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Growth and differentiation factor 11 (GDF11) and myostatin
(MSTN) are closely related transforming growth factor § (TGF-)
family members, but their biological functions are quite distinct.
While MSTN has been widely shown to inhibit muscle growth,
GDF11 regulates skeletal patterning and organ development
during embryogenesis. Postnatal functions of GDF11, however,
remain less clear and controversial. Due to the perinatal lethality
of Gdf11 null mice, previous studies used recombinant GDF11
protein to prove its postnatal function. However, recombinant
GDF11 and MSTN proteins share nearly identical biochemical
properties, and most GDF11-binding molecules have also been
shown to bind MSTN, generating the possibility that the effects
mediated by recombinant GDF11 protein actually reproduce the
endogenous functions of MSTN. To clarify the endogenous func-
tions of GDF11, here, we focus on genetic studies and show that
Gdf11 null mice, despite significantly down-regulating Mstn ex-
pression, exhibit reduced bone mass through impaired osteo-
blast (OB) and chondrocyte (CH) maturations and increased
osteoclastogenesis, while the opposite is observed in Mstn null
mice that display enhanced bone mass. Mechanistically, Mstn
deletion up-regulates Gdf711 expression, which activates bone
morphogenetic protein (BMP) signaling pathway to enhance
osteogenesis. Also, mice overexpressing follistatin (FST), a MSTN/
GDF11 inhibitor, exhibit increased muscle mass accompanied by
bone fractures, unlike Mstn null mice that display increased muscle
mass without fractures, indicating that inhibition of GDF11 impairs
bone strength. Together, our findings suggest that GDF11 promotes
osteogenesis in contrast to MSTN, and these opposing roles of
GDF11 and MSTN must be considered to avoid the detrimental effect
of GDF11 inhibition when developing MSTN/GDF11 inhibitors for
therapeutic purposes.
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MSTN are closely related TGF-p family members that
share high sequence similarity within their mature signaling domain
(1, 2). While GDF11 and MSTN have been reported to share
similar receptors, binding molecules, and signaling pathways (3-5),
they exhibit distinct biological functions (6, 7) due to differences in
their tissue/time-specific expression and activation patterns (8).
For instance, MSTN is primarily expressed in skeletal muscle and
has been widely shown to negatively regulate skeletal muscle
growth (1, 9-13). MSTN has also been reported to impair bone
development either directly by affecting OB and osteoclast (OC)
differentiation (14, 15) or indirectly through regulating muscle
mass (16). In contrast, GDF11 is expressed more broadly in di-
verse tissues and regulates axial skeletal patterning and organ
development during embryogenesis (2, 17-21).
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Postnatal functions of GDF11 are less clear and controversial.
Specifically, a series of studies from Lee and Wagers’ group
suggested that GDF11 rejuvenates aged cardiac/skeletal muscle
and brain (22-24). However, subsequent conflicting data from
Egerman et al. (25) demonstrated that GDF11 and MSTN are
essentially identical in suppressing muscle regeneration. Like-
wise, while Zhang et al. (26) described that GDF11 stimulates
bone formation, Lu et al. (27) and Liu et al. (28) later reported
the opposite, suggesting that GDF11 inhibits bone formation in a
way similar to that of MSTN. Importantly, due to the perinatal
lethality of Gdf11 null mice, these previous controversial studies
relied mainly on recombinant GDF11 protein to investigate its
physiological function. However, because of the high degree of
homology between GDF11 and MSTN, their recombinant pro-
teins share almost identical biochemical properties and, there-
fore, cannot be clearly differentiated, generating the possibility
that the effects artificially mediated by recombinant GDF11
actually reproduce the endogenous functions of MSTN. Further-
more, the quality of recombinant GDF11 and MSTN proteins
used in earlier studies has been questioned (29, 30), implying that
the use of recombinant GDF11 may not be suitable for deter-
mining its endogenous physiological function.
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Because of the well-established role of MSTN in skeletal
muscle, blocking the MSTN signaling pathway has been adopted
as a promising therapeutic strategy to prevent or reverse the loss
of muscle mass and strength in patients with muscle wasting dis-
orders (31, 32). Among several MSTN binding proteins identi-
fied to increase muscle mass, FST has been shown to display the
greatest effect when delivered to mice with normal or dystrophic
muscle (33). Based on this finding, Fst gene transfer has been
applied to patients with various muscular dystrophies in clinical
trials, resulting in improved muscle regeneration (34-37). Like
most MSTN antagonists, which also bind and inhibit GDF11 due
to its homology to MSTN, FST binds and inhibits both MSTN (5)
and GDF11 (21). Therefore, if GDF11 and MSTN oppositely
regulate the growth and differentiation of musculoskeletal tissues,
GDF11 inhibition mediated by FST may lead to undesired
side effects.

To overcome the limitation and controversial issues surrounding
the use of recombinant GDF11 protein, here, we focused on ge-
netic studies in mice to elucidate the more complex endogenous
actions of GDF11, particularly, its role on bone homeostasis.
Specifically, we utilize conditional knockout techniques to produce
genetically engineered mice in which the Gdf11 gene is deleted in
a tissue/time-specific manner and demonstrate that GDF11 sys-
temically enhances osteogenesis in contrast to MSTN. We also
show that the enhanced osteogenic effect of Mstn deletion is due
to up-regulation of GDF11 and subsequent activation of BMP
signaling. Finally, we present data showing that FST increases
muscle mass through inhibition of MSTN but impairs bone quality
and strength through blocking GDF11. Our findings emphasize
that the opposing roles of GDF11 and MSTN in osteogenesis must
be carefully considered when developing MSTN inhibitors, which
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can also bind GDF11, as therapeutic agents for the treatment of
musculoskeletal diseases.

Results

Bone Mass Is Reduced in Gdf11~'~ and Cdx2-Cre; Gdf117°*°x Mice
but Increased in Mstn~'~ Mice. Due to the perinatal lethality of
Gdf11~'~ mice and the lack of genetic in vivo studies, the reports
on the role of GDF11 in bone homeostasis are contradictory, some
identifying GDF11 as a negative regulator of bone development
(28), while others support the opposite (26). In an attempt to
overcome the perinatal lethality of Gdfl1™"~ mice, we initially used
a Cdx2-Cre transgene to generate mosaic mice in which Gdf11
expression is eliminated exclusively in the posterior half tissues
(38). However, Cdx2-Cre; Gdfl1 " mice also turned out to be
perinatally lethal, leading us to first analyze newborn pups. Our
microCT analysis of newborn mouse vertebrae, specifically T3 and
L1, demonstrated that, in contrast to the enhanced bone mass
observed in Mstn™'~ mice, bone volume (BV), tissue mineral
density (TMD), bone mineral density (BMD), and trabecular
thickness (Tb. Th) are significantly decreased in GdfI1~'~ mice
and mildly reduced in Cdx2-Cre; Gdf1 """ mice (Fig. 1 A-D and
SI Appendix, Fig. S14). Tb. separation value was the highest in
Mstn ™~ mice vertebrae due to their substantially larger volume (SI
Appendix, Fig. S1B). Interestingly, there was no differential effect
of targeting Gdfl1 using the Cdx2-Cre transgene on bone mass
between anterior and posterior regions, suggesting that GDF11
systemically promotes osteogenesis. Likewise, hematoxylin and
eosin staining of vertebrae sections revealed a decrease in bone
area in newborn Gdfll~~ mice and an increase in bone area in
Mst™~ mice (Fig. 1E). Additionally, cranial and sternum ossifi-
cations were also affected in a similar pattern: newborn Mstn™",
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Gdf11 deletion reduces bone mass as opposed to Mstn deletion. (A-C) Representative microCT images of newborn mouse vertebrae. Red and blue boxed

regions indicate first—fourth thoracic vertebrae (T1-4), last thoracic vertebrae, and first-third lumbar vertebrae (T/L1-3), respectively. Yellow boxed regions in B and
C are magnified to display T3 and L1 bodies, respectively. Cross sections of T3 and L1 bodies at positions indicated by the red dashed lines are shown right below
them in B and C, respectively. (D) Histomorphometric analysis of T3 and L1 bodies in newborn mice (n = 10 each). BV; TMD; BV/TV, BV/total volume of interest;
BMD; Tb. Th; Tb. N, trabecular number. Data represent mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA with Tukey's post hoc test. (E) Repre-
sentative hematoxylin and eosin staining of frontal vertebrae sections in newborn mice (n = 3 each). All scale bars are displayed with actual size values.
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Gdf117~, and Cdx2-Cre; Gdf117°*/°* mice displayed enhanced,
reduced, and mildly reduced bone development, respectively (SI
Appendix, Fig. S1C). Delayed limb bone development was also
observed in newborn Gdf11~"~ mice (SI Appendix, Fig. S1 D and E).

Time-Specific Gdf11 Deletion Reduces Bone Development in Both
Embryos and Young Adult Mice. We also examined the effects of
Gdfl11 deletion on skeletal development by using CAG-Cre-ER
to generate inducible ubiquitous conditional knockout mice.
Time-specific deletion of GdfI! in all tissues of CAG-Cre-ER;
Gdf11""°* embryos induced by daily administration of 4-
hydroxytamoxifen (4-HT) from E7.5 to E9.5 (Fig. 24) resulted in
diminished axial bone development at E18.5 as shown by reduced
L1 bone mass (Fig. 2 B and C and SI Appendix, Fig. S2 A-F), cranial

ossification, and sternum formation (SI Appendix, Fig. S2 B and C).
Surprisingly, no homeotic transformations were observed (Fig. 2B
and SI Appendix, Fig. S2 C and F), implying that this timing and
extent of GDF11 loss was not sufficient to disrupt normal ante-
rior—posterior axial patterning. To elucidate the function of
GDF11 in regulating bone development of young adult mice,
we also performed daily tamoxifen (TAM) injection for five
consecutive days on 4-wk-old CAG-Cre-ER; Gdfl1"**°x mice
(Fig. 2D). MicroCT analysis at 10 wk of age revealed a decrease in
Tb. bone mass of L1 in TAM-treated CAG-Cre-ER; Gdf1 1>
mice (Fig. 2 E and F and SI Appendix, Fig. S2 G-I). Similarly,
DXA analysis from 4 to 10 wk of age displayed significant declines
in BV, BMD, bone mineral content (BMC), total body weight (TBW),
and lean mass in TAM-treated CAG-Cre-ER; Gdf11 oxiflox mice,
although the differences in TBW and lean mass gradually diminished
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Fig. 2. Time-specific Gdf11 deletion impairs bone development in both E18.5 embryos and young adult mice. (A) 4-HT injection scheme. (B) Representative
microCT images of mouse vertebrae at E18.5. Blue boxed regions indicate T/L1-3, and yellow boxed regions are magnified to display L1 bodies. Cross sections of L1
bodies at the position indicated by the red dashed line are shown right below them. (C) Histomorphometric analysis of L1 bodies in E18.5 embryos (n = 10 each).
(D) TAM injection scheme. Dual-energy X-ray absorptiometry (DXA). (E) Representative microCT images of 10-wk-old mouse vertebrae (L1). Th. bones of vertebral
bodies are colored in orange. (F) Histomorphometric analysis of L1 Tb. bone in 10-wk-old mice (n = 10 for Gdf1 17 mice and n = 8 for CAG-Cre-ER; Gdf1 17/0x/flox
mice). (G) DXA analysis of TAM-treated mice from 4 to 10 wk of age (n = 10 for Gdf1 170xflox mice and n = 8 for CAG-Cre-ER; Gdf117°% mice). BMC, Bone mineral
content; TBW. (H) Representative TRAP-stained images of 6-wk-old mouse tibia. Magnified images of the red boxed regions are displayed in the Lower panel. (/)
Histomorphometric analysis of TRAP-stained images (n = 5 for Gdf117¥"* mice and n = 3 for CAG-Cre-ER; Gdf117°¥°* mice). OC.5/BS; OC.N/BS, OC.N per BS. All
scale bars are displayed with actual size values. All data represent mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by t test.
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as the mice aged, possibly due to the effect of GDF11 secreted by
cells with incomplete deletion of the gene (Fig. 2G and SI Appendix,
Fig. S27). MicroCT analysis at 6 wk of age also revealed a decrease
in Tb. bone mass of the humerus in TAM-treated CAG-Cre-ER;
Gdf1 """ mice (SI Appendix, Fig. S2 K and L). Furthermore,
tartrate-resistant acid phosphatase (TRAP) staining of tibias at
6 wk of age showed a significant increase in the OC surface per
bone surface (OC.S/BS) in TAM-treated CAG-Cre-ER; Gdf1 1"/
mice, indicating that loss of GDF11 results in increased bone re-
sorption (Fig. 2 H and I). Calcein-alizarin red labeling of L1 at 6 wk
also revealed that bone formation is decreased in TAM-treated
CAG-Cre-ER; Gdf1 """ mice (SI Appendix, Fig. S2 M and N).

Limb Mesenchyme-Specific Deletion of Gdf11 Decreases Bone Mass in
Young Adult Mice. Because Gdf11 has been shown to regulate
various organ functions, such as kidney and spleen (17, 19), which
can exert indirect effects on skeletal tissues, we examined the out-
come of Gdf11 deletion specifically in limb mesenchyme using PrxI-
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Cre-mediated recombination. PrxI-Cre has been shown to be
expressed in both forelimb and hindlimb mesenchyme around E10.5
(39). Fortunately, PrxI-Cre; Gdf1 """ mice survived into adult-
hood, and analysis of these mice at 5 wk of age showed significant
reductions in Tb. bone mass, bone density, and cortical (Ct.) bone
density of the humerus in PrxI-Cre; Gdf1 1™ mice (Fig. 3 4 and B
and ST Appendix, Fig. S34). Von Kossa staining of tibia sections at
5 wk of age also revealed significantly decreased Tb. number and
significantly increased Tb. separation in Prxl-Cre; Gdfll"*"ox
mice (Fig. 3 C and D). Furthermore, TRAP staining and calcein-alizarin
red labeling of tibia sections at 5 wk of age showed increased OC
formation and decreased bone formation, respectively, in PrxI-Cre;
Gdf11"™* mice (Fig. 3 E and F and SI Appendix, Fig. S3 B and C).

OB Differentiation and CH Maturation Are Suppressed, and OC
Formation Is Enhanced in Gdf11~'~ Mice, while the Opposite Is
Observed in Mstn—'~ Mice. To understand the cellular and molec-
ular mechanisms of the impaired osteogenesis after Gdfi1 deletion,
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Fig. 3. Gdf11 deletion in Prx1-Cre-expressing mesenchyme results in decreased bone mass. (A) Representative microCT images of 5-wk-old mouse humerus.
Th. bones of Prx1-Cre; Gdf117°f°X mice are colored in orange and Ct. bones (1 mm in height) are colored in yellow. (B) Histomorphometric analysis of Tb. and

Ct. bones of 5-wk-old mouse humerus (n = 4 each). (C) Representative von Kossa-stained images of 5-wk-old mouse tibia. (D) Histomorphometric analysis of

von Kossa-stained sections of 5-wk-old mouse tibia (n = 4 each). (E) Representative TRAP-stained images of 5-wk-old mouse tibia. Magnified images of the red

boxed regions are displayed in the Lower panel. (F) Histomorphometric analysis of TRAP-stained images of 5-wk-old mouse tibia (n = 4 each). OC.S/BS; OC.N/

BS. All Scale bars are displayed with actual size values. All data represent mean + SEM. *P < 0.05 by t test.
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we first examined the osteogenic potential of primary OBs iso-
lated from calvaria of live newborn mice. We were able to per-
form this experiment because some GdfI1~~ mice live up to
several hours while others die immediately after birth. Contrary
to Mstn™"~ OBs that exhibited enhanced osteogenic differentiation,
Gdf117~ and Cdx2-Cre; Gdf1 "™ OBs showed diminished dif-

(ALP) staining and alizarin red S (ARS) staining (Fig. 4 A and B
and ST Appendix, Fig. S4 A and B). We also found that expressions
of key osteogenic markers (Runx2, Sp7 Alpl, §lap, Ibsp, and
Sppl), Bmp2, and Smads were reduced in Gdfl1™~ OBs but ele-
vated in Mstn™~ OBs (Fig. 4C). Unexpected decline of ALP ac-
tivity in calvarial OBs of Cdx2-Cre; GdfI1"*"* mice, which

ferentiation activity as demonstrated by alkaline phosphatase  normally express Gdf11 in the upper half tissues, prompted us to
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Fig. 4. Gdf11 deletion, in contrast to Mstn deletion, impairs OB differentiation and CH maturation while stimulating OC formation. (A) Representative
images of ALP staining of OBs of newborn mice after 7 d of differentiation. (B) ALP activity analysis in OBs after 7 d of differentiation (n = 3 each). (C)
Quantitative RT-PCR analysis in OBs after 7 d of differentiation (n = 4 each). (D) Confocal images of a mouse embryo at E9.5 display circulating GFP-positive
cells. (E) Confocal images of mouse calvaria at week 4. Note the GFP-positive cells embedded in the calvaria. (F) Western blot analysis of protein extracts from
calvaria of newborn mice. Quantification numbers are indicated in the table below the blots. (G) Schematic of circulating preosteoblasts. WT and GFP-positive
Gdf117"~ cells are marked in yellow and green, respectively. (H) Alcian blue/alizarin red staining of E15.5 littermate embryos. The arrowheads and arrows
indicate underdeveloped skulls and hindlimbs of Gdf11~~ embryos, respectively. () Representative images of ALP staining of costal cartilage-derived CHs of
newborn mice after 7 d of differentiation. (J) ALP activity analysis in CHs after 7 d of differentiation (n = 3 each). (K) Quantitative RT-PCR analysis in CHs after
7 d of differentiation (n = 4 each). (L) Representative images of TRAP staining of spleen-derived OCs and resorption pit formation after 4 d (for TRAP) or 5
d (for pit assay) of differentiation. (M) OC number and size after TRAP staining (n = 5 each). (N) Resorption pit area and OC activity after pit assay (n = 3 each).
RFI, relative fluorescence intensity. (O) Quantitative RT-PCR analysis in OCs after 4 d of differentiation (n = 4 each). #, Expression is too low to evaluate. All
scale bars are displayed with actual size values. Data B and J represent mean + SEM. *P < 0.05, and **P < 0.01 by t test. Data C, K, M, N, and O represent
mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA with Tukey’s post hoc test.
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investigate whether this effect was due to circulating Gdf11~~
preOBs. Indeed, confocal imaging of Cdx2-Cre; Gdfl1"*'*;
Igs ] CKI-mitoGFPI+ mice, which express GFP exclusively in mito-
chondria of posterior tissue cells, identified the presence of
circulating GFP-positive cells at E9.5 (Fig. 4D) and those
embedded in calvarias at week 4 (Fig. 4F), suggesting the
function of GDF11 in guiding bone formation is mediated, at
least, partially through circulating cells (Fig. 4F). The systemic
effect of GDF11 was also confirmed by Western blot analysis of
calvarias of newborn mice, which demonstrated decreased
BMP signaling in calvarias of Cdx2-Cre; GdflP*"°* mice
compared to wild type (WT) mice (Fig. 4G). To further explore
the role of GDF11 in endochondral ossification during develop-
ment, we analyzed Gdfl1~~ embryos at E15.5 and consistently
detected generally underdeveloped embryos with delayed ossifi-
cation (Fig. 4H and SI Appendix, Fig. SAC). Primary CHs isolated
from costal cartilages of live newborn GdfI17~ mice exhibited
decreased hypertrophic maturation in contrast to Mstm™~ CHs as
shown by ALP staining (Fig. 41 and SI Appendix, Fig. S4D). ALP
activity was significantly reduced in GdfI1~~ CHs compared to
WT CHs, and although ALP expression was not significantly in-
creased in Mstn™~ CHs compared to WT CHs, Coll0al expres-
sion, a specific marker of hypertrophic CHs, was dramatically
elevated in Mstn™~ CHs (Fig. 4 J and K). Gene expressions of CH
maturation markers (Coll0al, Ihh, and Alpl), Runx2, Bmps,
and Smads were all down-regulated in Gdf11~'~ mice (Fig. 4K).
In particular, expressions of Smadl, Smad5, and Smad9 were
diminished in Gdf11~'~ OBs (Fig. 4C) and significantly down-
regulated in GdflI~'~ CHs compared to WT cells (Fig. 4K),
suggesting the possible role of GDF11 in activating the BMP
signaling pathway, which has been formerly described (40).

Previous reports have illustrated that GDF11 is highly asso-
ciated with anti-inflammatory signaling (41, 42) and inhibits
erythroid differentiation (43, 44), while MSTN directly regulates
OC formation (15). Therefore, we sought to determine the
function of GDF11 in OC differentiation using primary splenocytes
isolated from live newborn mutant mice. TRAP staining and re-
sorption pit analysis demonstrated that receptor activator of nuclear
factor k-B ligand (RANKL)-induced OC formation and activity are
significantly enhanced in GdfI1~'~ splenocytes, moderately in-
creased in Cdx2-Cre; Gdf11™"°* splenocytes, and depressed in
Mstn™~ splenocytes (Fig. 4 L-N and SI Appendix, Fig. S4E).
Slight reduction of osteoclastogenesis in Cdx2-Cre; Gdf11o*
splenocytes compared to Gdfl1~'~ splenocytes could be explained
by the presence of cells with incomplete Gdf11 deletion, confirmed
by the existence of nonrecombined floxed alleles and GFP-
negative areas in Cdx2-Cre; GdfI1"**M1o%; [gg]CKI-mitoGEP+
spleen (SI Appendix, Fig. S4F). Moreover, expressions of OC
markers, including Nfatcl, Fos, Src, Acp5, Ctsk, and Dcstamp,
were elevated in Gdfl1~/~ OCs, which contrast the expression
patterns detected in Mstn™'~ OCs (Fig. 40).

Gdf11 Knockdown Abolishes the Enhanced Osteogenic Effect of Mstn
Deletion through Down-Regulation of BMP Signaling. While Mstn
expression was down-regulated in OBs, CHs, and OCs of Gdf117/~
mice with diminished bone mass, Gdfl1 expression was signifi-
cantly up-regulated in those cells of Mstn™~ mice with enlarged
bone mass (Fig. 54), suggesting that increased GdfI1! expression
may be responsible for enhanced osteogenic, chondrogenic, and
decreased OC activities of Mstn ™'~ cells. Because Mstn is known to
be expressed primarily in skeletal muscle (1), we evaluated the
differential expression patterns of Mstn and GdfI1 in OBs, CHs,
OCs, and skeletal muscle cells by measuring the relative expression
levels of Gdf11 and Mstn in comparison with the Mstn expression
level in OBs, which is the lowest. Consistent with a key role of
MSTN in skeletal muscle growth, Mst expression was the greatest
in skeletal muscle [data from our previous report (45)] while
Gdfl1 expression was substantially and significantly greater than
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that of Mstn in OBs, CHs, and OCs (Fig. 5B), suggesting that
GDF11 is the key inducer of osteogenesis, while MSTN more
actively regulates myogenesis.

Using small interfering RNAs (siRNAs), we next examined
whether knockdown of increased Gdf11 expression abolishes the
enhanced osteogenic ability of Mstn™~ OBs (Fig. 5C). Gdf11
expression was successfully silenced when siGdf11 was treated
(Fig. 5D). At both 3 and 7 d after osteogenic induction, ALP
activity in Mstn™'~ OBs was significantly reduced when GdfI1
expression was down-regulated by siGdfl! (Fig. 5 E and F).
Gene expressions of key osteogenic markers (Runx2, Sp7, Alpl,
Bglap, Ibsp, and S{)p] ), Bmp2, and Bmp7 were significantly
decreased in Mstn™"~ OBs treated with siGdf11 after both 3 and
7 d of differentiation (Fig. 5 G and H), implying that GDF11
stimulates osteogenesis in Mstn™'~ OBs by up-regulating the
expression of Bmps. To elucidate the downstream signaling
pathway activated by GDF11, focusing on SMADs, during os-
teogenic differentiation, we used siRNAs to individually
knockdown Smadl, Smad2, Smad3, Smad4, Smad5, or Smad9
in Mstn™~ OBs and compared the effects with Gdf11 knockdown
(Fig. 5I). After confirming successful knockdown of the target
genes (Fig. 5J), we observed that both Alpl expression and ALP
activity were significantly reduced in Mst™~ OBs treated with
siGdfll1, siSmadl, siSmad5, or siSmad9, and increased in those
treated with siSmad2, siSmad3, or siSmad4 after 3 d of differen-
tiation (Fig. 5 K-M). ALP activity remained significantly elevated
in Mstn™~ OBs treated with siSmad2 or siSmad3 and signifi-
cantly diminished in those treated with siGdf11, siSmadl, siSmads5,
or siSmad9 after 7 d of differentiation (Fig. 5 K and M and SI
Appendix, Fig. S54). Notably, Mstn™~ OBs treated with siSmad5
exhibited the most similar phenotype to those treated with siGdf11
(Fig. 5 K-M and SI Appendix, Fig. S54), implying that GDF11
positively regulates BMP-SMAD signaling to enhance osteogenesis
(Fig. 5N). Also, cell morphological phenotypes of Mstn™~ OBs
treated with siGdfII were similar to those of Mstn™~ OBs treated
with siSmad1, siSmad5, or siSmad9, which displayed elongated and
less differentiated appearances at 3 d after osteogenic induction
(SI Appendix, Fig. S5B). In addition, siRNA-mediated GdflI
knockdown increased OC formation in Mstn™~ splenocytes, indi-
cating that elevated GdfII expression in Mstn™'~ splenocytes pre-
vents osteoclastogenesis (SI Appendix, Fig. S5C).

GDF11 Overexpression Stimulates the BMP Signaling Pathway to
Promote Osteogenic Differentiation. Because GDF11 and MSTN
recombinant proteins cannot be clearly distinguished in vitro due
to their high degree of homology, we overexpressed GDFI1,
MSTN, and another related TGF-f family member Inhba by
transfecting their full-length ¢cDNAs into primary OBs derived
from WT newborn mouse calvaria (Fig. 64 and SI Appendix, Fig.
S64). ALP staining and analysis at day 7, and ARS staining at
day 12 of osteogenic induction revealed that GDFII over-
expression significantly enhanced OB differentiation and min-
eralization, while MSTN or Inhba overexpression significantly
impaired osteogenic differentiation (Fig. 6B). In addition, GDFI11
overexpression up-regulated Bmp2 and Bmp7 expressions (Fig.
6C) and SMAD 1/5/9 phosphorylation at day 7 (Fig. 6D), while
the opposite pattern was observed in the MSTN or Inhba
overexpression group (Fig. 6 C and D). We also tested the effects
of siRNA-mediated knockdown of Gdf11, Mstn, and Inhba on WT
primary OBs (Fig. 6E and SI Appendix, Fig. S6B). At both 3 and
7 d after osteogenic induction, Alpl expression and ALP activity
were significantly reduced upon siGdfl1 treatment, while they
were significantly elevated upon siMstn treatment (Fig. 6 F and G
and SI Appendix, Fig. S6 C and D). Likewise, ARS staining at day
12 of differentiation revealed the same pattern (Fig. 6F). In addi-
tion, gene expression analysis showed that Gdf11 knockdown re-
duces Bmp2 and Bmp?7 expressions, which are up-regulated by Mstn
knockdown, further supporting the role of GDF11 in activating the
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(G) and 7 d (H) after Gdf11 knockdown (n = 3 each). (/) Gdf11 and Smads knockdown scheme. Control, Gdf11, or Smad1-5, or 9 siRNA was individually treated
with Mstn™~ OBs at day 0 of differentiation. (J) Quantitative RT-PCR analysis in Mstn™~ OBs 3 and 7 d after knockdown of target genes (n = 3 each). (K)
Representative images of ALP staining of Mstn™~ OBs 3 and 7 d after knockdown of target genes. (L) Quantitative RT-PCR analysis of Alp/ expression in
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each). (V) A model for regulation of bone formation by GDF11 and MSTN. All data represent mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by t test.
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of WT OBs at day 7 of overexpression. Quantification numbers are indicated in ta
(siCtrl), Gdf11 siRNA (siGdf11), Mstn siRNA (siMstn), or Inhba siRNA (silnhba) was
ALP staining at day 3 and 7, ARS staining at day 12, and ALP activity analysis
Quantitative RT-PCR analysis in WT OBs at day 7 of knockdown of target genes

bles below the blots. (E) Gdf11, Mstn, and Inhba knockdown scheme. Control
treated with WT OBs at day 0 of differentiation. (F) Representative images of
of WT OBs at day 3 and 7 of knockdown of target genes (n = 3 each). (G)
(n = 4 each). Data B and F represent mean + SEM. *P < 0.05, **P < 0.01, and

***P < 0.001 by t test. Data C and G represent mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA with Tukey’s post hoc test.

BMP signaling pathway to promote osteogenesis (Fig. 6G). While
knockdown of Inhba appeared to slightly increase ALP activ-
ity at days 3 and 7, it did not enhance mineralization at day 12
compared to the control group (Fig. 6F), despite a significant
increase in Bmp7 expression at day 7 (Fig. 6G).

GDF11 Inhibition by FST Decreases BMD and Induces Tibia Fractures.
In previous studies, we showed that transgenic mice overexpressing
FST, a MSTN and GDF11 inhibitor (5), from a myosin light chain
promoter/enhancer (F66 mice) exhibit about a doubling of skeletal
muscle mass comparable to that seen in Mstn™'~ mice (46). In
further characterizing these mice, we noted the frequent oc-
currence of fractures, which are not seen in Mstn ™'~ mice.
Specifically, we observed tibial fractures in F66 mice repeatedly
at various ages from 10 wk to 1y (Fig. 7 A and B and SI Ap-
pendix, Fig. S7 A and B). This observation guided us to further
investigate bone morphometric parameters of F66 mice. DXA
analysis at 10 wk revealed that, while TBW and lean mass
equally increased in both F66 and Mstn™~ mice, BV, BMD,
and BMC are all significantly reduced in F66 mice compared to
Mstn™'~ mice (Fig. 7C and SI Appendix, Fig. S7C). Notably,
overall BMD in F66 mice was significantly decreased even
compared to WT mice. Consistent with this, microCT analysis
at 10 wk indicated that Ct. TMD is diminished in F66 tibias that
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also exhibit noticeable Ct. porosity, whereas Ct. BV, Ct. thickness,
and Ct. TMD are all significantly elevated in Mstn™~ tibias (Fig. 7
D-F and SI Appendix, Fig. STD). Furthermore, Tb. bone mass and
vertebral BMD of L1 were reduced in 10-wk-old F66 mice com-
pared to WT mice, while they were increased in age-matched
Mstn™~ mice compared to WT mice (Fig. 7 G and H, SI Appen-
dix, Fig. S7 E and F, and Movies S1-S3). These results illustrate
that while FST promotes skeletal muscle growth by inhibiting
MSTN, it can hinder osteogenesis by blocking GDF11 (Fig. 71).

Discussion

Both MSTN and its homolog GDF11 have been widely impli-
cated to control developmental and age-related processes. De-
spite sharing similar structures, binding molecules, and receptors
(1-5), GDF11 and MSTN have been shown to exert distinct
functions in vivo, likely due to differences in the biological regu-
lation of their tissue/time-specific expression patterns and activity
states (8). For instance, while MSTN is expressed primarily in
skeletal muscle and acts to limit muscle and bone mass (1, 14-16),
GDF11 is more diversely expressed and controls skeletal pat-
terning and organ development during embryogenesis (2, 17-21).
Although the functions of MSTN have been well described
through Mstn null mice that survive into adulthood, reports on
GDF11, especially the ones examining its postnatal functions,
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FST overexpression reduces BMD and induces tibia fractures. (A) Representative images of 10-wk-old mice. The boxed region is magnified to display

fractured tibia in F66 mice, which is pointed by a red arrow. (B) Representative DXA images of 10-wk-old mice, and microCT images of F66 mouse’s fractured
tibia in the boxed region. The cross sectional image at the position indicated by yellow dashed line is shown in the Bottom panel. (C) DXA analysis of 10-wk-
old mice (n = 5 for WT mice, n = 5 for Mstn™~ mice, and n = 8 for F66 mice). (D) Representative microCT images of 10-wk-old mouse tibia. Fractured tibias of
F66 mice were excluded from microCT analysis. Tb. bones are colored in orange and Ct. bones (1 mm in height) are colored in yellow. Raw cross sectional
images of the colored middle and distal diaphysis are displayed in the Bottom panel. (E) Histomorphometric analysis of Ct. bones of 10-wk-old mice (n =5
each). (F) Representative microCT images of 10-wk-old mouse distal hindlimbs cross sectioned at the level where tibia and fibula start to fuse. The red dotted
lines mark muscle boundaries. C. bones are colored in yellow. (G) Representative microCT images of 10-wk-old mouse vertebrae (L1). Th. bone of the vertebral
body is colored in orange. (H) Histomorphometric analysis of L1 Th. bone in 10-wk-old mice (n = 5 each). (/) A model for regulation of skeletal muscle and bone
mass by FST. FST enhances skeletal muscle mass by inhibiting MSTN, while decreasing BMD by blocking GDF11. All scale bars are displayed with actual size

values. All data represent mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by ANOVA with Tukey’s post hoc test.

are less clear and conflicting. Because GdfI1 null mice die shortly
after birth, previous contradictory findings on GDF11, including
the ones examining its role in bone development (26-28), have
relied primarily on the recombinant GDF11 protein to explain
its physiological function. However, due to 89% amino acid se-
quence identity within the mature signaling domains of GDF11
and MSTN, their recombinant proteins share almost identical
biochemical properties and, therefore, are essentially indistin-
guishable (25), generating the possibility that the effects of
recombinant GDF11 reported in previous studies are actually
reflecting the endogenous functions of MSTN. Thus, we be-
lieved that the use of recombinant GDF11 cannot clearly elu-
cidate the complex biological regulation of GDF11 occurring
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in vivo, not to mention there can be significant quality differences
between recombinant GDF11 proteins (29, 30). To avoid these
limitations, here, we focused on genetic studies in mice, demon-
strating that GDF11, in contrast to MSTN, promotes osteogenesis.

In this paper, we utilized conditional knockout techniques to
produce genetically engineered mice in which the Gdf11 gene is
deleted in a tissue/time-specific manner. In detail, we used three
different Cre lines, Cdx2-Cre, TAM-inducible CAG-Cre-ER, and
Prx1-Cre, to target recombination exclusively in posterior half
tissues, in all tissues at specific time points, and specifically in
limb mesenchyme, respectively. Our initial analysis revealed that
bone mass is significantly diminished in Gdfl1 null mice but is
slightly recovered in Cdx2-Cre; Gdfl " mice whose expression
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of Gdfl1 still remains in anterior regions. In contrast to Gdf11 null
mice, Mstn null mice exhibited enhanced bone mass. We also
observed that time-specific ubiquitous deletion of GdfI1 using
CAG-Cre-ER impairs bone development in both embryos and
young adult mice. However, because GDF11 plays major roles in
the development of various organs, such as kidney and spleen (17,
19), which critically influence bone metabolism (47, 48), it is hard
to rule out the possibility that dysfunction in these organs in-
directly impeded bone development in CAG-Cre-ER; Gdf11"**
mice. Therefore, to avoid possible indirect influence of a dys-
functional organ caused by loss of GDF11 on bone homeostasis,
we utilized PrxI-Cre-mediated recombination to examine the
direct effects of GDF11 in skeletal tissues. Indeed, PrxI-Cre;
Gdf11"""°* mice at 5 wk of age exhibited reduced bone mass
and density in long bones, characterized by decreased bone
formation and increased bone resorption. We were also able to
isolate primary OBs, CHs, and splenocytes while newborn Gdf11
null mice were still alive and show that OB differentiation and
CH maturation were impaired and OC formation was enhanced
in Gdfl1 null mice, while the opposite was observed in Mstn
null mice.

Interestingly, our data from Cdx2-Cre; GdfI1"*"°* mice
highlight the important systemic role that GDF11 plays during
bone development. In Cdx2-Cre; Gdf11"*f°* mice, although
Gdfl11 expression is removed exclusively in posterior half tissues,
both anterior and posterior vertebrae exhibit similar bone mass,
suggesting that GDF11 systemically enhances osteogenesis.
However, as circulating GDF11 molar concentration is close to
500 times less than that of circulating MSTN (29), whether cir-
culating GDF11 proteins have physiological relevance has been
formerly questioned. Here, we answered this question by iden-
tifying the existence of circulating GFP-positive cells and those
embedded in calvarial bones in mice designed to express GFP
only in posterior tissues (Cdx2-Cre; Gdfl1"*'*; Igs]CKI-mitoGFP+
mice), suggesting that GDF11 exerts its systemic effect on bone
formation, at least, partially through circulating cells. We fur-
ther confirmed the systemic effects of GDF11 through Western
blot analysis, which revealed that BMP signaling is down-regulated
in calvaria of newborn Cdx2-Cre; Gdfl 1"/ mice compared
to that of WT mice.

The precise signaling mechanisms that differentiate GDF11
from MSTN are yet to be fully understood. While both GDF11
and MSTN have been previously shown to signal through activin
type 1II receptors to activate SMAD2 and SMAD3 (3-5), our
study revealed that GDF11 stimulates BMP signaling to regulate
bone mass. More specifically, GdfI1 null OBs and CHs exhibited
a significant decrease in BMP expression, while the opposite
was observed in Mstn deficient cells that overexpressed Gdf11.
Correspondingly, knockdown of Smadl, Smad5, or Smad9 (espe-
cially Smad5), but not Smad2 or Smad3 in Mstn deficient OBs,
phenocopied those subjected to GdfII knockdown, suggesting
that GDF11-mediated activation of OBs involves the BMP
signaling pathway, which is inhibited by MSTN through down-
regulation of GDF11. Also, transfection of full-length cDNA of
GDF11, in contrast to that of MSTN, significantly enhanced
OB differentiation and mineralization through SMAD 1/5/9
phosphorylation, while knockdown of Gdfl1 in WT OBs sig-
nificantly reduced osteogenic activity and Bmp expression, in
contrast to knockdown of Mstn that consistently produced the
opposite results. The activation of the BMP signaling pathway
by GDF11 has also been reported in endothelial cells (40), but
whether this action of GDF11 occurs through different receptor
utilization or through biological regulation of its activity state
needs further investigation. Moreover, GDF11 in OCs did not
dramatically alter BMP signaling but seemed to involve anti-
inflammatory activity through NF-kB inhibition (41), which also
requires further examination.
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It is noteworthy that while our data described GDF11 as a
positive endogenous regulator of bone formation, they do not
imply that exogenous administration of GDF11 proteins, which
cannot be effectively distinguished from the highly similar
MSTN, will exhibit the same effect. In fact, the uncertainty in the
effectiveness of GDF11 protein treatment has been well impli-
cated through contradictory results presented by earlier studies
using recombinant GDF11. For instance, Zhang et al. (26)
reported that recombinant GDF11 delivery improves OB dif-
ferentiation, but Lu et al. (27) and Liu et al. (28) subsequently
reported the opposite, describing the potential risk of exogenous
GDF11 treatment in bone development. Based on these and our
findings, we suggest that, although care should be taken to avoid
inhibiting endogenous GDF11 expression, further research is
needed to translate our findings into therapeutic applications
involving GDF11 protein delivery.

FST, by antagonizing MSTN, has been shown to effectively
promote skeletal muscle hypertrophy in rodents and primates
(49), which leads to human trials of Fst gene therapy to treat
patients with various forms of muscular dystrophy (34-37). How-
ever, our results revealed that, while FST overexpression greatly
enhances muscle growth comparable to Mstn deletion in mice, it
can cause adverse effects on bone, including decreased BMD
and frequent tibia fractures, which is in contrast to significantly
increased bone mass and density observed in Mstn null mice.
FST has been reported as a secreted protein capable of binding
and inhibiting MSTN, GDF11, and activin A (50). Both MSTN
and activin A have been shown to strongly suppress bone for-
mation (51), and their inhibition has been shown to enhance
bone mass (52), although some early studies report positive ef-
fects of activin A on osteogenesis (53, 54). Here, we examined
the role of activin A on OB differentiation and observed that
overexpression of Inhba significantly impaired ALP activity and
mineralization, but knockdown of Inhba also appeared to slightly
decrease mineralization at day 12 of differentiation despite a
mild increase in ALP activity at day 3 and day 7, implying a
possible complex time-dependent regulation of osteogenesis by
activin A. This observation needs to be confirmed in further
studies including Inhba conditional knockout mice analysis.
However, based on our overexpression experiment showing
suppressive actions of both MSTN and activin A in mineraliza-
tion, the decreased skeleton quality by FST overexpression is
most likely to be the result of GDF11 inhibition. FST also has
been shown to interact with BMPs but with lower affinities (55),
still making GDF11 inhibition mainly responsible for the ob-
served fracture phenotype in F66 mice. Here, we demonstrate
that FST, a MSTN and GDF11 inhibitor, can induce differential
effects on muscle and bone: a dramatic increase in skeletal
muscle mass through MSTN inhibition, but a significant de-
crease in bone quality through GDF11 inhibition.

Currently, numerous MSTN inhibitors, including FST, are
being tested in clinical trials to increase skeletal muscle mass by
blocking MSTN, a potent negative regulator of muscle growth,
for the treatment of muscle wasting and metabolic diseases, in-
cluding muscular dystrophy, age-related sarcopenia, and cancer
cachexia. However, our data suggest that FST also exerts nega-
tive effects on bone quality and strength by inhibiting GDF11, a
key factor in bone development. Notably, most MSTN inhibitors
also bind and inhibit GDF11 due to the high sequence simi-
larity between MSTN and GDF11. Therefore, the crucial role
of GDF11 in bone homeostasis must be carefully considered to
minimize the potential detrimental effects of GDF11 inhibition
on bone when evaluating MSTN-targeting drugs for muscle
enhancement.

Materials and Methods

The materials and methods used in this study are described in detail in the S/
Appendix. Information includes mice and in vivo experiments, microCT
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imaging analysis, bone histomorphometry analysis, in vitro cell experiments,
and molecular biology experiments. All animal studies were approved by the
Institutional Animal Care and Use Committees at Seoul National University.

Data Availability. All data supporting the findings of this paper are available
within the article and S/ Appendix.
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