDE-11 are nearly indistinguishable in cell
culture assays and also share many regulatory and signal-
ing mechanisms and components. MSTN is synthesized
in precursor form, and following proteolytic process-
ing, the C-terminal dimer, which is the actual signaling
molecule, remains non-covalently bound to the propep-
tide in an inactive, latent state [36, 37]. The MSTN latent
complex can be activated by proteolytic cleavage of the
propeptide by members of the BMP-1/tolloid family of
metalloproteases [38], which appears to be the domi-
nant mechanism operating in vivo [39]. Similarly, the
C-terminal dimer and propeptide of GDF-11 also form
a latent complex that can be activated by BMP-1/tol-
loid proteases [40]. MSTN is regulated extracellularly
by other binding proteins as well, including follista-
tin (FST) [36], ESTL-3 [41], GASP-1, and GASP-2 [42].
Genetic studies have shown that loss of FST [43—45] and/
or GASP-1/GASP-2 [46] results in decreases in mus-
cle mass and fiber type shifts consistent with their roles
in inhibiting MSTN in vivo. These binding proteins are
also capable of inhibiting GDF-11, and mice lacking FST
[43] or GASP-1/GASP-2 [46] also exhibit axial pattern-
ing defects consistent with increased activity of GDF-11.
Finally, when free of inhibitory binding proteins, MSTN
is capable of binding the type 2 receptors, ACVR2 and
ACVR2B [36], and the type 1 receptors, ALK4 and ALK5
[47]. Targeting these receptors in mice leads to increased
muscle mass, consistent with the key roles that these
receptors play in mediating MSTN signaling in vivo [24,
48]. GDF-11 is capable of binding to these same recep-
tors, and Acvr2 and Acvr2b mutant mice exhibit axial
patterning and kidney defects [49-53] similar to those
seen in Gdf11 mutants.

Given that MSTN and GDF-11 share a high degree of
amino acid sequence identity, behave virtually identi-
cally in cell culture assays, and utilize similar regulatory
and signaling components, a critical question is whether
their distinct biological functions result from inher-
ent differences in their abilities to interact with specific
regulatory and signaling components or whether their
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distinct biological functions mainly reflect their differing
temporal and spatial patterns of expression. Given that
both MSTN and GDE-11 circulate in the blood, another
critical question is whether these ligands act locally or
systemically in signaling to target cells. Genetic studies
have suggested that MSTN has both autocrine/paracrine
and endocrine modes of action [54], although very little
is known about the functions of GDF-11 and its mode
of action in adult animals. Although overexpression of
either MSTN [22] or GDF-11 [55, 56] has been shown to
induce a cachexia-like syndrome in adult mice, at least
one study has reported distinct effects of giving MSTN
and GDEF-11 protein exogenously to mice, suggesting
that these two molecules may have inherent differences
in their biological properties [57]. Here, we addressed the
functional equivalence of these two molecules by replac-
ing the portion of the Mstn gene encoding its mature
domain with the corresponding portion of GdfI1 in the
germline of mice.

Methods

All animal experiments were carried out in accordance
with protocols that were approved by the Institutional
Animal Care and Use Committees at the University of
Connecticut School of Medicine and Johns Hopkins Uni-
versity School of Medicine. To generate mice carrying a
Mstn®¥!! knock-in allele, the targeting construct was
electroporated into embryonic stem (ES) cells, and ES
cell colonies carrying the homologously targeted allele
were injected into blastocysts. Chimeric mice gener-
ated from these blastocysts were bred to identify those
exhibiting germline transmission of the targeted allele.
Offspring from these matings were then bred with Ella-
Cre transgenic mice [58] in order to delete the neomycin
resistance cassette in the germline. From these crosses,
we obtained mice carrying the Mstn“¥!! knock-in allele
lacking the neo-cassette.

Circulating MSTN and GDEF-11 levels were deter-
mined using a liquid chromatography-tandem mass
spectrometry assay, as described [59]. There was no
detectable cross-reactivity of MSTN in the GDEF-11
assay or of GDF-11 in the MSTN assay; the addition of
up to 100 ng/mL of GDF-11 did not significantly affect
GDEF-8 measurement, and addition of up to 100 ng/mL
GDEF-8 did not affect GDF-11 measurement. The lower
limit of quantitation was 0.5 ng/mL for GDF-8 as well as
for GDF-11. The linear range of the assay was from 0 to
100 ng/mL for both. The inter-assay coefficients of vari-
ation in the MSTN assay were 15.1%, 11.3%, and 7.4% in
the low- (8.7 ng/mL), medium- (51.1 ng/mL), and high-
(97.6 ng/mL) quality control pools, respectively, and
the corresponding CVs in the GDF-11 assay were 8.7%,
12.8%, and 17.1% in the low- (3.4 ng/mL), medium- (52.0
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ng/ml), and high- (104.7 ng/ml) quality control pools,
respectively [59].

For measurement of muscle weights, individual mus-
cles were dissected from both sides of 10-week-old mice,
and the average weight was used for each muscle. Serial
sections (15 um) were cut transversely through the wid-
est point of the gastrocnemius muscle using a cryostat.
Fiber type analysis was carried out using antibodies (BA-
D5, SC-71, and BE-F3 for myosin heavy chains type I, Ila,
and IIb, respectively) developed by Schiaffino et al. [60]
and obtained from the Developmental Studies Hybrid-
oma Bank developed under the auspices of the National
Institute of Child Health and Human Development
and maintained by the University of Iowa. Live animal
imaging was performed using a Piximus dual-energy
X-ray absorptiometer (DXA). Glucose tolerance tests
(GTT) were performed by administering an intraperito-
neal injection of 1 g glucose/kg body weight following a
6-h fast. Mice were then placed on a 60-kcal % fat diet
(D12492, Research Diets, Inc.), and a repeat GTT was
performed after 4 weeks; mice were then maintained on
the high-fat diet for an additional 4 weeks. For analysis
of skeletal patterning, newborn mice were euthanized,
skinned, eviscerated, fixed in 80% ethanol, and dehy-
drated in 95% ethanol for 1 day and acetone for 3 days.
Skeletons were stained in 10% acetic acid in ethanol con-
taining 0.003% Alizarin red and 0.0045% Alcian blue for
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36 h. After staining, skeletons were cleared in 1% potas-
sium hydroxide and transferred to 20%, 50%, 80%, and
100% glycerol over several days. For microCT analysis,
the left femur, left humerus, and lumbar vertebrae were
placed in 70% ethanol. uCT was performed in a Scanco
nCT40 at 8 um? resolution. Samples were scanned in 70%
ethanol 55 kVp, 145 pA intensity, and 300 ms. The instru-
ment is calibrated weekly using Scanco phantoms, and all
scans passed routine quality control verification. Analysis
of bones was conducted using standard protocols, with a
lower threshold of 2485 HU for femoral trabeculae, 4932
HU for femoral cortex, and 3078 HU for vertebral trabec-
ulae [61]. Surface renderings were generated correspond-
ing to each of these thresholds. For all data, statistical
significance was assessed using Student’s ¢ test.

Results, discussion, and conclusions

As one approach to determine whether there are fun-
damental inherent differences between MSTN and
GDEF-11 that can lead to distinct biological activities
in vivo, we analyzed the effect of replacing MSTN with
GDEF-11 in the germline. As shown in Fig. 1, the Mstn
gene contains three exons, with the mature C-terminal
domain being encoded within exon 3. We generated a
targeting construct in which we precisely replaced the
coding sequence for the MSTN C-terminal domain,
starting at the furin proteolytic processing site, with

MSTN

D T P K R S R R D F

D T P KR S R RNULGTULD C D E H

FURIN

MSTN -----------omommooomooo-
G L D C D E H s ..
GACACACCCAAGAGGTCCCGGAGAGACTTTGGGCTTGACTGCGATGAGCACTCC . . .

GACACACCCAAGAGGTCCCGGAGAAACCTAGGCCTGGACTGCGATGAACACTCG . . .

MSTN T GDF-11 ------=n-=nmmmmmmenee

A MV VDU RCGC s *
. GCCATGGTAGTAGACCGCTGTGGGTGCTCATGAGCTTTGCATT

. GGCATGGTGGTGGATCGATGTGGCTGCTCCTAAGCTTTGCATT
G M v v D R C G C s *

Fig. 1 Schematic of the Mstn locus with the locations of the coding segments shown as blue boxes and the sequence of the coding portion of
exon 3 shown below. The segment encoding the mature C-terminal domain following the furin processing site is shown in red. In the targeting
construct, this segment was replaced precisely with the corresponding segment taken from Gdf11. The neo-cassette, introduced into intron 2 for
selection of ES cells, was removed using a germline-expressed cre recombinase, leaving behind a single LoxP site in intron 2. All studies were carried
out after crossing the neo-deleted allele (Mstn®@"y onto a C57BL/6 genetic background. X, Xbal; H, Hindlll; E, EcoRI
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that encoding the GDF-11 C-terminal domain. Hence,
this knock-in allele (Mstn®¥!!) encodes a hybrid pre-
cursor protein consisting of the MSTN propeptide and
the GDF-11 C-terminal domain, and following proteo-
lytic processing, the mature GDF-11 signaling molecule
would be produced wherever MSTN would normally
be produced. A previous study showed that the MSTN
propeptide is capable of binding and inhibiting the
GDF-11 C-terminal dimer [37], so our expectation
was that the MSTN propeptide from this hybrid pro-
tein would be capable of maintaining the mature GDF-
11 C-terminal dimer in a latent state, as is the case for
mature MSTN [36]. Following homologous recombina-
tion in embryonic stem cells, injection of the targeted
cells into blastocysts, and transfer of the blastocysts to
pseudopregnant females, we obtained chimeric mice
that transferred the knock-in allele (Mstn®¥!!) through
the germline. After removing the neo-cassette using a
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germline expressed cre transgene [58], we backcrossed
the knock-in allele 5 generations onto a C57BL/6
genetic background prior to analysis.

MstnSH1V/GHIL mice were viable, and we carried out
all analysis on 10-week-old Mstn™*, Mstn™ ¥, and
Mstn@¥1V/G4 mice that we generated from inter-crosses
of Mstn™'%¥ mice. We first measured MSTN and GDEF-
11 protein levels in the plasma of these mice using a lig-
uid chromatography-tandem mass spectrometry assay
highly specific for each protein [59]. As shown in Fig. 2,
wild-type mice had circulating MSTN and GDEF-11 levels
in the range of ~ 150 ng/ml and ~ 4 ng/ml, respectively.
Mice carrying the Mstn®¥!! allele showed circulating
levels of MSTN and GDEF-11 consistent with a com-
plete replacement of MSTN with GDF-11. In particular,
Mstn@¥1V/G4 mice had no detectable circulating MSTN
and had levels of circulating GDF-11 comparable to the
normal levels of MSTN, which is ~ 30-40-fold higher

BMSTN

BGDF11

200

ng/ml

MALES

150 -

100 -

0 i
0 -

200

150 -

100 -

ng/ml

FEMALES

50 -

o

+/+

+/Gdf11
Gdf111Gdf11

Fig.2 MSTN and GDF-11 plasma levels. Numbers of male (M) and female (F) mice were n = 6M, 6F for Mstn**, n = 6M, 6F for Mstn™'=, n = 6M, 4F
for Mstn™°¥" and n = 5M, 5F for Mstn®@176411 p < 0.001 for all comparisons of MSTN or GDF-11 levels between groups, except for MSTN values
between Mstn™~ and Mstn®@"/41" mice and GDF-11 values between Mstn™* and Mstn™~ mice, which were not significant
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than the normal circulating levels of GDF-11. Mstn™/¢¥11

mice had intermediate levels of both proteins.

To determine whether GDF-11 can functionally
replace MSTN, we first examined body composition.
In 10-week-old mice, total body weights and lean body
mass (by DXA analysis) showed a small (~ 6-8%) but
statistically significant decrease in MstnS¥1/Gd1

Table 1 DXA and fasting blood/plasma analysis
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compared to Mstn™* mice in males but not in females

(Table 1). Consistent with these decreases in lean
body mass, the Mstn®”!! allele had a dose-dependent
effect on muscle mass in males, with individual mus-
cles of MstnCY1V/GHI mice weighing approximately
10% less than those of Mstn*’* mice and Mstn™’
Gafll mice exhibiting an intermediate effect (Table 2);

Male Male Female Female
+/+ Gdf11/Gdf11 +/+ Gdf11/Gdf11
Body weight (g) 252+£05(23) 23.7 £ 03 (30) 200+£03(19) 19.5 £ 0.3 (26)
DXA
Lean mass (g) 196 £06(12) 180+04(11) 157+£03(8) 150£03(12)
Fat mass (g) 29+02012) 30£01(11) 23+0.1(8) 23+0.1(12)
BMD (g/cm?)
Whole body 0.0465 £ 0.0008 (12) 0.0443 £ 0.0005° (11) 0.0447 £+ 0.0003 (8) 0.0440 £ 0.0004 (12)
Right humerus 0.0405 4 0.0008 (12) 0.0388 4 0.0004 (11) 0.0395 £ 0.0006 (8) 0.0390 £ 0.0006 (12)
Left humerus 0.0444 +0.0011 (12) 0.0409 # 0.0007° (11) 0.0414 £ 0.0009 (8) 0.0419 4 0.0007 (12)
Right femur 0.0693 £ 0.0025 (12) 0.0629 +0.0011% (11) 0.0615 =4 0.0008 (8) 0.0608 4= 0.0006 (12)
Left femur 0.0756 4 0.0026 (12) 0.0678 4 0.0016° (11) 0.0635 4+ 0.0013 (8) 0.0627 £ 0.0006 (12)
L2 + L3 vertebrae 0.0537 £ 0.0011 (12) 0.0504 4+ 0.00127 (11) 0.0534 + 0.0012 (8) 0.0534 4+ 0.0011 (12)
L4 + L5 vertebrae 0.0580 4 0.0010 (12) 0.0547 +0.0015 (11) 0.0602 4 0.0023 (8) 0.0588 4+ 0.0013 (12)
Glucose (mg/dL)
Standard diet 1609 +5.8(18) 1612 +£33(22) 1278 £4.2(13) 1396 +4.1°(17)
High-fat diet 207.6 £8.1(10) 209.1 £ 6.1 (9) 1483 +£11.0(7) 1613+ 109 (7)
Insulin (ng/ml)
Standard diet 0.97 £ 0.17 (10) 0.93 £ 0.09 (14) 046 £0.18 (7) 0.25 £ 0.07 (10)
High-fat diet 333+£050(10) 438+ 0.63(14) 061£0.17(7) 0.98 £ 0.35(10)
Leptin (ng/ml)
Standard diet 2.76 £ 0.66 (10) 4.04 4+ 050 (14) 2.30£049 (7) 260 £ 0.32 (10)
High-fat diet 52.82+7.76 (10) 5826 +947 (14) 2093 £855(7) 2691 +8.58(10)
Cholesterol (mg/dL)
Standard diet 141.1+£35(10) 168.6 =+ 3.3°(14) 177+75(7) 1186 £ 5.3 (10)
High-fat diet 1921 £115(10) 237441397 (14) 1393 £103(7) 1544 £ 9.6 (10)
HDL (mg/dL)
Standard diet 989 £2.2(10) 116.6 + 1.4 (14) 790 £4.5(7) 788 £ 3.1(10)
High-fat diet 131.7+6.2(10) 1515 £ 55%(14) 100.1 £ 64 (7) 109.1 £ 6.1 (10)
LDL (mg/dL)
Standard diet 1.94 + 046 (10) 203 +£0.20(14) 6.83 £ 0.74 (7) 7.08 046 (10)
High-fat diet 290+ 067 (10) 516+ 082 (14) 532+034(7) 6.46 £+ 0.62 (10)
Trigylcerides (mg/dL)
Standard diet 76.6 £3.5(10) 69.2 £ 1.8(14) 694 £3.7(7) 60.9 £3.8(10)
High-fat diet 93.9£3.0(10) 87.6 £1.9(14) 714+£53(7) 71.3£64(10)
Free fatty acids (mEg/L)
Standard diet 0.69 £ 0.06 (10) 061 £0.03(14) 0.61 £ 0.06 (7) 0.71£0.17(10)
High fat diet 0.63 + 0.02 (10) 0.57 £ 0.02 (14) 0.56 + 0.05 (7) 0.55 + 0.07 (10)

Numbers of mice analyzed are shown in parentheses
2p <0.05vs. +/+

bp<0.01vs. +/+

€p<0.001vs. +/+
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Table 2 Muscle weights (mg)
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Pectoralis Triceps Quadriceps Gastrocnemius
Males
+/+ (n=11) 783+ 2.1 1083 +£35 1985459 1384 £30
+/Gdf11 (n = 28) 705+ 1.1° 998 +1.7° 1855£30 13094+ 1.8°
Gdf11/Gdf11 (n=19) 654+ 1.7¢ 976 £2.1° 1737 £33 1215+ 1.7¢
Females
+/+(=11) 529411 7794+10 1488 £ 2.2 1025+ 14
+/Gdf11 (n=19) 518+ 1.1 77715 146.8 £+ 2.1 1029+18
Gdf11/Gdf11 (n = 14) 495+15 751 +£1.2 1416 £ 35 983+23
4p<0.05vs. +/+
p<0.01vs. +/+
€p <0.001 vs. +/+
A B C STANDARD DIET HIGH FAT DIET
+/+ Gdf11/Gdf11 500 500
400 400
il 300 300
o3 A - E -
: Zo B
3 g " |
c S 0 T T 0 - T -
2 - 'g £ 0 50 100 150 0 50 100 150
=% o
gs £ 25 2 400 400
e~ 3 20 8
3 3 300 300
15 =]
s 10 200 200 e—
@ 3 3
3 5 E — 100 100 -
2
0 T 0 T 0 r T
012345672839 0 50 100 150 0 50 100 150
weeks minutes minutes
Fig. 3 A Representative sections of gastrocnemius muscles stained with H&E (upper panels) or analyzed by immunofluorescence for different fiber
types (middle and lower panels). Please note that the three images for a given genotype were not taken from adjacent sections. B Weight gain on
high-fat diets for Mstn**+ (n = 6M, 6F, black lines) and Mstn®@/417 (n = 5M, 5F, red lines) mice. *p < 0.05. C Glucose tolerance tests on Mstn™+
(black lines) and MstnC@1/G411 (red [ines) mice. Numbers of mice were n = 9M, 6F for Mstn™*, and n = 9M, 7F for Mstn®@11/6911 for mice on standard
diets, and n = 10M, 7F for Mstn*’* and n = 9M, 7F for Mstn®@ /G411 for mice on high-fat diets. None of the differences at any time point were
statistically significant

differences in muscle weights between MstnC¥11/Gdfl1
and Mstn™* female mice were not statistically signifi-
cant. The fact that muscle weights were not increased
in MstnS¥H1/G411 mice implies that GDF-11 can func-
tionally substitute for MSTN in negatively regulat-
ing muscle mass. Moreover, the fact that weights are
slightly decreased suggests that GDF-11 produced
from this knock-in allele may even be slightly more
active than endogenous MSTN. We also carried out
fiber type analysis, as loss of Mstn has been shown
to lead to shifts toward more glycolytic 2B fibers
[62]. As shown in Fig. 3A and Table 3, we found no
differences in the distribution of fiber types between
MistnCY/GAL and Mstnt/* mice.

Table 3 Fiber type numbers in gastrocnemius muscles

+/4+ (n=3) Gdf11/Gdf11 (n = 3)
Total fibers 8295 + 357 8136+ 103
Type | fibers 13012 126 £7
Type lla fibers 1446 £ 57 1540 £173
Type lIb fibers 6398 4+ 431 6473 £ 405

None of the differences between +/+ and Gdf11/Gdf11 mice are statistically
significant

In addition to regulating muscle mass, MSTN also
regulates body composition in terms of fat mass, with
Mstn™~ mice [63] as well as mice in which MSTN
receptors (ACVR2 and ACVR2B) have been targeted in
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myofibers [24] having reductions in total body fat. By
DXA analysis, we observed no differences in total body
fat content in Mstn®¥1/G41! compared to Mstn*/* mice
(Table 1). In addition, we found no significant differ-
ences in plasma leptin levels in the knock-in mice com-
pared to wild type mice. Mstn™’~ mice have also been
shown to exhibit less weight gain when placed on high-
fat diets [64], which has also been seen in mice in which
Acvr2 and Acvr2b have been targeted in myofibers [24].
As shown in Fig. 3B, male MstnSY1/6411 mice actually
gained slightly more weight than Mstn™* mice when
placed on high-fat diets, although leptin levels were simi-
lar between MstnY1/G411 and Mstn™* mice even after 8
weeks on the high-fat diet (Table 1); no significant differ-
ences in weight gains or leptin levels were seen in female
mice placed on high-fat diets. We also observed small,
but significant increases in plasma cholesterol and HDL
levels in male Mstn“¥11/G#11 mice maintained on stand-
ard diets compared to Mstn*/* mice (increased by 19%
and 18%, respectively) as well as following 8 weeks on a
high-fat diet (increased by 24% and 15%, respectively)
(Table 1). No differences were seen in LDL, triglyceride,
or free fatty acid levels in male Mstn®¥/G4H mice or
in any of the lipid levels in female Mstn®¥ /G411 mice.
Hence, although some small differences in both skeletal
muscle mass and high-fat weight gain were seen in male
mutant mice, replacement of the MSTN mature domain
with that of GDF-11 had only a minor effect on overall
body composition.

The MSTN-GDEF-11 regulatory system is also known
to have effects on glucose metabolism. In particular,
Mstn™'~ mice are able to maintain normal or lower blood
glucose levels despite having lower insulin levels [24,
63]. In addition, GDF-11 is known to play an important
role in pancreatic development [30, 31], and administra-
tion of GDF-11, but not MSTN, protein to mice has been
shown to improve glucose tolerance [57]. As shown in
Table 1, fasting blood glucose levels were slightly higher
in Mstn®¥V/GH11 females compared to Mstn™* controls
maintained on standard diets, but no statistically signifi-
cant differences were seen in male mice on standard diets
or in either males or females maintained on high-fat diets
for 8 weeks. Moreover, Mstn®Y1/6411 and Mstn™'* mice
exhibited similar responses to a glucose challenge in glu-
cose tolerance tests, both in mice maintained on stand-
ard diets and in mice maintained on high-fat diets for 4
weeks (Fig. 3C). Hence, complete replacement of MSTN
with GDF-11 appeared to have very little effect on glu-
cose metabolism.

In addition to analyzing whether GDF-11 can function-
ally replace MSTN, we also examined whether increased
expression of GDF-11 in these mice affects other bio-
logical processes known to be regulated by GDF-11. In
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particular, we examined whether axial skeleton pattern-
ing was affected in Mstn®/V/G411 mice, Previous stud-
ies have shown that loss of GDF-11 leads to anteriorly
directed homeotic transformations of the axial skeleton
[28] and that loss of GDF-11 inhibitors, specifically FST
and/or GASP-1/GASP-2, leads to posteriorly directed
transformations [43, 46]. Analysis of Alizarin red- and
Alcian blue-stained skeletons prepared from 25 wild-type
and 30 Mstn®¥/6411 pewborn mice revealed the normal
pattern of 7 cervical, 13 thoracic, and 6 lumbar vertebrae
in all 55 mice. Moreover, in the cervical region, anterior
tuberculi were present on C6 in all mice, and in the tho-
racic region, the first seven ribs were attached to the ster-
num in all mice, with the last six ribs remaining floating.
Hence, axial skeletal patterning appeared to be normal
in MstnSY11/G#11 newborn mice and did not exhibit the
posteriorly directed homeotic transformations that might
be predicted to result from excess GDF-11 activity.
Finally, we examined bones of MstnSYP/GALL e,
Mstn™'~ mice have been reported to have increased bone
density [65], possibly as a secondary effect of increased
muscling. The role of GDF-11 in regulating bone homeo-
stasis has been controversial, with one study reporting a
decrease in bone density upon exogenous administration
of GDF-11 to adult mice [66] and another study report-
ing decreased bone mass not only in newborn Gdf11 null
mice but also in young adult mice in which tamoxifen-
inducible cre-mediated recombination was used to tar-
get a Gdf1 1" allele [67]. Whatever specific role GDF-11
may play in bone, targeting the MSTN/GDEF-11/activin A
signaling pathway, either pharmacologically using decoy
forms of ACVR2 [68] or ACVR2B [69-73] or genetically
by targeting Acvr2/Acvr2b [74] or Alk4/AIKS [45] in oste-
oblasts, has been shown to cause significant increases in
bone mass and density. To assess possible effects of the
knock-in allele on bone, we first assessed bone density
by DXA. As shown in Table 1, we observed a small (~
5%) but significant decrease in whole body bone density
in MstnG¥1/G411 male mice compared to Mstn™* con-
trol mice. Comparable differences were present in mul-
tiple regions of the body, including upper and lower limb
long bones as well as lumbar vertebrae, but no differ-
ences were seen in female mice. To analyze bone struc-
ture in greater detail, we carried out micro-CT analysis
of humeri, femurs, and lumbar vertebrae. As shown in
Table 4 and Fig. 4, numerous micro-CT parameters,
including bone surface, BV/TV, connectivity density, tra-
becular number, trabecular thickness, and bone mineral
density, were significantly decreased in MstnC¥11/Gdf11
compared to Mstn™’* male mice; for example, BV/TV
and bone mineral density were reduced in femurs by 43%
and 48%, respectively, humeri by 26% and 34%, respec-
tively, and L5 vertebrae by 19% and 22%, respectively.
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Table 4 MicroCT analysis (trabecular bone)

Male Male Female Female
+/+(n=9) Gdf11/Gdf11 (n = 8) +/+(n=7) Gdf11/Gdf11 (n=10)
Femurs
Total volume (mm?) 2.16+0.08 1.86 £ 0.05° 1.75 £ 0.05 172 +£0.04
Bone volume (mm?) 0403 +0.058 0.194 £ 0.015° 0.139+£0.011 0.121 +£0.012
Bone surface (mm?) 2149+197 13.03 +087° 936 £ 061 843+0.78
Bone volume fraction (BV/TV) (%) 1820+ 2.04 1034 £ 0.65° 7.92 £0.55 701 £057
Bone surface density (1/mm) 9.82£0.56 6.95 +0.33¢ 535+0.28 4.86 £0.36
Specific bone surface (1/mm) 57.70 +3.80 70.85 + 2.58° 7155+177 7379 +1.92
Connectivity density (1/mm?) 2464 +£121 179.1 £16.3° 1044+ 105 970+ 131
Structure model index 1.81+0.19 2.52 4 007° 2.75 £0.08 281 +007
Trabecular number (Tb.N) (1/mm) 561+£0.14 475+0.14° 4184008 401 £0.13
Trabecular thickness (Tb.Th) (um) 480+ 26 405418 402 4+06 395+08
Trabecular spacing (Tb.Sp) (um) 1665+ 56 204.6 4+ 7.0° 2354446 2483 +82
Standard deviation of Tb.Th (um) 174+£15 142+1.1 150+0.14 1504068
Standard deviation of Tb.Sp (um) 538+25 66.0 +2.2° 693+28 751429
Degree of anisotropy 167 £0.05 1.53+0.03% 161£003 156 £0.04
Bone mineral density (mg/ccm HA) 1535+ 187 797 £6.1° 548 £49 470452
Tissue density (mg/ccm HA) 876775 8545+ 100 8569 + 4.6 8576 +49
Humeri
Total volume (mm?) 0.93 +£0.02 0.90 4+ 0.03 0.82 £0.03 0.77 £0.02
Bone volume (mm?) 0.088 & 0.007 0.063 + 0.008° 0.054 £ 0.005 0.045 % 0.005
Bone surface (mm?) 5.84 £044 444 +£051° 347+£023 291+£029
Bone volume fraction (BV/TV) (%) 9.36 +£0.59 6.97 4 062° 6.52 £ 046 5.75£0.52
Bone surface density (1/mm) 6.214+037 4904 038* 42140.20 3734032
Specific bone surface (1/mm) 70.86 + 197 7632+ 1.84° 69.76 & 2.27 69.73 + 141
Connectivity density (1/mm?) 175+£129 80.3 + 144 494+54 470+ 86
Structure model index 2.86 + 0.06 3.03£0.07 2.89+0.08 3.06+0.12
Trabecular number (Tb.N) (1/mm) 499 +0.15 446 40.13% 3.71£0.06 363+0.12
Trabecular thickness (Tb.Th) (um) 404 £12 380+1.0 406+ 14 414+09
Trabecular spacing (Tb.Sp) (um) 1952+ 6.8 2209 +6.7° 2687 £ 5.1 2776 +£9.5
Standard deviation of Tb.Th (um) 145408 1354+06 1534+10 16.1+07
Standard deviation of Tb.Sp (um) 576+18 685 4 3.0° 94.0 £ 8.0 874 +50
Degree of anisotropy 1.83+£0.02 1.80 + 0.05 1.80 + 0.04 1.81 £0.04
Bone mineral density (mg/ccm HA) 755+58 500+ 6.1° 430+34 371+£47
Tissue density (mg/ccm HA) 9104 +738 901.5+58 908.1 +£7.8 9285+94
L5 Vertebrae
Total volume (mm?) 2.06 + 0.06 1.98 + 0.05 2.03 +£0.07 2.04 £ 0.05
Bone volume (mm?) 0.541 £ 0.034 0417 £ 0.020° 0427 £0.019 0397 £0.015
Bone surface (mm?) 2663 +1.03 2291 4+1.04° 22494072 2141 +0.70
Bone volume fraction (BV/TV) (%) 26.05+092 20.98 + 0.56° 21.03+0.38 19.40 £ 049°
Bone surface density (1/mm) 12.90 £0.21 11.55 4 0.28° 11.11£0.10 1048 £ 0.22°
Specific bone surface (1/mm) 49.90 £+ 143 55.45 4 029" 53314+1.03 5457 £0.65
Connectivity density (1/mm?) 306.1 =105 2669 +13.3° 2809+ 120 2539+78
Structure model index 046 + 0.08 0.87 4 0.05¢ 0.81 £ 0.04 091 £ 0.05
Trabecular number (Tb.N) (1/mm) 5594008 521+ 008" 4814006 4634007
Trabecular thickness (Tb.Th) (um) 463+£16 416402° 437407 431405
Trabecular spacing (Th.Sp) (um) 1662+ 28 180.1 £ 3.5° 1986 + 3.2 2074438
Standard deviation of Tb.Th (um) 138+£10 11.4401° 126 £0.19 127 £027
Standard deviation of Tb.Sp (um) 738+22 752+ 44 852+35 914+28
Degree of anisotropy 201 +£0.04 1.98 + 0.04 1.96 + 0.04 1.96 £0.02
Bone mineral density (mg/ccm HA) 231.0+87 1813 £5.6° 1806 £ 4.1 164.9 £+ 4.9°
Tissue density (mg/ccm HA) 906.7 6.2 8879+ 1.7° 8734 +66 879.1 £ 35

?p <0.05vs. +/+
bp<0.01vs. +/+
€p<0.001 vs. +/+
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Fig. 4 Micro-CT images of representative femurs, humeri, and L5 vertebrae isolated from male Mstn™* and Mstn®@"6#71 mice

Consistent with the DXA data, the only significant differ-
ences seen in micro-CT parameters in females were small
decreases in BV/TV and bone mineral density (reduced
by 8% and 9%, respectively) in L5 vertebrae.

Two general conclusions seem evident from the results
presented here. First, mature GDF-11 appears to be capa-
ble of completely functionally replacing mature MSTN
with respect to the control of muscle mass; in fact, based
on the slight decreases in muscle mass seen in Mstn®//
G4 male mice, mature GDF-11 made from the knock-in
allele actually seems to be even more active than mature
MSTN in the control of muscle mass. We did observe
trends toward higher levels of circulating GDF-11 result-
ing from expression of the knock-in allele compared
to circulating MSTN levels resulting from expression
from the wild-type allele in male mice, but these differ-
ences were not statistically significant. This enhanced
activity in mice carrying the knock-in allele could reflect
either inherent differences in the biological properties
of mature MSTN versus mature GDF-11 or differences
in levels of activation of the latent MSTN complex ver-
sus the hybrid latent complex of mature GDF-11 bound
to the MSTN propeptide. Second, complete replacement
of mature MSTN with mature GDF-11 does not lead to
some of the developmental or physiological changes
that might be expected as a result of overexpression of
GDF-11. Developmentally, Mstn“¥/G411 mice appear
to exhibit completely normal axial skeletal patterning.

This might not be surprising given that GdfI1 and Mstn
have distinct expression patterns during embryogenesis,
with Gdf11 being expressed in the tail bud and primitive
streak region in mid-gestation embryos [28] and Mstn
being expressed in the myotome compartment of devel-
oping somites [1]. Despite these distinct expression pat-
terns, however, the two genes are known to be partially
functionally redundant with respect to axial pattern-
ing, with Gdf11/Mstn double mutants exhibiting more
extensive anteriorly directed homeotic transformations
than Gdf11 single mutants [35]. Hence, the normal skel-
etal patterning seen in Mstn®Y1/G#11 mice suggests that
the biological activities of mature GDF-11 and mature
MSTN are similar with respect to regulation of axial
patterning. Physiologically, Mstn®¥1/G411 mice appear
to be relatively normal with respect to glucose metabo-
lism despite having circulating GDF-11 levels that are
increased ~ 30-40-fold. Based on the report that puri-
fied GDF-11 but not MSTN can improve glucose toler-
ance [57], one might have expected MstnCY1V/GHI mice
to have improved responses to glucose challenges com-
pared to wild-type mice, but we observed no significant
differences between Mstn®¥ /G411 and wild-type mice
in glucose tolerance tests on either standard or high-fat
diets. We did observe trends toward lower glucose values
in glucose tolerance tests in mice maintained on high-fat
diets, but these differences were not statistically signifi-
cant, and in fact, Mstn®¥/641! female mice actually had
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slightly elevated fasting glucose levels that were statisti-
cally significant.

One tissue that was substantially affected by replacing
MSTN with GDF-11 was bone, with Mstn®¥1/G411 mice
exhibiting significantly decreased BV/TYV, trabecular
number, trabecular thickness, and bone mineral density,
at least in males. Although there are conflicting reports as
to the role of GDF-11 in regulating bone, the phenotype
of Mstn®¥1/G411 mice is consistent with the effects that
have been observed upon blocking this pathway phar-
macologically using decoy forms of activin type 2 recep-
tors [68—73] or genetically targeting Acvr2/Acvr2b [74] or
Alk4/AIKS [45] in osteoblasts. The decreased bone mass
seen in Mstn®¥1V/G411 mice would be consistent with the
possibility that GDF-11 made from the hybrid precursor
protein is slightly more active than endogenous MSTN,
as suggested by the slight decreases in muscle mass seen
in the knock-in mice. Alternatively, the bone phenotype
could result from increased GDF-11 levels per se, per-
haps reflecting inherent differences between GDF-11 and
MSTN in their ability to regulate bone.

In interpreting the results of these studies, it is impor-
tant to keep in mind not only that GDF-11 is expressed
under the control of Mstn regulatory sequences in these
knock-in mice but also that GDF-11 protein is made from
a hybrid precursor protein containing the MSTN pro-
peptide. Although the MSTN propeptide and GDF-11
propeptide are each capable of binding mature GDF-11
and being cleaved by BMP-1/tolloid proteases to acti-
vate latency [37, 38, 40], it is possible that these propep-
tides have distinct properties that confer some degree of
specificity with respect to the biological functions carried
out by MSTN versus GDF-11. Hence, additional experi-
ments, such as germline replacement of the MSTN pro-
peptide with the GDF-11 propeptide or the converse
germline replacement of the GDF-11 propeptide and/
or mature domain with the corresponding portions of
MSTN, will be required to understand the full extent to
which the various domains of these molecules are func-
tionally equivalent.

Our findings are significant in the context of the cur-
rent uncertainty surrounding the biological activity of
GDF-11 in vivo. A series of papers have suggested that
GDF-11 may play a key role in tissue aging. Circulating
GDF-11 levels in mice have been reported to decline dur-
ing aging [75], and injection of purified GDF-11 protein
to aged mice was shown to reverse age-related cardiac
hypertrophy [75], stimulate vascular remodeling and
enhance neurogenesis in the nervous system of aged
mice [76], and improve satellite cell function and muscle
regeneration and function in aged mice [77]. These stud-
ies have suggested that restoring GDF-11 levels to youth-
ful levels may be a new therapeutic strategy to prevent
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or reverse age-related tissue dysfunction in a wide range
of tissues. Some other studies have not found a decline
in GDEF-11 levels during aging. Subsequent studies
have suggested that the assay used to measure circulat-
ing levels of GDF-11 may have been detecting circulat-
ing MSTN and that GDF-11 levels are either unchanged
or perhaps even increased during aging [59, 78, 79]. The
reported effect of GDF-11 in promoting muscle regen-
eration also has remained uncertain; this finding was
unexpected given that loss or inhibition of MSTN signal-
ing had been shown to improve muscle regeneration in
the setting of both acute muscle injury and chronic mus-
cle degeneration (for reviews, see references [80-82]).
Indeed, subsequent studies reported that administering
purified GDF-11 to mice impairs the ability of the muscle
to regenerate [78, 83], which is more consistent with the
fact that MSTN and GDEF-11 are virtually indistinguish-
able in their biological properties in vitro. Although it is
possible that differences in the experimental procedures
and dose regimens used may account for the discrepant
findings among studies and that exogenously adminis-
tered GDF-11 may behave differently than endogenously
produced MSTN, our findings are consistent with GDF-
11 being capable of functionally replacing MSTN in vivo.
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