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The active thyroid hormone 3,5,3' triiodothyronine (T3) is a major regulator of skeletal muscle function. The
deiodinase family of enzymes controls the tissue-specific activation and inactivation of the prohormone thy-
roxine (T4). Here we show that type 2 deiodinase (D2) is essential for normal mouse myogenesis and muscle
regeneration. Indeed, D2-mediated increases in T3 were essential for the enhanced transcription of myogenic
differentiation 1 (MyoD) and for execution of the myogenic program. Conversely, the expression of T3-depen-
dent genes was reduced and after injury regeneration markedly delayed in muscles of mice null for the gene
encoding D2 (Dio2), despite normal circulating T3 concentrations. Forkhead box O3 (FoxO3) was identified
as a key molecule inducing D2 expression and thereby increasing intracellular T3 production. Accordingly,
FoxO3-depleted primary myoblasts also had a differentiation deficit that could be rescued by high levels of
T3. In conclusion, the FoxO3/D2 pathway selectively enhances intracellular active thyroid hormone con-
centrations in muscle, providing a striking example of how a circulating hormone can be tissue-specifically

activated to influence development locally.

Introduction

The active thyroid hormone 3,5,3" triiodothyronine (T3) derives
either directly from thyroid secretion or by the monodeiodin-
ation of the prohormone thyroxine (T4) by one of two iodothy-
ronine selenodeiodinases. Type 1 deiodinase is expressed in the
liver, kidney, and thyroid but not skeletal muscle of vertebrates,
and T3 produced from T4 by this enzyme is largely released
into the plasma. On the other hand, type 2 deiodinase (D2) is
specifically expressed in the central nervous system, pituitary,
thyroid gland, brown adipose tissue, retina, and skeletal mus-
cle. Much of the T3 derived from D2-mediated deiodination
remains within the cell (1). Thus, this deiodinase provides a
mechanism by which thyroid hormone (TH) can be activated
in a tissue-specific chronologically programmed fashion, such
as during development, or in circumstances where there is a
requirement for rapid increase in active TH in a specific tissue.
The effectiveness of this mechanism has been shown in the D2-
dependent feedback regulation by T4 of the thyrotropin-releas-
ing hormone and thyroid-stimulating hormone (TSH) secre-
tion by the hypothalamus and pituitary (2). A programmed
transient increase in D2 is required for the proper increase in
T3 at a critical time in the embryonic mouse brain (3) to allow
normal development of the cochlea (4, 5), and a sympathetic
nervous system-induced increase in D2 provides the cellular T3
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to brown adipocytes, which is essential for acute thermogenesis
in the cold-exposed rodent or human infant (6). Mice null for
the gene encoding D2 (Dio2) exhibit pituitary resistance to the
feedback regulation by T4, with elevated T4 and TSH, but nor-
mal T3 levels in the circulation (7).

Muscle is a major target of hormone action, highly sensitive to
TH concentrations, and expresses D2 (8, 9). Functional muscle
alterations are common clinical findings in patients with either
hyper- or hypothyroidism. A number of genes important for phys-
iological muscle function and its metabolic processes are either
positively or negatively regulated by TH (10-12). Among the genes
transcriptionally stimulated by T3 is MyoD (13), the master regula-
tor of the myogenic developmental and regeneration program.

Forkhead box O (FoxO) is a subclass of forkhead box transcrip-
tion factors that regulates diverse cellular functions, such as dif-
ferentiation, metabolism, proliferation, and survival (14). Like all
forkhead factors, FoxOs share a conserved DNA-binding domain
responsible for recognizing consensus forkhead regulatory ele-
ments (FREs). Mammalian cells employ multiple FoxO paralogs:
FoxO1, FoxO3, FoxO4, and FoxO6. These FoxOs all recognize and
bind similar DNA sequences, and some functional redundancy
may be present under certain circumstances (15, 16). Many signal-
ing pathways converge on FoxO, but inactivation by Akt phosphor-
ylation appears to be a prevalent mechanism in different cellular
contexts (17). Although FoxOs have been functionally implicated
in muscle differentiation, skeletal muscle-specific genes directly
targeted by FoxOs are mostly unknown. FoxO3 binds the MyoD
promoter and, in concert with Pax3/7, regulates its cell-specific
transcriptional activation in myoblasts (18).
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Figure 1

D2, expressed in mpc, is induced during differentiation and enhances intracellular thyroid hormone signaling. (A) Dio2 mRNA (top) and activity
(bottom) in mouse TA muscles at indicated ages. Data are expressed as mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01
compared with P1 mice; n = 6. (B) Mouse primary pp6 cells were isolated from newborn mouse skeletal muscle (see Methods) and cultured in
proliferative (PROL) or differentiating (DIFF) conditions for 48 hours before measurement of Dio2 mRNA (top) and activity (bottom). (C) Differ-
entiation was induced in C2C12 cells, and Dio2 and MyoD mRNA expression was measured by RT-PCR at the indicated times. (D) C2C12 cells
(left) or C2C12 cells stably transfected with control (shCTR) or specific D2 shRNA plasmid (shD2) (right) were transiently cotransfected with a
T3-responsive reporter (TRE3TK-Luc) and CMV-Renilla plasmid as internal standard, and differentiation was induced for the indicated times.
The Luc/Renilla value from mock-transfected plasmid was arbitrarily set as 1. (E) C2C12 cells were transfected with the indicated plasmids and
TRESTK-Luc reporter and MyoD levels measured thereafter. Error bars represent SD.

Because normal TH levels are required for efficient muscle homeosta-
sis, function, and regeneration (19), we hypothesized that D2-mediated
T4 to T3 conversion might play a significant role in this process.
The current studies were undertaken as a step toward further under-
standing the role of D2 in muscle. Interestingly, we found that Dio2
mRNA and activity are present in muscle stem cells and increase dur-
ing muscle differentiation. Despite the presence of normal plasma T3
concentrations in D2-null mice, these animals are hypothyroid at the
muscle level and show an inadequate MyoD response to cardiotoxin
injury and a marked delay in subsequent muscle regeneration, as
indicated by both histological criteria and the pattern of gene expres-
sion. The key molecule coordinating the D2-mediated T3 signaling is
FoxO3. Thus, a dynamic muscle-specific surge in D2 activity leading
to increased T3-dependent transcription is an essential component of
normal muscle development and regeneration.
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Results
D2 is highly expressed in muscle progenitor cells. Since normal TH levels
are required for efficient muscle development (19), we hypothesized
that D2-mediated T4 to T3 conversion might play a significant role
in this process. To address this question, we measured D2 in muscle
tissues and found low levels of Dio2 mRNA in normal adult mouse
muscle but much higher levels in newborn pups, at a time when satel-
lite cells and myoblast precursors are more prevalent. Dio2 expression
decreased over the next 12 days and was even lower in adult muscle
(Figure 1A). Consistent with these findings, muscle D2 activity was
robust at P1 but fell rapidly over the first few days of life (Figure 1A).
In the same tissues, we observed a similar pattern of Pax7 expression
(Supplemental Figure 1; supplemental material available online with
this article; doi:10.1172/JCI43670DS1), a marker of the satellite cell
compartment and myogenic precursor cells (20).
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Blocking D2 impairs myogenic differentiation of mpc. (A) Primary pp6 from wild-type or Dio2-- mice and C2C12 mock-transfected (shCTR) or
shD2 cells were cultured in proliferative or differentiating conditions as indicated. Scale bar: 100 um. (B) cDNAs were prepared from pp6 cells
from wild-type or Dio2-- mice and cultured in proliferative and differentiating conditions in the presence of vehicle or 30 nM T3 as indicated.
cDNAs were analyzed for MyoD, myogenin, and Myh2 expression by RT-PCR. For each gene, normalized copies of the target gene in proliferat-
ing wild-type pp6 cells were set as 1. Values are mean + SEM of 4 independent experiments (C) Western blot analysis of total lysates from pp6

cells cultured as in B. Tubulin levels were measured as loading control.

These observations prompted us to determine whether D2 was
expressed in myoblast precursor cells. To this end, an enriched
population (pp6) of adult mouse primary muscle precursor cells
(mpc) was isolated and cultured under conditions favoring either
replication or differentiation (21). Dio2 mRNA expression was
detected in proliferating mpc; interestingly, both mRNA expres-
sion and activity were strongly increased during differentiation
(about 7 fmol/min/mg in differentiating precursors) (Figure 1B).

Next, we wished to determine whether the mouse C2C12 myo-
blasts would be an amenable cell system for the study of D2
expression given their ability to differentiate from myoblasts to
myotubes. Dio2 mRNA was also increased in C2C12 myoblasts
within 12 hours of the initiation of differentiation and peaked
at 48 hours, declining rapidly thereafter (Figure 1C). This surge
was completely blocked by actinomycin D (Supplemental Figure
2) and preceded the increase in MyoD (Figure 1C), a T3-respon-
sive master regulator of activated satellite cells (22). Increased
intracellular TH signaling paralleled the induction of Dio2 mRNA
during differentiation, an effect absent in shD2 cells (Figure 1D),
in which D2 expression was constitutively reduced by RNA inter-
ference (Supplemental Figure 3), while forced D2 expression
caused a robust increase in intracellular T3 and MyoD expression
(Figure 1E). Thus, a marked increase in T3-dependent signal-
ing occurs during myoblast differentiation, due to the increased
D2-mediated T4 to T3 conversion.

D2 is required for the execution of the myogenic program of mpc, and
Dio27/~ mice showed muscle-specific bypothyroidism. Is D2 essential for
the normal differentiation process in myoblasts? We analyzed pp6
cells derived from Dio2-null mice. These cells were impaired in
the differentiation process as demonstrated by their morphology
(Figure 2A) and the reduced expression of relevant genes including
MpyoD, myogenin, and myosin, heavy polypeptide 2, skeletal muscle
(Myh2) atboth the mRNA and protein levels despite the differentiat-
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ing conditions (Figure 2, B and C). This deficit was rescued by addi-
tion of supraphysiological T3 concentrations (Figure 2, B and C),
as well as by MyoD overexpression (Supplemental Figure 4), cir-
cumventing the requirement for D2.

In parallel, shD2 cells retained a refractile, stellate, fibroblast-
like morphology under proliferating conditions and did not
differentiate despite appropriate stimuli (Figure 2A and Supple-
mental Figure 3). Similar effects were obtained in C2C12 cells
in which D2 expression and activity were transiently blocked by
RNAi oligonucleotide or rT3 (30 nM) treatment (23), respective-
ly (Supplemental Figure 5). Reverse T3 (3,3',5'-T3) is a naturally
occurring inactive iodothyronine and a substrate for D2 enzyme. It
is a competitive inhibitor of D2-mediated T4 to T3 conversion and
selectively reduces D2 activity by inducing its ubiquitin-mediated
inactivation (23). Importantly, differentiation defects induced by
D2 blockade could be rescued not only by D2 or T3, but also by
T4 when its intracellular conversion to T3 was allowed, i.e., in the
presence of active D2 (Supplemental Figure 6).

To gain further insight into the role of D2 in vivo, we analyzed
muscles from Dio2-null mice. Firstly, we measured several myogen-
ic markers at different postnatal ages. Interestingly, limb muscles
from Dio2-null mice showed differentially expressed levels of sev-
eral differentiation markers, both early postnatally and in adult life
(Figure 3). In particular, expression levels of well-known T3-respon-
sive genes were altered in Dio2-null muscles. The features of Dio2-
null muscles (i.e., the expression levels of T3-responsive genes such
as MyoD, troponin 1, troponin 2, and SERCA2) were typical of mild-
ly hypothyroid mice, indicating that, despite the normal plasma T3
concentrations, muscles were hypothyroid in the absence of D2.

In summary, the absence of D2 causes a time-dependent and
reversible arrest of the differentiation program due to the failure
of intracellular nuclear T3 to reach sufficiently high concentra-
tions to initiate and sustain the differentiation process in vitro and
Volume 120 4023
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Dio2-null muscles present a phenotype of mild hypothyroidism. mRNA was extracted from TA muscles from wild-type and Dio2-- mice (n = 6) at
different ages, and the indicated gene expressions were measured by RT-PCR. Cyclophilin A was used as internal control. For each gene, normal-
ized copies of the target gene in tibial muscle at P2 were set as 1. Data are expressed as mean + SEM of at least 3 independent experiments.

in vivo. The Dio27/~ mice are not able to overcome this T3 defi-
ciency and therefore are hypothyroid at the muscle level both early
postnatally and in adult life.

MyoD is a T3-responsive transcription factor that plays an essential
role in muscle cell differentiation (24, 25). The pp6 cells from Dio2-
null mice, or the wild-type cells incubated in the absence of TH failed
to differentiate (Figure 2 and Supplemental Figure 4); in contrast,
either T3 treatment or MyoD expression rescued their differentia-
tion program (Figure 2B and Supplemental Figure 4), indicating that
D2-produced T3 lies upstream of MyoD during differentiation.

D2-generated T3 is critical in the control of the proliferation of mpc. T3
often acts as a differentiating agent, controlling the balance between
proliferation and differentiation. We have previously shown that
proliferation is reduced by T3 treatment in basal cell carcinomas
(26). Using the same rationale, we hypothesized that blocking D2
would lead to increased mpc proliferation. In mpc from Dio2-null
versus wild-type mice, we observed an increase in cellular prolif-
eration, as demonstrated by direct measurement of cell numbers,
[*H]thymidine uptake, and cyclin D1 levels (Figure 4). A similar
effect was also observed in pp6 cells and C2C12 cells growing at
different TH concentrations (Figure 4 and data not shown) as well
as after D2 blocking (Figure 4), indicating that D2-generated T3 is
a critical modulator of cellular proliferation in muscle precursors.

D2 expression in mpc is under FoxO3 control. We then asked how Dio2 is
induced during muscle differentiation. To address this question, we
evaluated the effects on Dio2 mRNA expression of various transcrip-
tion factors known to be critical regulators of muscle myogenesis.
Interestingly,among several tested muscle transcription factors (Sup-
plemental Figure 7A), a constitutively active FoxO3 (14) significantly
induced Dio2 mRNA in pp6 and C2C12 cells in both proliferating
(4-fold) and differentiating (36-fold) conditions (Figure SA), as well as
in 5 different rhabdomyosarcoma cell lines (Supplemental Figure 7B),
a solid tumor thought to originate from muscle stem cells (27).

To identify the molecular mechanisms underlying D2 regulation
by FoxO3, we investigated whether FoxO3 directly controls the Dio2
promoter. We found 3 putative FREs within a FoxO3-responsive
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1.4-kb Dio2 region (Figure SB). One of these elements is evolution-
arily conserved and efficiently bound FoxO3 as revealed by EMSA
(Figure 5B). Mutation of this putative FRE reduces the response of
the Dio2 promoter to FoxO3, indicating a functional role for this
site (Supplemental Figure 8). Next, we examined the promoter occu-
pancy of FoxO3 on the Dio2 gene. ChIP analysis revealed that FoxO3
was present on the Dio2 promoter overlapping this site (Figure 5C).
Interestingly, the occupancy of this site was significantly enhanced
following differentiation (Figure SC), confirming an in vivo corre-
lation between FoxO3 binding and Dio2 gene transcription. Taken
together, these results demonstrate a physical association and a
positive transcriptional action of FoxO3 on the Dio2 gene.

Differentiated myocytes showed increased FoxO3 mRNA and
activity levels (Supplemental Figure 8B), consistent with FoxO3 asa
relevant inducer of D2 during differentiation. This was also observed
in mouse postnatal muscle development, when Foxo3 mRNA levels
decreased in parallel with D2 expression (Supplemental Figure 1B).
The dependency of D2 expression on FoxO3 was demonstrated
by the very low D2 levels in pp6 cells from Foxo3”~ mice (virtually
depleted of FoxO3 in heterozygosity; ref. 18) after induction of
differentiation or in wild-type pp6 cells expressing a dominant-
negative FoxO3 (Figure 5D). Accordingly, Dio2 mRNA in vivo was
significantly reduced in muscle from Foxo3-null mice (Figure SD).
In agreement with this finding, Dio2 mRNA was greatly reduced in
shFoxO3 C2C12 cells and was appropriately rescued by reexpression
of an RNAi-resistant FoxO3 (Figure SE).

To evaluate whether FoxO3 activity would affect intracellular TH
signaling by inducing the D2 enzyme, we measured TRE3TK-Luc in
different conditions corresponding to different FoxO3 levels. FoxO3
enhanced intracellular T3 in a dose-dependent fashion (Supplemen-
tal Figure 7C), while T3 was consistently reduced in FoxO3-depleted
C2C12 cells (Supplemental Figure 9). It has been previously demon-
strated that in shFoxO3 cells, the lack of differentiation is associated
with impaired MyoD transcription and is partially rescued by MyoD
overexpression (18). If D2 action lies between FoxO3 and MyoD
expression, then forced expression of D2 — or T3 treatment — in
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FoxO3-depleted cells should rescue differentiation defects through
expression of MyoD (18). Interestingly, exogenous T3 was able to res-
cue MyoD expression and differentiation defects in Foxo3"~ derived
pp6 cells as well as in wild-type cells expressing a dominant-negative
FoxO3 construct (Figure 5, F and G). Consistent with this finding,
the differentiation program induced by FoxO3 was completely abro-
gated in Dio2-null cells or by blocking D2 (Figure 5, G and H).

These gain-of-function studies taken together with our loss-of-
function analysis strongly point to FoxO3 as a potent activator of
D2 expression in mpc. Furthermore, our findings link changes in
FoxO3 activity to the modulation of TH signaling in cells, via its
effect of increasing D2 expression.

D2 is induced in muscle regeneration. Since D2 action is essential for
muscle differentiation, we asked whether D2 plays a role in vivo in
muscle regeneration in adult mice. Notably, following injury or dur-
ing disease, quiescent satellite cells become activated and proliferate
to produce committed mpc, which then repair injured muscle (28).
This pattern of adult myogenesis is thought to recapitulate, to a
great extent, the pattern of myogenesis during development (29).

First, we examined the expression patterns of D2 following injury
induced by the snake venom cardiotoxin (30). Four days after car-
diotoxin injury in the tibialis anterior (TA) muscle (28, 29), expres-
sion levels of Dio2 mRNA increased significantly and reached a peak
at day 11 (Figure 6A). Thereafter, Dio2 mRNA declined, reaching
normal levels by day 21 (Figure 6A and data not shown). In a similar
experiment, D2 activity showed a consistent pattern (Figure 6B).
Interestingly, no changes in serum T3 or T4 concentrations were
observed at any time during the cardiotoxin experiment (Figure 6C
and Supplemental Figure 10), indicating that the D2-induced
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T3 production at the injury site affects only the muscle compart-
ment. By day 15 after injury, after the surge of D2, regeneration was
nearly completed, with the myonuclei localized at the periphery of
myofibers (Figure 7, A and D). Overall, these data show that D2 is
induced in vivo during regeneration of adult skeletal muscle, caus-
ing tissue-specific enhancement of TH signaling in muscle cells
without perturbing circulating TH levels.

Defective muscle regeneration in Dio27~ mice following cardiotoxin-
induced muscle injury. Next, we speculated that D2 might play a
critical role in the regulation of muscle regeneration. To test this
hypothesis, we compared the regeneration potential of Dio2-null
mice versus wild-type animals using the cardiotoxin-induced
muscle injury paradigm. Cardiotoxin injection into the TA mus-
cles caused considerable damage, triggering a robust regenerative
response similar to that in wild-type animals. However, regenera-
tion repair was significantly delayed in Dio2-null compared with
wild-type mice. Notably, no obvious differences were observed at
early time points after injury (i.e., day 4), when the extent of muscle
fiber necrosis and the number of nonmyogenic cells within the
damaged site were similar in the two groups of animals (Figure 7D).
In contrast, examination of H&E-stained transverse sections of
Dio27~ mice at a later time in the regeneration experiment revealed
a striking difference in the D2-null versus wild-type animals, pat-
ticularly evident at day 15 after injury (Figure 7D), soon after the
surge of D2 occurs in wild-type mice. Indeed, while regeneration
was almost complete at this time in wild-type muscle, with most
of the myonuclei localized at the periphery of myofibers, Dio2-null
muscles still showed a greater number of newly formed centrally
nucleated myofibers, indicating that regeneration was delayed. To
Volume 120 4025
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D2 expression in myoblasts is under direct FoxO3 control. (A) C2C12 or wild-type pp6 cells were transiently transfected with a FoxO3 or empty vec-
tor as indicated, and Dio2 mRNA measured 48 hours later by RT-PCR. (B) Left: Nuclear extracts from transfected cells with (+) or without () FoxO3
plasmid were analyzed by EMSA as indicated. Right: Schematic representation of mouse Dio2 proximal promoter region. Relevant binding sites and
their mutant version are shown schematically. FoxO3 C.A, FoxOS3 constitutively active; Comp., oligonucleotides used for competition (S, self oligo;
U, unrelated oligo). (C) ChIP analysis of the interaction between FoxO3 and the mouse Dio2 promoter. Chromatin extracted from C2C12 cells was
immunoprecipitated using the indicated antibodies. Unrel., unrelated genomic region. (D) Left: Dio2 mRNA in pp6 cells from wild-type and Foxo3+-
mice were cultured in proliferative and differentiating conditions and transfected with empty vector or a FoxO3 dominant-negative (FoxO D.N.) expres-
sion plasmid. Right: Dio2 mRNA in TA muscles from wild-type and Foxo3+- mice. (E) Dio2 mRNA levels were measured by RT-PCR in shCTR or
shFoxO8 cells. shFoxO3 cells were transfected with an RNAi-resistant FoxO3 plasmid as indicated. (F) pp6 cells from wild-type and Foxo3+- mice
were cultured in proliferative and differentiating conditions and treated with vehicle or 30 nM T3. MyoD mRNA was measured by RT-PCR. (G) MyoD
mRNA levels in pp6 wild-type cells transfected with empty vector or FoxO C.A. or FoxO D.N. vector and treated with vehicle, T3, or rT3 as indicated.
(H) Myogenin mRNA levels in pp6 from Dio2-- mice cultured in proliferative and differentiating conditions and transfected with empty vector, FoxO3
C.A., or MyoD expression vectors. Values are mean + SEM of at least 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

obtain a quantitative assessment of regeneration in the two groups,  even more pronounced at day 15, when, as opposed to an almost
we measured — using computer-assisted software in an operator- ~ completed regeneration pattern in wild-type animals, more than
blinded approach (31) — the percentage of centrally localized nuclei ~ 60% of the fibers in the Dio2-null group contained central nuclei
within the muscle fiber versus the total nuclei (Figure 7A). Atday 11 (Figure 7, A-D). These results indicated that while in control mice
after injection, the number of central nuclei fibers was significantly ~ the regeneration of injured muscle was completed at day 15, in
lower in wild-type versus Dio2-null animals, and this difference was ~ Dio2~~ animals this stage of recovery was significantly delayed.
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D2 is induced in muscle regeneration. (A) Dio2 mRNA was measured by RT-PCR during muscle differentiation in wild-type mice. Regeneration
was induced by cardiotoxin injection (see Methods) into the TA muscle. **P < 0.01, ***P < 0.001 compared with Dio2 mRNA at 4 days after injec-
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in A (n=5).*P <0.05, P <0.01, compared with D2 activity at 2 days after injection; n = 5. (C) The average of plasma T3 levels in wild-type and
D2-null mice during the regeneration experiment. Values are mean + SEM.

In agreement with the enhanced proliferation rate of D2-defi-
cient myoblasts (Figure 4), the number of nuclei in regenerating
tissues of Dio2-null mice was nearly twice that of the wild-type ani-
mals (Figure 7B). Notably, BrdU-positive nuclei were significantly
increased (Figure 7C and Supplemental Figure 11), indicating that
the overall myoblast proliferation rate was higher in vivo in the
D2-null environment than in controls. Furthermore, in agreement
with the enhanced proliferation of mpc, increased Pax7 mRNA
levels and increased Pax7* cells were present in Dio2-null muscles
(Figure 3 and Supplemental Figure 12).

To identify the molecular defects arising from the absence of D2
during muscle regeneration, we measured the expression levels of
muscle differentiation markers on different days after cardiotoxin
injection. Interestingly, MyoD was dramatically reduced in Dio27~
mice at both mRNA and protein levels, an effect particularly evident
at day 15 following injury (Figure 7E and Supplemental Figure 13).
Furthermore, downstream MyoD effectors, such as myogenin, MHC,
as well as the regeneration marker neonatal MHC (32), were also dra-
matically reduced in the absence of D2 at both mRNA and protein
levels (Figure 7E and Supplemental Figure 13), which indicates that
terminal differentiation is impaired by the absence of D2.

These injury and regeneration experiments revealed a distinct
delay in skeletal muscle regeneration in Dio2~~ mice compared
with wild-type animals. This delay was caused by the defective dif-
ferentiation in the absence of active D2 in the face of an enhanced
cellular proliferation of myoblast precursor cells. In summary,
our data indicate that the normal plasma T3 concentration of the
Dio2/~ mouse was insufficient to supply the requirements of the
muscle for normal myogenesis and regeneration.

Discussion

Although an essential role of TH in muscle function is well recognized,
arequirement for local control of thyroid signaling during muscle dif-
ferentiation and repair has not been previously identified. Our results
indicate that a time-dependent and cell-autonomous amplification of
TH signaling in myoblasts is critical for proper muscle differentiation
and for muscle repair. This amplification is obtained by a rapid induc-
tion of D2 in satellite cells (Figure 1, A-C). The increase in D2-mediat-
ed T4 monodeiodination increases nuclear T3 receptor saturation, as
reflected by the marked induction in expression of the T3-dependent
luciferase reporter (Figure 1D) and expression of T3-dependent genes

The Journal of Clinical Investigation

http://www.jci.org

(Figure 2, B and C). Blocking D2 with reverse T3 or genetic D2 deple-
tion prevents the increase in intracellular T3 (Figure 1D) and blocks
myotube formation, as well as inhibiting the induction of MyoD,
myogenin, and MHC, which normally occurs during the differentia-
tion process (Figure 2). The increase in T3 requires the D2 substrate
T4, which is provided by FBS in the medium. The requirement for
D2 or for T4 can be obviated by addition of supraphysiological con-
centrations of T3 (Figure 2, B and C). In addition to inducing MyoD
and causing formation of myotubes, the increase in intracellular T3
reduces cell proliferation (Figure 4).

The reason why D2 is critical to the process of differentiation is
that even in vitro, whatever intracellular T3 is provided by the FBS
in the medium is insufficient to induce terminal muscle differen-
tiation. The in vivo studies also mirror this requirement for a high
intracellular T3 in that a normal concentration of circulating T3
in the Dio2-null mice is not sufficient to support normal myogen-
esis and muscle repair after cardiotoxin injury (Figure 4). At this
time, it is not clear which T3-dependent gene(s) require this high
degree of T3 receptor saturation for appropriate induction, but
MyoD, given its central role in the process of myoblast differentia-
tion and its T3 responsiveness, is a very likely candidate.

A number of agents have been shown to stimulate Dio2 gene
transcription, including cyclic AMP, glucocorticoids, and the
NF-kB pathway (33). In the opposite direction, previous studies
by Dentice et al. have indicated that the Hedgehog proteins, by
inducing a specific E3 ubiquitin ligase, accelerate D2 degradation
(23). We show here that the Dio2 gene in muscle cells is under the
direct control of FoxO3 (Figure 5, A and B). FoxO family members
play a direct role in regulating myogenesis and, by cooperating
with the PAX3/7 proteins, FoxO3 activates MyoD transcription in
myoblasts (18), likely, based on the present results, in combination
with T3. In light of our results, amplification of T3 signaling is
required for the execution of the FoxO3 program in myogenesis.

Interestingly, a recent study demonstrated that Foxo3-null mice
had impaired myogenesis and muscle regeneration, partially res-
cued in vitro by MyoD replacement. This deficit occurs also in the
heterozygous condition (18), indicating that the loss of a single
Foxo3 allele is sufficient to induce a defect in myogenesis. Accord-
ingly, in satellite cells and hind muscles from Foxo3*~ mice, Dio2
expression was significantly reduced (Figure 5D), supporting the
concept that Dio2 transcription is under FoxO3 control. Dio2 as well
Volume 120 Number 11
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Figure 7

Defective muscle regeneration in Dio2-- mice. (A) The percentage of centrally located nuclei was evaluated in H&E-stained TA muscle sections
from D2KO and wild-type mice at 4—15 days after cardiotoxin (CTX) injection. (B) Number of nuclei was evaluated in H&E-stained TA muscle
sections from Dio2-- and wild-type mice at 15 days after CTX injection. *P < 0.05 compared with wild-type mice; n = 20. (C) Percentage of
BrdU-labeled nuclei in TA muscle sections from Dio2-- and wild-type mice at 15 days after CTX injection. *P < 0.05 compared with wild-type
mice; n = 50 slides. Data are shown as average + SD. (D) H&E-stained and DAPI-stained TA muscle sections (original magnification, x40) from
Dio2-- and wild-type mice at 4 and 15 days after CTX injection. (E) Western blot analysis of total lysates from tibial muscles from 3 different mice
at 15 days after CTX injection from the same experiment as in A. Tubulin was used as loading control. (F) The FoxO3/D2 axis promotes muscle

differentiation in muscle cells by inducing MyoD expression.

as relevant T3-responsive genes were similarly reduced in adeno-
Cre-infected satellite cells from Foxo3%f mice (data not shown).
Finally, FoxO3 levels in postnatal muscles were highest at P1, a time
when Dio2 mRNA and activity were also elevated (Figure 1A).

Together, these data are consistent with the concept that FoxO3
induces D2, which in turn allows proper MyoD transcription and
differentiation (Figure 7F). Supporting this notion, D2 is able to
compensate for FoxO3 deficiency in satellite cells, indicating that
D2 acts downstream of the FoxO3 protein but upstream of MyoD
in the differentiating program (Figure 4).

Independent support for a FoxO3/D2 relationship is found in
studies of rhabdomyosarcoma cell lines in which Dio2 mRNA was
markedly induced by FoxO3 overexpression (Supplemental Figure
7). We used these cells as a paradigm of a cellular environment cor-
responding to abortive myogenesis to assess the potential of FoxO3
asa D2 inducer. In these tumors, an oncoprotein is frequently pres-
ent that acquires the potent transactivation domain of the FoxO
gene and the Pax DNA-binding domain by which it binds to the Pax
target genes (34). In this context, the transcription of Pax-dependent
genes is enhanced, and the normal FoxO3 targets are reduced. In
a cell with functionally reduced FoxO3 activity, the restoration of
FoxO3 activity would be predicted to greatly enhance D2 expres-
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sion. The finding that D2 is markedly responsive to FoxO3 in RMS
cells strongly supports this notion, in agreement with the direct cor-
relation of D2 and FoxO3 levels in muscle precursors (Figure 5).

FoxO3 is induced during muscle atrophy (35), and this obser-
vation is consistent with the presence of elevated D2 in the
skeletal muscle of chronically ill rabbits (36). Furthermore,
dexamethasone induces FoxO3 in C2C12 cells (37), perhaps
explaining how corticosteroids can induce D2 expression. Fur-
ther studies will be necessary to dissect the putative role of D2
in the context of atrophy.

The Dio27~ mouse exhibits signs of TH deficiency in tissues where
D2 is known to play an important role. While we did not observe any
compensatory effect of other deiodinases, we clearly demonstrated
that the Dio2~/~ mice exhibit a hypothyroid phenotype at a muscle
level, which is a delayed and incomplete differentiation. Hind mus-
cles from Dio27/~ mice showed signs of hypothyroidism, i.e., a gene
expression pattern consistent with type I muscle fibers — since T3
promotes the development of type II fibers — as well as showing
lower specific expression of genes known to be T3 responsive (10),
such as MyoD, myogenin, Myh2, SERCA2, and troponin 2 (Figure 3).
Accordingly, troponin 1, which is downregulated by T3 and
upregulated in type I fibers, was increased in Dio27~ hind muscles
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(Figure 3). This deficit, particularly evident during active myogen-
esis in early postnatal life or cardiotoxin-induced regeneration, per-
sists in adult life despite normal plasma T3 levels and the apparent
normal gross appearance of the Dio27~ muscles. In summary, this
study indicates that physiological concentrations of T3 in the plas-
ma are not sufficient to guarantee normal myogenesis in postnatal
life, during regeneration, and in adulthood. The Dio27~ mice are not
able to overcome this T3 deficiency and therefore are hypothyroid at
the muscle level both early postnatally and in adult life.

Several reports demonstrated the important effects of altered
TH status on muscle regeneration (19, 38). In mdx mice, hyperthy-
roidism causes a more severe dystrophic phenotype and greater
segmental damage in the TA than in control untreated mdx lit-
termates. Systemic hypothyroidism prolongs and increases the
phase of replication by mdx muscle precursors and delays fusion
into myotubes in regeneration (39). The defects we observed in
D2-null muscles during the regeneration process more or less
phenocopy both MyoD-null and the hypothyroid mice: in both,
myogenic stem cells are increased in number but impaired in their
differentiation. The increased satellite cell proliferation and num-
ber of Pax7" cells (Figure 4 and Supplemental Figure 12) as well as
the number of nuclei and the amount of BrdU incorporation dur-
ing regeneration (Figure 7, B and C) support this concept in vitro
and in vivo, respectively.

Why should D2 inhibition represent an advantage for cell pro-
liferation? In many cell contexts, T3 is a differentiating agent,
and in this sense it is associated with reduced proliferation. At
a nuclear level, the liganded TH receptor acts in many prolifer-
ating cells as a tumor suppressor (40). Recent studies demon-
strated that freshly isolated satellite cells contribute remarkably
to myofiber regeneration after transplantation (41, 42). These
cells expand extensively and regenerate new myofibers, which is
advantageous for injured or dystrophic muscles. In the absence
of MyoD, muscle stem cells survive longer and more effectively
when transplanted in injured muscle (43). The observation that
we transiently downmodulate MyoD by reversibly blocking D2 in
myoblast precursors could have several clinical implications for
patients with muscle disease. For example, myogenic precursor
cells could be kept in low T3 conditions when increased prolif-
eration and cell expansion are desired. Later, the situation could
be reversed, by removing the blocking agent or by supplying T3,
thus promoting myotube formation and terminal differentiation.
This could significantly improve the success of myoblast trans-
plantation protocols in which differentiation limits the degree
of mpc proliferation (44). It is important to note that in different
tissues, the biological activity of TH is influenced by the activity
of D2 but also, in defined circumstances, by the rate of T4 and T3
degradation by the type 3 deiodinase (D3). This occurs especially
during development, during liver and nerve regeneration, as well
as in circumstances associated with enhanced cellular prolifera-
tion, as is the case for inflammatory cells during inflammation
or in different tumoral cells (26,45-47). Assessing the role of D3
in developing myoblasts and in the inflammatory cells sustaining
muscle regeneration is the object of current studies.

Many tissues require D2 action to perform specific functions.
Examples include the pituitary controlling thyrotropin secretion
(2), gonadal responses in birds (48), brown adipose tissue thermo-
genesis (6), and, as shown here, normal skeletal muscle myogenesis
and regeneration. This elegant mechanism controlling intracellular
T3 production throughout the vertebrate kingdom is highly
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advantageous for meeting time-specific local requirements —
such as the response to injury in muscle — without perturbing
plasma TH concentrations. The regulation of D2 by morphogens
(23) or, as shown here, by FoxO3 provides potent mechanisms
whereby changes in intracellular TH concentrations can be tightly
coordinated, allowing cell-autonomous differentiation or prolif-
eration, without affecting the TH supply to other tissues.

Methods

Cell cultures, transfections, and reagents. Primary muscle cultures (pp6) were
isolated as described previously (21) from the indicated mouse lines. C2C12
cells were obtained from ATCC. When cells were 60%-70% confluent, they
were induced to differentiate in DMEM with 2% horse serum (HS), insu-
lin, and transferrin (differentiation medium). RMS cells were provided by
P.L. Puri (Istituto Dulbecco Telethon, IRCCS Santa Lucia Foundation and
European Brain Research Institute, Rome, Italy). In some experiments,
endogenous T3 and T4 were removed from the FBS by charcoal absorption
(Ch) (49). Anti-MyoD (sc-304), myogenin (sc-12732), tubulin (sc-8035),
and anti-FoxO3 antibodies were purchased from Santa Cruz Biotechnol-
ogy Inc. Polyclonal anti-MHC antibody (MF-20a) was from Developmental
Studies Hybridoma Bank.

Plasmids and expression constructs. The luciferase reporter plasmid TRE3TK-
Luc and the wild-type D2 plasmid are reported elsewhere (50). To knock
down D2 in transient transfection experiments, 25-bp Stealth siRNA was
purchased from Invitrogen. FoxO3 plasmid was provided by M. Sandri
(Department of Biomedical Sciences, University of Padua, Padua, Italy);
p6xDBE-Luc was provided by S. Goruppi (Molecular Cardiology Research
Institute, Tufts University School of Medicine, Boston, Massachusetts,
USA); and Pax7, MyoD, and MEF2a were provided by S. Brunelli (Division
of Regenerative Medicine, San Raffaele Scientific Institute, Milan, Italy).

D2 deiodination assays. Muscle tissue was homogenized on ice in phos-
phate buffer containing 0.25 M sucrose, 1 mm EDTA, and 10 mM DTT
and complete protease inhibitor cocktail from Roche. Reactions were incu-
bated at 37°C for 4 hours in 0.1 ml PE buffer with 1 nM or 500 nM T4
(blank),20 mM DTT, 1 mM propylthiouracil, with the addition of approxi-
mately 2 x 10° cpm [3'-5"-12°I|T4 (11). Blank values were subtracted before
calculation of deiodinase activities.

Immunofluorescence and immunobistochemistry. For immunofluorescence
staining, cells were fixed with 4% formaldehyde and permeabilized in 0.1%
Triton X-100, then blocked with 0.5% goat serum and incubated with
primary antibody. Alexa Fluor 595-conjugated secondary antibody was
used. The cell DNA was stained with 300 nM DAPI (Molecular Probes,
Invitrogen). Muscle from Dio27/~ and wild-type mice was fixed in 4% PFA,
and serial sections were collected.

ChIP. C2C12 cells were fixed with 1% formaldehyde and subjected to
ChIP assay as previously described (23) using a FoxO3, or a preimmune
purified IgG as a negative control.

Muscle regeneration studies. Cardiotoxin injection was performed as
described previously (51). Briefly, 15 ul of 10 uM cardiotoxin (Naja nigri-
collis, Calbiochem) was injected into the right TA muscles of anesthetized
12-week-old C57BL/6 males (The Jackson Laboratory) or age- and sex-
matched Dio2-null mice (52). The corresponding left TA muscles were
not injected and used as controls. For assessment of BrdU incorporation,
mice were injected intraperitoneally with 1 ml/100 g body weight of BrdU
(Zymed, Invitrogen) 24 hours before harvesting the muscles, according
to the manufacturer’s protocol. All animal experimental protocols were
approved by the Animal Research Committee of Harvard Medical School.

Statistics. Differences between samples were assessed by Student’s 2-tailed
t test for independent samples. P values less than 0.05 were considered sig-
nificant. Relative mRNA levels (in which the first sample was arbitrarily
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set as 1) are reported as results of real-time PCR in which expression of  and Telethon grant GGP08120 to G. Minchiotti; and NIH grant

cyclophilin A was used as a housekeeping gene. DKO044128 to P.R. Larsen.
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