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Regulation of murine skeletal muscle
growth by STAT5B is age- and sex-specific
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Abstract

Background: Sexually dimorphic growth has been attributed to the growth hormone (GH)/insulin-like growth
factor 1 (IGF1) axis, particularly GH-induced activation of the intracellular signal transducer and activator of
transcription 5B (STAT5B), because deletion of STAT5B reduces body mass and the mass of skeletal muscles in male
mice to that in female mice. However, it remains unclear why these effects are sex- and species-specific, because
the loss of STAT5B retards growth in girls, but not in male mice. Our objectives were to determine whether sexually
dimorphic growth of skeletal muscle persisted in STAT5B−/− mice and investigate the mechanisms by which
STAT5B regulates sexually dimorphic growth.

Methods: Blood and skeletal muscle were harvested from male and female STAT5B−/− mice and their wild-type
littermates from the onset of puberty to adulthood.

Results: Growth of the skeleton and skeletal muscles was retarded in both sexes of STAT5B−/− mice, but more so in
males. Although reduced, sexually dimorphic growth of skeletal muscle persisted in STAT5B−/− mice with an
oxidative shift in the composition of myofibres in both sexes. Concentrations of IGF1 in blood and skeletal muscle
were reduced in male STAT5B−/− mice at all ages, but only in female STAT5B−/− mice at the onset of puberty.
Expression of androgen receptor (AR) and oestrogen receptor alpha (ERα) mRNA and protein was reduced in
skeletal muscles of male and female STAT5B−/− mice, respectively. Loss of STAT5B abolished the sexually dimorphic
expression of myostatin protein and Igf1, Ar, Erα, suppressor of cytokine signalling 2 (Socs2), and cytokine-inducible
SH2-containing protein (Cis) mRNA in skeletal muscle.

Conclusions: STAT5B appears to mediate GH signalling in skeletal muscles of male mice at all ages, but only until
puberty in female mice. STAT5B also appears to mediate the actions of androgens and oestrogens in both male
and female mice, but sexually dimorphic growth persists in STAT5B−/− mice.
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Introduction
Sexually dimorphic growth of skeletal muscle is evident
in most mammals from puberty, with males developing
a larger body size and muscle mass, with more fast-twitch
and less slow-twitch myofibres than females [1, 2]. These
differences have been attributed to the actions of the
growth hormone (GH)/insulin-like growth factor 1 (IGF1)
axis, the major regulator of post-natal growth, because
deletion of either the GH receptor (GHR) or IGF1 in mice
abolishes the sexual dimorphism of body size [3, 4]. The

premise is that GH binds to the GHR, activating the signal
transducer and activator of transcription (STAT) family
members STAT1, − 3, 5A, and 5B, which form homodi-
mers and heterodimers that regulate the transcription of
IGF1 and other target genes [5]. The actions of GH on
skeletal muscle appear to be predominantly mediated by
STAT5A and STAT5B, because local deletion of STAT5A
and STAT5B reduces post-natal muscle growth, while
global deletion results in a similar phenotype to the GHR
knockout mouse [4, 6]. Of the two, STAT5B appears to be
the principle transcription factor regulating sexually di-
morphic growth, because removal of STAT5B reduces
body mass and the absolute mass of skeletal muscles in
male mice to that in female mice [7–9]. The abolition of

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

* Correspondence: ryan.paul@waikatodhb.health.nz
1AgResearch Ltd, Ruakura Research Centre, Private Bag 3123, Hamilton, New
Zealand
2Faculty of Medical & Health Sciences, Waikato Clinical Campus, University of
Auckland, Private Bag 3200, Hamilton 3240, New Zealand

Paul et al. Skeletal Muscle            (2019) 9:19 
https://doi.org/10.1186/s13395-019-0204-3

http://crossmark.crossref.org/dialog/?doi=10.1186/s13395-019-0204-3&domain=pdf
http://orcid.org/0000-0002-1579-3870
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ryan.paul@waikatodhb.health.nz


sexually dimorphic growth in STAT5B−/− mice has been
attributed to reduced circulating concentrations of IGF1
and increased concentrations of myostatin in skeletal
muscles of only male mice [7–9]. IGF1 and myostatin are
the key regulators of skeletal muscle growth, and both are
directly regulated by GH via STAT5B [9]. While IGF1 is
the major anabolic post-natal growth factor, myostatin re-
stricts the development of skeletal muscle and promotes
the development of adipose tissue by inhibiting the signal-
ling of IGF1 [10–12].
However, attributing the sexually dimorphic growth of

skeletal muscle to the regulation of IGF1 and myostatin
by STAT5B creates important paradoxes. In contrast to
mice, it is not clear why inactivating mutations in the
Stat5b gene in humans reduce growth and circulating
concentrations of IGF1 in both sexes [13]. Similarly, un-
like the absence of STAT5B alone, it is unclear why
sexually dimorphic growth persists in mice with deletion
of both STAT5A and STAT5B in skeletal muscle
(STAT5M−/−), when STAT5A is considered to have no
role in growth [4, 6]. Furthermore, circulating IGF1 is
likely not required for normal growth, and sexually
dimorphic growth of mice persists in mice with overex-
pression of IGF1 and/or absence of myostatin [14, 15].
Importantly, previous reports on the role of STAT5B in
murine skeletal muscle growth have not accounted for
the reduced skeletal size and increased adiposity of GH
deficiency, or extended beyond 12 weeks of age into
adulthood [7–9]. Therefore, either sexually dimorphic
growth of skeletal muscle persists in STAT5B−/− mice
when changes in body composition are accounted for, or
STAT5B regulates sexually dimorphic growth by mecha-
nisms other than altering IGF1 and myostatin activity.
Sexually dimorphic growth of skeletal muscle has been

attributed to opposing actions of the gonadal steroids,
with androgens promoting and oestrogens inhibiting
growth [16, 17]. Accordingly, deletion of either the an-
drogen receptor (AR) or the oestrogen receptor alpha
(ERα) reduces the sexual dimorphism of skeletal muscle
[18, 19]. GH regulates the transcription of the Ar and
Erα genes in skeletal muscle and other tissues [20, 21],
but it is not known whether the expression of these re-
ceptors is reduced and, thereby, whether the actions of
the gonadal steroids are decreased in STAT5B−/− mice.
Sexually dimorphic growth has also been shown to be
due to differences in the inhibition of GH signalling
between sexes by suppressor of cytokine signalling 2
(SOCS2) and cytokine-inducible SH2-containing protein
(CIS) [22, 23]. However, it is not known whether the ex-
pression of SOCS2 and CIS in skeletal muscle is sexually
dimorphic or whether the expression is regulated by
STAT5B. Consequently, the aims of our study were
twofold: (1) to determine whether sexually dimorphic
growth of skeletal muscle persists in STAT5B−/− mice

when adjusting for changes in skeletal size and (2) to de-
termine whether STAT5B regulates the expression of
IGF1, AR, ERα, SOCS2, and CIS in skeletal muscle.

Materials and methods
Animals
Male and female STAT5B−/− mice (C57BL/6 strain) and
wild-type littermates were sacrificed at three time points:
the onset of puberty (6 weeks of age), the end of puberty
(12 weeks of age), and in early adulthood (24 weeks of
age) by CO2 asphyxiation and cervical dislocation (n = 8
for each sex and genotype at each time point). Mice
were weighed, and blood was collected by cardiac punc-
ture. The hindlimb biceps femoris (BF), quadriceps,
gastrocnemius, tibialis anterior (TA), extensor digitorium
longus (EDL), and soleus muscles were excised, weighed,
snap-frozen in liquid nitrogen and stored at − 80 °C. The
soleus is a slow-twitch muscle, the TA and EDL are fast-
twitch muscles, and the quadriceps, BF, and gastrocne-
mius muscles have a mixed composition of myofibres
[24]. Nasoanal (size of axial skeleton), tibia, and femur
(appendicular skeleton) lengths were measured with
digital callipers, and the masses of the gonadal and in-
guinal fat pads were recorded. The mean mass of each
muscle group was normalised to the bone length upon
which the muscle acted, to allow a comparison for the
specific effects on the growth of skeletal muscle [25, 26].
The mass of both fat pads was normalised to total body
mass, to allow a calculation of visceral (peri-gonadal) and
subcutaneous (inguinal) fat. Plasma was harvested and
stored at − 20 °C. All mice were maintained under a
photoperiod of 14 h light to 10 h dark and had standard
mouse chow (Specialty Feeds, Glen Forrest, Australia) and
water ad libitum. There were no differences in age or litter
size between groups at each time point (Additional file 1:
Table S1).

RNA extraction and real-time PCR
Total RNA was isolated from frozen whole quadriceps
muscles using the TRIzol® protocol as previously de-
scribed [9]. Concentrations and purity of RNA were
determined by UV absorbance at 260/280 nm using a
Nanodrop® 1000 spectrophotometer. Integrity of RNA
was determined by running 1 μg of isolated RNA on an
agarose gel with visualisation under UV light (GelDoc).
Total RNA (2 μg) from each sample was reverse tran-
scribed (RT) using oligo (dt) primers and SuperScript®
III reverse transcriptase (Life Technologies, Carlsbad,
California, USA) as per the manufacturer’s instructions.
RT reactions were diluted 10-fold, and real-time PCR
was performed using a Roche LightCycler® 2.0 as previously
described [9]. The sequences of primers used and size of
the amplicons are listed in Additional file 2: Table S2.
Concentrations of target cDNA were normalised to
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concentrations of total ssDNA for each RT sample using a
Quant-iT™ Oligreen® ssDNA kit (Life Technologies) as per
the manufacturer’s instructions [27].

Protein extraction and Western blot analysis
Protein was extracted from the quadriceps muscles, and
Western blotting was performed as previously described
[9] using antibodies listed in Additional file 3: Table S3.
The relative abundance of the target protein for each
sample was normalised to the abundance of total pro-
tein, as determined by densitometric analysis of multiple
bands in high-resolution scanned images of the Ponceau
stain [28].

MHC protein electrophoresis
Crude lysate samples from the quadriceps muscles were
diluted in an 8-M urea/2-M thiourea buffer for MHC
protein electrophoresis as previously described [29].

Plasma and skeletal muscle IGF1 assay
Concentrations of IGF1 protein in plasma and homoge-
nates of quadriceps muscle were determined using a
mouse/rat IGF1 Quantikine ELISA (R&D Systems,
Minneapolis, USA) as per the manufacturer’s instructions

[30]. Concentrations of IGF1 in muscle were normalised
to the total protein concentration in each homogenate.

Statistical analysis
Data were analysed by general ANOVA using GenStat
v16 software (VSN International Ltd) with genotype,
sex, and age as treatment terms. Residual plots were
used to determine whether log transformation was re-
quired to stabilise the variance. Post hoc analyses were
performed using Fisher’s unprotected test of least signifi-
cant difference (LSD), which was restricted to intentional
comparisons between groups. Two-tailed Student’s t tests
were used for direct comparisons when there were only 2
variables. Significance was determined as a P value < 0.05,
and data is presented as mean ± SEM.

Results
STAT5B regulates the growth of both male and female
mice
The body mass, the size of the axial and appendicular
skeletons, the absolute mass of skeletal muscles, and the
percentage of visceral fat were reduced in both sexes of
STAT5B−/− mice at 6 weeks of age (P < 0.01 versus wild-
type littermates; Fig. 1c–e and Table 1). The growth
retardation of the axial and appendicular skeleton and

(See figure on previous page.)
Fig. 1 Differences in the skeletal size and body composition between wild-type (WT) and STAT5B−/− mice. Photos of male and female wild-type
and STAT5B−/− littermates at 24 weeks of age demonstrate the differences in a body size and b musculature of the hindlimbs. Mean (± SEM) values of
c body mass, d nasoanal length, and e perigonadal fat pad as a percentage of body mass in male WT (black bars), male STAT5B−/− (light grey bars),
female WT (dark grey bars), and female STAT5B−/− (white bars) mice at 6, 12, and 24weeks of age (n = 8 per group). f Mean (± SEM) percentage of the
inguinal fat pad of body mass of WT and STAT5B−/− mice at 24 weeks of age. Unlike letters within each graph denote significant differences (P < 0.05)
between groups at each age only

Table 1 Lengths of the hindlimb bones (mm) and absolute mass of the hindlimb muscles (mg) of wild-type (WT) and STAT5B−/− mice

Age Sex Genotype Tibia Femur BF Gast TA EDL Sol Quad

6 weeks M WT 16.8 ± 0.2a 13.1 ± 0.3a 118 ± 4a 107 ± 2a 39 ± 1a 8.3 ± 0.2a 6.6 ± 0.3a 163 ± 4a

STAT5B−/− 15.8 ± 0.2b 12.0 ± 0.2b 75 ± 3b 73 ± 2bc 27 ± 1b 6.2 ± 0.5b 5.6 ± 0.7abc 106 ± 2b

F WT 16.4 ± 0.2a 12.7 ± 0.3a 84 ± 4c 78 ± 3b 31 ± 1c 6.3 ± 0.3b 5.0 ± 0.2b 119 ± 6c

STAT5B−/− 15.9 ± 0.1b 12.2 ± 0.1b 71 ± 3b 68 ± 2c 26 ± 1b 6.0 ± 0.4b 4.4 ± 0.1c 97 ± 2d

12 weeks M WT 18.2 ± 0.2a 14.9 ± 0.1a 162 ± 8a 139 ± 2a 49 ± 1a 10.8 ± 0.3a 8.0 ± 0.5a 234 ± 5a

STAT5B−/− 16.6 ± 0.2b 13.5 ± 0.2b 110 ± 4b 95 ± 3bc 35 ± 1b 7.4 ± 0.3b 6.0 ± 0.3b 143 ± 4b

F WT 17.7 ± 0.2c 14.5 ± 0.1c 121 ± 2c 101 ± 4b 39 ± 2c 10.1 ± 0.6a 6.9 ± 0.5ab 163 ± 4c

STAT5B−/− 16.7 ± 0.2b 13.6 ± 0.1b 107 ± 4d 89 ± 2c 32 ± 1d 7.7 ± 0.2b 6.4 ± 0.5b 135 ± 2b

24 weeks M WT 18.1 ± 0.1a 15.0 ± 0.1a 179 ± 4a 148 ± 3a 57 ± 2a 12.3 ± 0.8a 9.7 ± 0.5a 245 ± 7a

STAT5B−/− 17.2 ± 0.2b 14.1 ± 0.1b 131 ± 7b 115 ± 4b 42 ± 1b 8.9 ± 0.3b 8.0 ± 0.3b 173 ± 6b

F WT 18.4 ± 0.2a 15.3 ± 0.2a 138 ± 9b 117 ± 5b 45 ± 2b 9.6 ± 0.4b 7.8 ± 0.3bc 187 ± 6b

STAT5B−/− 17.4 ± 0.1b 14.4 ± 0.2b 111 ± 9c 111 ± 3b 36 ± 2c 7.5 ± 0.3c 7.1 ± 0.2c 168 ± 6c

Values are presented as mean ± SEM. Abbreviations: BF biceps femoris, Gast gastrocnemius, TA tibialis anterior, EDL extensor digitorium longus, Sol soleus, Quad
quadriceps. Unlike letters within each column denote significant differences (P < 0.05) between groups at each age only
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all hindlimb muscles in male STAT5B−/− mice persisted
at all time points (P < 0.05 versus wild-type littermates;
Table 1). In contrast, only the growth of the appendicu-
lar skeleton and the TA and EDL muscles was reduced
in female STAT5B−/− mice at 24 weeks of age (P < 0.01
versus wild-type littermates; Table 1). The body mass of
adult STAT5B−/− mice at 24 weeks of age was not
smaller than their wild-type littermates due to increased

subcutaneous adiposity in males and both increased vis-
ceral and subcutaneous adiposity of females (P < 0.05;
Fig. 1c, e, f ).

Sexual dimorphism of skeletal muscle is reduced but
persists in STAT5B−/− mice
Sexually dimorphic growth of all hindlimb muscles was
evident in wild-type mice at all time points (Fig. 2a–f ).

Fig. 2 Normalised mass of hindlimb muscles in wild-type (WT) and STAT5B−/− mice. Mean (± SEM) mass of a quadriceps, b biceps femoris,
c gastrocnemius, d tibialis anterior, e extensor digitorium longus, and f soleus in male WT (black bars), male STAT5B−/− (light grey bars), female
WT (dark grey bars), and female STAT5B−/− (white bars) mice at 6, 12, and 24 weeks of age (n = 8 per group). Unlike letters within each graph
denote significant differences (P < 0.05) between groups at each age only
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In STAT5B−/− mice, sexually dimorphic growth was
abolished in the quadriceps and gastrocnemius muscles
(Fig. 2a, c), but although reduced, it persisted in the BF,
TA, EDL, and soleus muscles until 24 weeks of age
(P < 0.05; Fig. 2b, d–f ). Sexual dimorphism in the
composition of myofibres was also evident in quadriceps
muscles of wild-type mice with a greater proportion of
fast-twitch type 2b myofibres in males and an increased
proportion of slow-twitch type 1 and 2a myofibres in
females (P < 0.05; Fig. 3a, c, d). There was an oxidative shift
in the composition of myofibres in STAT5B−/− mice with a
decreased proportion of type 2b myofibres and an

increased proportion of type 2x (both sexes) and 2a (males
only) myofibres (P < 0.05 versus wild-type littermates;
Fig. 3a–c). As a result, the sexually dimorphic composition
of myofibres in STAT5B−/− mice was evident for type 2x
myofibres, but was abolished for type 2b, 2a, and 1 myofi-
bres in adult mice at 24 weeks of age (Fig. 3a–d).

STAT5B regulates concentrations of IGF1 in both sexes
before puberty
Unlike concentrations of IGF1 in plasma, concentrations
of Igf1 mRNA and protein in skeletal muscles of wild-
type mice were greater in males than in females at all

Fig. 3 Differences in the composition of myofibres in quadriceps muscles of wild-type (WT) and STAT5B−/− mice. Mean percentages (± SEM) of
total myosin heavy chain (MHC) fibres for a type 2b, b type 2x, c type 2a, and d type 1 myofibres in quadriceps muscles of male WT (black bars),
male STAT5B−/− (light grey bars), female WT (dark grey bars), and female STAT5B−/− (white bars) mice at 6, 12, and 24 weeks of age (n = 8 per
group). Unlike letters within each graph denote significant differences (P < 0.05) between groups at each age only. e Representative bands of the
MHC gel electrophoresis for each group are also presented
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ages and decreased with advancing age in males only
(P < 0.001; Fig. 4a–c). Concentrations of IGF1 in blood
and skeletal muscles of STAT5B−/− mice were reduced in
both sexes at 6 weeks of age and in males at all time points
(P < 0.05 versus wild-type littermates). In contrast, there
were no differences in concentrations of IGF1 in blood and
skeletal muscles of female STAT5B−/− mice and their
female wild-type littermates from 12weeks of age. As a
result, the sexually dimorphic and age-related decrease in
the expression of IGF1 in skeletal muscle was abolished in
STAT5B−/− mice. Given that STAT5B appears to regulate
the production of IGF1 in skeletal muscle throughout the
lifespan in male mice and until puberty in female mice, we
next sought to determine whether differences in expression
of IGF1 in wild-type mice could be due to differences in
the expression of STAT5B. Despite no differences in the
expression of Stat5b mRNA, the approximately twofold
greater expression of Igf1 mRNA in male mice at 6 weeks

of age than in female mice of the same age, or than in male
mice at 24 weeks of age, was associated with a twofold
greater abundance of STAT5B protein (P < 0.001; Fig. 4f–g)
. Conversely, there was no change with advancing age in
the abundance of STAT5B protein in skeletal muscles of fe-
males or in the abundance of STAT5A protein in either sex
(Fig. 4e, g). Concentrations of Stat5b mRNA and the abun-
dance of STAT5B protein in skeletal muscles of STAT5B−/−

mice were undetectable as expected, while concentrations
of Stat5a mRNA and the abundance of STAT5A protein in
STAT5B−/− mice were reduced at all time points (P < 0.05
versus wild-type littermates; Fig. 4d–g).

Loss of STAT5B reduces the sexually dimorphic
expression of SOCS2, CIS, AR, ERα, and myostatin in
skeletal muscle
The expression of inhibitors of STAT5B signalling was
sexually dimorphic in skeletal muscles of wild-type mice,

Fig. 4 Differences in plasma levels of IGF1 and the expression of IGF1, STAT5A, and STAT5B in skeletal muscle between wild-type (WT) and
STAT5B−/− mice. Mean (± SEM) concentrations of a IGF1 in plasma and b Igf1 mRNA and c protein, d Stat5a mRNA and e protein, and f Stat5a
mRNA and g protein in quadriceps muscles of male WT (black bars), male STAT5B−/− (light grey bars), female WT (dark grey bars), and female
STAT5B−/− (white bars) mice at 6, 12, and 24 weeks of age (n = 8 per group). Values for each group are expressed relative to those in male WT
mice at 6 weeks of age. Unlike letters within each graph denote significant differences (P < 0.05) between groups at each age only. Asterisks
denote significant differences (*P < 0.05, ***P < 0.001) at each age only
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with greater expression of Socs2 mRNA in females and
Cis mRNA in males (P < 0.05; Fig. 6a, b). Concentrations
of Socs2 and Cis mRNA were reduced in both sexes of
STAT5B−/− mice from 12 weeks of age (P < 0.05 versus
wild-type littermates), resulting in their sexually di-
morphic expression either being reduced (P < 0.05) or
abolished. Despite no clear effect on the expression of
Mstn mRNA, loss of STAT5B abolished the sexually di-
morphic expression of mature MSTN protein that was
evident in wild-type mice from 12 weeks of age (Figs. 5
and 6c, d). Loss of STAT5B also abolished the sexually
dimorphic expression of Ar and Erα mRNA in skeletal
muscle by decreasing concentrations of Ar mRNA in both
sexes and concentrations of Erα mRNA in female mice
only (P < 0.001 versus wild-type littermates; Fig. 6e, g).
Accordingly, concentrations of AR and ERα protein were
reduced in male and female STAT5B−/− mice (P < 0.001
versus wild-type littermates), respectively, with inconsist-
ent changes in the other sex (Fig. 6f, h).

Discussion
We have shown that when accounting for changes in
body composition, STAT5B likely regulates the growth
of the skeleton and skeletal muscles in both male and fe-
male adult mice. As per previous reports, we found that
the body mass of female STAT5B−/− mice is not reduced,
but demonstrate that this is due to increased visceral
and subcutaneous adiposity despite the decreased

skeletal size [7, 8]. Similarly, our data supports previous
findings that the absolute mass of the gastrocnemius
muscles is not decreased in female STAT5B−/− mice, but
we demonstrate that the reduced growth of skeletal
muscles in female STAT5B−/− mice is muscle-group spe-
cific [9]. The reduction in circulating concentrations of
IGF1 and growth of skeletal muscle and the axial and
appendicular skeletons of both sexes of STAT5B−/− mice
at the onset of puberty demonstrates that STAT5B−/−

mice have a similar phenotype to GHR−/−, STAT5A−/−/
STAT5B−/−

, and STAT5M−/− mice [4, 6, 7]. These find-
ings also address another important paradox, by con-
firming that the role of STAT5B is more similar between
mice and humans than previously thought [13].
Our findings suggest that STAT5B has sex-specific

roles after the onset of puberty. Unlike in male
STAT5B−/− mice, the reduced growth of the axial skel-
eton and the majority of hindlimb muscles, the decrease
in concentrations of IGF1 in blood and skeletal muscle,
and the correlation between the expression of IGF1 and
STAT5B in skeletal muscles of female STAT5B−/− mice
had resolved by 12 weeks of age. Therefore, STAT5B
appears to regulate the actions of GH throughout the
lifespan in male mice, but only until puberty in female
mice (Fig. 7). This sex-specific role of STAT5B may be
due to the development of sexually dimorphic GH secre-
tion at puberty, with pulsatile secretion of GH, i.e. ‘male
pattern’ GH, leading to the formation of STAT5B

Fig. 5 Representative Western blots and Ponceau S stain of proteins from quadriceps muscle of wild-type (WT) and STAT5B−/− mice. a Representative
Western blots of STAT5A, STAT5B, MSTN, AR, and ERa proteins in quadriceps muscles of male and female WT and STAT5B−/− mice at 6 weeks of age
(n = 8 per group). b The abundance of protein was normalised to the total density of proteins in each lane following staining with Ponceau S
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homodimers, while continuous or ‘female pattern’ secre-
tion of GH results in the formation of STAT5A homodi-
mers and STAT5A/STAT5B heterodimers [31]. These
sexually dimorphic differences in dimer formation have
been attributed to STAT5A having a longer refractory
period to reactivation by GH than STAT5B [32, 33], but
we show that these differences may be due to GH signal-
ling in the skeletal muscle being predominately inhibited
by SOCS2 in female mice and by CIS in male mice.
While CIS internalises the GHR without degradation
[34], SOCS2 is a ubiquitin ligase and destroys the GHR
[35]. Thereby, SOCS2 likely inhibits GH/STAT5B signal-
ling more than CIS, which is supported by the growth of
mice being increased by deletion of SOCS2, but not by
deletion of CIS [22, 23]. This sexually dimorphic expres-
sion of SOCS2 and CIS likely explains why sexually
dimorphic growth is reduced when SOCS2 is deleted or
CIS is overexpressed [22, 23]. Moreover, this sexually
dimorphic expression of SOCS2 and CIS appears to be

tissue-specific because the expression of both Socs2 and
Cis mRNA is greater in the livers of female than in male
rats [36]. Therefore, the sexually dimorphic patterns of
secretion of GH may have different effects in peripheral
tissues than the liver.
Our data are consistent with previous studies, wherein

STAT5B was reported to regulate the sexually dimorphic
expression of Igf1 and Ar mRNA and post-translational
processing of myostatin protein in skeletal muscle
[9, 15, 20, 37]. Our data are also consistent with a role
for STAT5B in regulating the sexually dimorphic expres-
sion of Erα mRNA in skeletal muscle, which is important
because transgenic models have shown that IGF1, myosta-
tin, ERα, and AR all have individual roles in the sexually
dimorphic growth of skeletal muscle [3, 15, 18, 19, 38]. In
support, others have reported that STAT5A and STAT5B
have differential roles in regulating Erα and may bind to
the 0/B promoter of the gene in rats (C promoter in
humans) [39, 40]. Furthermore, the reduced expression of

(See figure on previous page.)
Fig. 6 Differences in the expression of SOCS2, CIS, myostatin (MSTN), AR, and ERα between wild-type (WT) and STAT5B−/− mice. Mean (± SEM)
expression of a Socs2 mRNA, b Cis mRNA, c Mstn mRNA and d protein, e Ar mRNA and f protein, and g Era mRNA and h protein in quadriceps
muscles of male WT (black bars), male STAT5B−/− (light grey bars), female WT (dark grey bars), and female STAT5B−/− (white bars) mice at 6, 12,
and 24 weeks of age (n = 8 per group). Values for each group are presented relative to expression in male WT mice at 6 weeks of age. Unlike
letters within each graph denote significant differences (P < 0.05) between groups at each age only

Fig. 7 Proposed differences in signalling pathways regulating skeletal muscle growth between and prepubertal female mice and male mice of all
ages (left) and adult female mice (right). STAT5B regulates the expression of SOCS2, CIS, AR, and ERα in both sexes and IGF1 and MSTN in female
mice before puberty and in male mice of all ages. At puberty, there is a switch in the regulation of IGF1 and MSTN in female mice, and we
propose that this is from STAT5B to STAT5A. We have identified that the sexually dimorphic growth of skeletal muscle is due to the onset of
sexually dimorphic expression of components of the GH/IGF1 axis at puberty, with greater expression of IGF1 and CIS in males and MSTN and
SOCS2 in females (italicised). Actions of GH, testosterone (T), and 17β-estradiol (E2) were not assessed in this study
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AR and ERα and greater abundance of myostatin protein
also likely contribute to the reduced skeletal muscle mass
and increased adiposity of STAT5B−/− mice [18, 19, 38, 41].
The loss of androgen signalling may explain why only the
growth of the TA and EDL muscles was reduced in female
STAT5B−/− mice, because these muscles are fast-twitch
muscles that are more androgen responsive than other
muscle groups [24, 42]. Reduced activity of androgens may
also be why, in contrast to GH-deficient rats, that
STAT5B−/− mice have an oxidative rather than a glycolytic
shift in the composition of myofibres [43]. Indeed, further
studies are required to delineate what effects from loss of
STAT5B are due to loss of activity of the GH/IGF1 axis
and/or androgens, and whether these effects are muscle
group or species specific, particularly given the individual
function and rate of growth of each muscle group [2, 44]
and the differential expression of AR and ERα in skeletal
muscle [45, 46].
Nevertheless, despite a likely switch in the role of

STAT5B in regulating IGF1 and myostatin in female
skeletal muscle following puberty, STAT5B appears to
regulate the expression of AR, ERα, SOCS2, and CIS
throughout the lifespan in both sexes (Fig. 7). The loss of
STAT5B does not appear to be compensated for by the
increased signalling of STAT5A because the expression of
Stat5a mRNA and protein was reduced. Moreover, the
finding that the expression of Stat5a mRNA is not re-
duced in the liver of the same model of STAT5B−/− mouse
suggests that like STAT5B, STAT5A has tissue-specific
roles [8]. Indeed, we postulate that STAT5A is the princi-
pal regulator of the GH/IGF1 axis in adult female skeletal
muscle, given that muscle growth is more retarded in fe-
male STAT5M−/− and STAT5A−/−/STAT5B−/− mice than
in female STAT5B−/− mice [6, 7]. Further work is required
to characterise the role of STAT5A in skeletal muscle, in-
cluding identifying whether STAT5A or STAT5B is the
most abundant isoform in skeletal muscle, as unlike in the
liver, this is currently unknown [47].
Future studies are also required to determine whether

the abundance of STAT5B protein reduces with advan-
cing age in tissues other than skeletal muscle in male
mice and whether similar changes occur in humans.
These age-related changes in STAT5B protein in males
and a switch in STAT5B signalling in females would be
advantageous in maximising growth while young and re-
ducing the risk of malignancy in adulthood [48, 49].
However, the mechanism for these changes is unclear
given that we found that the expression of Stat5b mRNA
in skeletal muscle does not change with advancing age
in either sex.

Conclusions
We show that STAT5B appears to mediate the anabolic
actions of GH in male mice of all ages, but only in

female mice until puberty. STAT5B also appears to me-
diate the actions of androgens and oestrogens in murine
skeletal muscle in both sexes, but sexually dimorphic
growth persists in STAT5B−/− mice. Demonstrating that
the expression of SOCS2 and CIS in skeletal muscle is
sexually dimorphic provides new insights into how
sexually dimorphic growth and expression of IGF1 and
myostatin develop at the onset of puberty.
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