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Figure 3. Localization of the ypc locus on mouse chromosome 1. (A) Segregation of haplotypes in 1010 backcross mice obtained from
crosses between YPC and JF1/Msf strains. Open and filled boxes represent homozygosity of the YPC type alleles and heterozygous
F) type, respectively. The genotypes of the ype locus {ypc/ypc or ype/+) are also denoted by the open and filled boxes. The number
of backecross mice for each haplotype is indicated at the bottom of each column. (B) A partial linkage map of mouse chromosome 1
obtained in the present study and corresponding physical map obtained from the mouse genome sequence. Location of the ype locus
in relation to the linked loci is shown by an arrow. Positions of the genes, ESTs, and predicted genes are shown in the physical map
with their related microsatellite markers. Distances are shown in ¢M and in kb on the linkage and physical maps, respectively.
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Figure 4. Chromatograms showing a nuclectide substitution in the Sgkl gene and structure of Sgkl cDNA and SGKL. Horizontal arrows
indicate the amplified fragments which cover the entire coding region of the gene. Vertical arrows in the chromatograms indicate
the C-to-A nucleotide substitution at codon 461. The serine and threonine residues (Ser486 and Thr320) that are phosphorylated in
response to signals from PI3K are indicated by arrowheads. Asterisks indicate the premature termination cedon.

kinase-1 (PDK1) upon phosphorylation of their ser-

antisense Sense ine/threonine residues in response to signals that stimu-
late phosphatidylinositol 3-kinase (PI3K).1920 Although
PO P3 PS PT P7 the functions of SGKL remain largely uncharacterized,

A B C

1

!’,; E the structure of SGKL shows significant similarity to
that of protein kinase B (AKT/PKB), including an N-
terminal PX or PH domain,?!**? which is responsible for
the subcellular localization of the protein. AKT/PKB is
the best-characterized target of phosphatidylinositol 3-
kinase (PI3K) lipid products, which regulate cell growth,
proliferation, survival, and differentiation.?3?* There-
fore, like AKT/PKB, SGKL is believed to be involved
in these cellular processes.

— In the present study, we found a nonsense mutation at

Figure 5. Expression of Sgkl mRNA in developing hair follictes. codon 461 of the Sgil gene resulting in truncation of the

A to D: In situ hybridization with Sgki antisense probe. E: In (_terminal 35 amino acid residues. It should be noted

situ hybridization with Sgkl sense probe. At PO, no signal was 1 '4p o 3 torminal end of the protein contains a serine

found (A}, but strong signals were observed in the area of the

IRS at P3, P5, and P7, and in part of the matrix at P3 (B, Tesidue (Ser486) that is highly conserved in the AGC

C, and D). No signal was observed in sections hybridized with  subfamily of protein kinases and is phosphorylated in

sense probe (E). Bars: 50 um. response to signals from PI3K.!® Nilsen et al. reported
that phosphorylation of Serd86 is essential for the inter-
action between SGKL and PDK1,%® as mutating Ser486
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to Ala prevents the binding of SGKL to PDK] in vitro.
Therefore, it is likely that SGKL of ype/ypc mice lacking
Ser486 cannot be activated by interacting with PDKI1,
leading to complete loss of its cellular function. We fur-
ther revealed that the Sgkl gene is expressed specifically
in particular cells of the growing hair follicles. These find-
ings clearly indicated that the nucleotide substitution in
the Sgk! gene is the causative mutation for the defective
hair growth seen in ype/ype mutant mice. Therefore, we
termed the mutant allele SgkiFe.

Although the present findings suggest that SGKL is es-
sential for proper proliferation and differentiation of the
cells in hair follicles, the intracellular pathway of SGKL
and its downstream molecules remain unclear. Recently,
an essential role of the WNT signaling pathway in pro-
liferation and differentiation of cells in the hair follicles
has been investigated intensively.®® WNTs are paracrine
signaling molecules that regulate cell fate determination,
cell adhesive properties, and proliferation.?® WNTs ini-
tiate intracellular signaling by binding to their recep-
tors, Frizzled (FZ),!+?® which inhibits phosphorylation of
f-catenin by glycogen syntheses kinase 3 beta (GSK34
and promotes accumulation and nuclear localization of
[-catenin. In the nucleus, the accumulated F-catenin ac-
tivates expression of the target genes that are required
for proliferation and differentiation of hair follicles. Re-
cently, Dali et al. reported that SGKL binds to GSK33
and phosphorylates a serine residue of GSK34 to inhibit
its kinase activity.?” These findings suggested that SGKL
could modify WNT signaling by inhibition of GSK38 and
the lack of function of SGKL in the Sgk®P¢/SgkVP* mouse
may cause degradation of S-catenin and decreased ex-
pression of the target genes in hair follicle cells. Investi-
gation of the phosphorylation of GSK38 and accumula-
tion of B-catenin in the cells of the mutant mice will be
required to confirm this hypothesis.

The expression of the Sgkl gene has been observed
in various tissue, including the lung, colon, heart, and
thymus,!%1¢ but no apparent abnormalities were ob-
served in these tissues in Sgkl?¢/SgklP° mice except
in the hair follicles. As the structure and function of
SGKL resembles those of AKT/PKB and both kinases
are regulated by PI3K signaling,'® the lack of SGKL
function might be compensated by AKT/PKB or other
members of the AGC subfamily of protein kinases in
these tissues but not in hair follicles. It should be
noted that many molecules implicated in SGKL signal-
ing are associated with carcinogenesis. For example,
AKT/PXKB is the cellular counterpart of the v-Akt onco-
gene products,?® overexpression of the WNT gene in the
mammary causes adenocarcinoma,?® APC that forms a
complex with GSK373 is a product of the gene respon-
sible for familial adenomatous polyposis (FAP),**3! and
expression of constitutively stabilized S-catenin in mouse
skin results in hair follicle tumors.32 Therefore, the sig-
naling pathway involving SGKL might be associated with
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particular types of carcinogenesis and SgklvPe/Sgkire
mice would have altered characteristics for carcinogen-
esis.

In the present study, we found restricted expression of
the Sgki gene in the IRS and impaired formation of the
IRS in the mutant mice. The IRS surrounds the hair
shafts beneath the skin surface and is composed of three
morphologically distinct cell layers. The precise function
of the IRS in hair morphogenesis remains unclear, but it
is generally accepted that the IRS provides a supporting
structure of the hair follicles, which guide appropriate
formation of the hair shafts, including their uniform ori-
entation in the skin.3 Whether the impaired IRS is the
primary cause of the defective hair morphogenesis in the
mutant mice is currently unclear, but the present find-
ings demonstrated that the lack of function of SGKL in
the cells of the IRS resulted in short, thin, and disorga-
nized hair shafts as well as a lack of their uniform orien-
tation. These findings provide new evidence to support
the functional importance of the IRS in hair morphogen-
esis. Several genes for transcription factors, including
Gata33* Cutll,® and hr>® have been identified as hav-
ing particular functions in the IRS. For example, expres-
sion of the Gata? gene in hair follicles is highly restricted
to the epidermis and IRS and mice with knockout mu-
tations in the Gatal gene showed that IRS progenitors
failed to differentiate and IRS could not be formed in the
hair follicles.3* Therefore, GATA-3 is believed to be a key
factor for cell fate determination of IRS progenitor cells.
Further investigations of the function of SGKL as well as
the relationship between SGKL and these transcription
factors in the formation of IRS will provide new insight
into the function of the IRS in hair follicle morphogenesis.
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FOXO01, a member of the FOXO forkhead type tran-
scription factors, is markedly up-regulated in skeletal
muscle in energy-deprived states such as fasting and
severe diabetes, but its functions in skeletal muscle have
remained poorly understood. In this study, we created
transgenic mice specifically overexpressing FOXOL1 in
skeletal muscle. These mice weighed less than the wild-
type control mice, had a reduced skeletal muscle mass,
and the muscle was paler in color. Microarray analysis
revealed that the expression of many genes related to
the structural proteins of type I muscles (slow twitch,
red muscle) was decreased. Iistological analyses
showed a marked decrease in size of both type I and type
II fibers and a significant decrease in the number of type
I fibers in the skeletal muscle of FOXO1 mice. Enhanced
gene expression of a lysosomal proteinase, cathepsin L,
which is known to be up-regulated during skeletal mus-
cle atrophy, suggested increased protein degradation in
the skeletal musele of FOX01 mice. Running wheel ac-
tivity (spontaneous locomotive activity) was signifi-
cantly reduced in FOX01 mice compared with control
mice. Moreover, the FOX0O1 mice showed impaired gly-
cemic control after oral glucose and intraperitoneal in-
sulin administration. These results suggest that FOX0O1
negatively regulates skeletal muscle mass and type 1
fiber gene expression and leads to impaired skeletal
muscle function. Activation of FOX0O1 may be involved
in the pathogenesis of sarcopenia, the age-related de-
cline in muscle mass in humans, which leads to obesity
and diabetes.
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Skeletal muscle is the largest organ in the human body,
comprising about 40% of the body weight. The mass and com-
position of skeletal muscle are critical for its functions, such as
exercise, energy expenditure, and glucose metabolism (1, 2).
Elderly humans are known to undergo a progressive loss of
muscle fibers associated with diabetes, obesity, and decreased
physical activity (sarcopenia) (3). In human skeletal muscle,
there are two major classifications of fiber type: type I (slow-
twitch oxidative, so-called red muscle) and type II {fast-twitch
glycolytic, so-called white muscle) fibers (2). Mass, fiber size,
and fiber composition in adult skeletal muscle are regulated in
response to changes in physical activity, environment, or path-
ological conditions. For example, space flight experiments us-
ing rats showed a reduction in total skeletal muscle mass of up
to 37% as well as a significant loss of contractile proteins in
type I but not type II fibers by 1-2 weeks of microgravity (4).
Furthermore, the ratio of type I to type Il fibers is associated
with obesity and diabetes; the number of type I fibers is re-
duced in obese subjects and diabetic subjects compared with
that in controls (5-7).

Skeletal muscle mass is positively regulated by hormones
such as insulin-like growth factors (IGGFs)! and growth hor-
mone (8). Induction of hypertrophy in adult skeletal muscle by
increased load is accompanied by the increased expression of
IGF-1 (9). Systemic administration of IGF-1 results in in-
creased skeletal muscle protein and reduced protein degrada-
tion (10). In addition, overexpression of IGF-1 blocks the age-
related loss of skeletal muscle (11), Supplementation of IGF-1
to muscle cells in vitro promotes myotube hypertrophy, sug-
gesting that hypertrophy can be mediated by autocrine- or
paracrine-produced IGF-1 (12). Thus, delivery of the IGF-1
gene specifically into skeletal muscle has been proposed as a
genetic therapy for skeletal muscle disorders. A better under-
standing of the role of IGF-1 in skeletal muscle is therefore of
great importance.

Specialized/differentiated myofiber phenotypes, including
type I and type II fibers, are plastic and are physiclogically

! The abbreviations used are: IGF, insulin-like growth factor; CaMK,
calmodulin-dependent kinase; PGC-le, peroxisome proliferator acti-
vated receptor-y coactivator-1a; STZ, streptozotocin; MLC, myosin light
chain; mtCK, mitochondrial creatine kinase; IGFBP, IGF-binding pro-
tein; COX, cytochrome ¢ oxidase; DEXA, dual energy X-ray absorptiom-
etry; EDL, extensor digitorum lengus,

This paper is available on line at http://www.jbc.org
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controlled by variations in motor neuron activity. The influence
of motor neuron activity on different types of skeletal muscle
fibers is considered to be transduced via calcium signaling and
downstream molecules such as calcineurin and the calmodulin-
dependent kinase (CaMK) pathway (13). Signals generated by
calcium/calcineurin/CaMK augment the transactivating func-
tion of Mef2 and/or NFAT and enhance type I fiber-specific
gene expression (13-18). More recently, it has been shown that
a nuclear receptor cofactor (19, 20), peroxisome proliferator
activated receptor-y coactivator-la (PGC-1a) (21), drives the
formation of type I fibers. Specifically, in transgenic mice ex-
pressing PGC-1q, type 1l fibers are red in color, and PGC-1a
activates expression of type I fiber-specific genes (22). We also
reproduced the PGC-la-induced red appearance of skeletal
muscle; both type I and type II fibers appear redder in trans-
genie mice overexpressing PGC-1a in skeletal muscle (23).

FOXO1 (FKHR), FOX04 (AFX), and FOX03a (FKHRL1) are
a subfamily of the forkhead type transcription factors (24, 25).
FOXO01 was originally cloned from a rhabdomyosarcoma be-
cause of its aberrant fusion with another transecription factor,
PAX3, resulting from a chromosomal translocation (26). Recent
studies have shown that the FOXO protein can also act as a
cofactor of nuclear receptor activity (27-30). FOXO family
members have been shown to regulate various cellular func-
tions. FOXOs influence the transecription of genes involved in
metabolism (31-34), the cell cycle (35, 36), and apoptosis (37,
38). In addition, FOX0O1 can modulate cell differentiation; the
constitutive active form of FOX0O1 prevents the differentiation
of preadipocytes (39) and stimulates myotube fusion of primary
mouse myoblasts (40). Moreover, a FOXO1 knockout mouse
has been reported; Foxol haploinsufficiency restores insulin
sensitivity and rescues the diabetic phenotype in insulin-resis-
tant mice by reducing the hepatic expression of glucogenetic
genes and by increasing the adipocytic expression of insulin-
sensitizing genes (41). We have shown that FOX01 expression
is increased in skeletal muscle in energy-deprived states, such
as in fasting mice, in mice with streptozotocin (STZ)-induced
diabetes, and in mice after treadmill running (42). However,
the physiological role of FOXO1 in skeletal muscle is still
unclear. Although many studies have been performed using
cultured cells, studies using animals with genetic modifications
focused to the skeletal muscle remain te be conducted in order
to understand the function of the FOXO family proteins in vivo.
Meanwhile, it has been reported that FOX01 and PGC-1a can
physically interact and regulate gene expression in the liver
(43). Given that PGC-1a is important for the differentiation of
type I fibers, FOXO1 might be involved in this process. (Here-
after, we use “differentiation of muscle fiber” to mean “a switch
from one fiber type to another fiber type.”) On the other hand,
a genetic study of Caenorhabditis elegans showed that DAF16,
the worm counterpart of FOXO, functions as a suppressor of
insulin receptor-like signaling (44). Thus, the FOXO family
may act negatively in mammals as a downstream player in
insulin or IGF signaling. As IGF-1 plays an important role in
controlling skeletal muscle mass, FOXO1 might also be in-
volved in this process.

To gain insight into the potential role of FOXO01 in skeletal
muscle, including the contrel of skeletal muscle mass and the
control of differentiation of muscle fiber type, we established
transgenic mice specifically overexpressing FOXO1 in their
skeletal muscle. Most interestingly, these mice showed reduced
skeletal muscle mass, and the muscle was paler in color. His-
tochemical, physiological, and microarray analyses of these
FOXO1 transgenic mice showed that FOXO1 is involved in the
regulation of skeletal muscle mass and type I fiber gene ex-
pression. In addition, our results suggest that FOX01 activa-
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tion may play a role in the impairment of skeletal muscle
function including glycemic control.

EXPERIMENTAL PROCEDURES

ENA Analysis—Northern blot analyses were performed as described
previously {42). The ¢DNA probes for Gadd45a (GenBank™ accession
number, U00937), troponin € (slow) (M29793), troponin T (slow)
(AV213431), myosin light chain (MLC) {(slow) (M91602), myoglobin
(X04405), mitochondrial creatine kinase (mtCK, AV250974), F,.F,-
ATPase (AF030559), MLC (fast) (U77943), troponin I (fast) (J04992),
troponin T (fast) (L48989), cathepsin L (X06086), IGF-binding protein 5
(IGFBP5) (112447}, MuRF1 (AF294790), and atrogin 1 (AF441120) were
obtained by reverse transcription-PCR. The PCR primers used are as
follows: Gadd45«, forward, 5'-TCGCACTTGCAATATGACTT-3', and re-
verse, 5'-CGGATGCCATCACCGTTCCG-3'; troponin C {slow), forward,
5-AGCTGCGGTAGAACAGTTGA-3', and reverse, 5'-TCACCTGTGGCC-
TGCAGCAT-3'; troponin T (slow), forward, 5-TTCTGTCCAACATGGG-
AGCT-3', and reverse, 5'-TCGGAATTTCTGGGCGTGGC-3'; MLC (slow),
forward, 5'-GAGTTCAAGGAAGCCTTCAC-3', and reverse, 5'-CTGCGA-
ACATCTGGTCGATC-3'; myoglobin, forward, 5-CACCATGGGGCTCA-
GTGATG-3', and reverse, 5'-CTCAGCCCTGGAAGCCTAGC-3'; mtCK,
forward, 5'-AAAGGAAGTGGAACGATTAA-Y, and reverse, 5'-TTGATG-
TCTTGGCCTCTCTC-3', Fy, F-ATPase, forward, 5'-ACTGACCCTGCCC-
CTGCAAC-8', and reverse, 5'-CAAGGCTCTTGTGTGGCCTG-3', MLC
(fast), forward, 5'-AGGGATGGCATTATCGACAA-3', and reverse, 5'-CA-
GATGTTCTTGTAGTCCAC-3'; troponin I, (fast), forward, 5'-AGGAAAG-
CCGCCGAGAATCT-3', and reverse, 5-TACTGGGGAAGTGGGCAGTT-
3'; troponin T (fast), forward, 5-CAGCAAAGAATTCGCGCTGA-3', and
reverse, 5'-GGCCTTCTTGCTGTGCTTCT-3'; cathepsin L, forward, 5'-C-
GGAGGAGTCTTACCCCTAT-3', and reverse, 5'-CTACCCATCAATTCA-
CGACA-3'; IGFBPS5, forward, 5'-GCCTATGCCGTACCGGCTCA-3’, and
reverse, 5-CTTCACAGCCTCAGCCTTCA-3'; MuRF?1, forward, 5'-ATG-
AACTTCACGGTGGGTTT-3', and reverse, 5'-TCAGTGCAGGCCTGAG-
CCTT-3'; and atrogin 1, forward, 5-ATGCCGTTCCTTGGGCAGGA-3',
and reverse, 5'-TCAGAACTTGAACAAATTGA-3'. FOX01, FOX03a, and
FOX04 ¢DNA probes were prepared as reported previously (42). COXII,
COXIV, Mef2e, PGC-1c, and glucose transporter 4 ¢cDNA probes were
prepared as described previously (23). NFAT (IMAGE clone 4109469} and
CaMK g (IMAGE clone 5014712) ¢cDNA probes were purchased from
Invitrogen.

Generating Transgenic Mice—The human skeletal muscle a-actin
promoter (45) was provided by Drs. E. D. Hardeman and K. Guven
(Children's Medical Research Institute, Australia). The human FOX01
¢DNA was as described previously (42). The transgene (Fig. 14) was
excised from agarose gel and purified for injection (2 ng 1Y), Fertilized
egps were recovered from C57BL/6 females crossed with C57BL/6 males
and microinjected at Japan SLC Inc. (Hamamatsu, Japan). The mice
were maintained at a constant temperature of 22 °C with fixed artificial
light (12-h light and 12-h dark eycle). Care of the mice was conducted in
accordance with the institutional guidelines.

Body Composition Analysis—Mice were anesthetized with pentobar-
bital sodium, Nembutal (0.08 mg/g body weight, Abbott), and scanned
with 2 Lunar PIXI mus2 densitometer {Lunar Corp., Madison, WI),
equipped for dual energy x-ray absorptiometry (DEXA) (46).

Immunoblotting—Protein extracts from skeletal muscle were pre-
pared by centrifugation of the tissue homogenates as described previ-
ously (47). Protein extracts (30 ug) separated by SDS-PAGE were
electropheretically transferred to Immobilon P membranes (Millipore,
Bedford, MA). Immunoblotting was performed by using goat anti-
FOXO1 IgG (N-18, Santa Cruz Biotechnology, Inc. Santa Cruz, CA),
goat anti-troponin I (slow) (C-19, Santa Cruz Biotechnology), goat anti-
troponin I (fast) (C-19, Santa Cruz Biotechnology), goat anti-myeglobin
(M-109, Santa Cruz Biotechnology), or rabbit anti-PGC-1a (C terminus,
Calbiochem) as primary antibodies (1:1000) and anti-goat IgG or anti-
rabbit IgG conjugated with horseradish peroxidase as secondary anti-
bodies (1:1000). Bands were visualized with the enhanced chemilumi-
nescence system (Amersham Biosciences).

Histological Analyses—Skeletal muscle (soleus) samples were frozen
in liquid nitrogen-cooled isopentane, and transverse serial sections
were stained with ATPase at pH 4.3 to detect type I fibers and at pH
10.5 to detect type II fibers (48). The ratio of type I fibers to type II fibers
and the size (area) of skeletal muscle cells were determined by counting
cell numbers in six randomly selected cross-section areas (each 900
pm?) stained with ATPase at pH 4.3.

Blood Analysis—Blood samples were obtained from mice tail tips for
hormone and metabolite determination under feeding conditions. Im-
munoreactive insulin was measured by an insulin assay kit (Morinaga,
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Kanagawa, Japan), free fatty acid by NEFA C-test Wako (Wako Bio-
chemicals, Osaka, Japan), lactate by the lactate reagent (Sigma), and
glucose by the TIDEX glucose analyzer (Sankyo, Tokyo, Japan).

Running Wheel Activity—Mice were housed individually in cages
(9 X 22 X 9 ¢m) equipped with a running wheel (20-cm in diameter,
Shinano Co., Tokyo, Japan). Each wheel revolution was registered by a
magnetic switch, which was connected to a counter. The number of
revolutions was recorded daily for 6 days.

Oral Glucose and Insulin Tolerance Test—For the oral glucose toler-
ance test, p-glucose (1 mg/g of body weight, 10% (w/v) glucose solution)
was administered with a stomach tube after an overnight fast. Bleod
samples were obtained by cutting the tail tip before and 30, 60, and 120
min after glucose administration. For the insulin tolerance test, human
insulin (Humulin R; Lilly) was injected intraperitoneally (0.75 milli-
units/g of body weight) into fed animals. Blood glucose concentrations
were measured using a TIDEX glucose analyzer (Sankyo, Tokyo,
Japan).

Microarray Analyses—RNA was isolated from skeletal muscle {(quad-
riceps) of sex- and age-matched FOXO1 mice (Al and A2 lines) and
control mice (males at 4 months of age, RNA from three mice of each
group were combined). Each of the combined samples was hybridized to
the Affymetrix MGU74A microarray, which contains 12,489 genes in-
cluding ESTs, and analyzed with the Affymetrix Gene Chip 3.1 software
as described previously (49). Of the 12,489 genes including ESTs ana-
lyzed, 2500 (nontransgenic control mice), 2490 (line Al, transgenic),
and 2510 (line A2, transgenic) genes were expressed at a substantial
level (absolute call is present and average difference is above 150).
QGenes were classified on the basis of the biological function of the
encoded protein, using a previously established classification scheme
(50). The classification scheme was composed of seven major functional
categories and several minor functional categories within the major
categories.

Statistical Analyses—Statistical comparisons of data from the exper-
imental groups were performed by the one-way analysis of variance,
and groups were compared using the Fisher’s protected least significant
difference test (Statview 5.0, Abacus Concepts, Inc., Berkeley, CA). The
glucose and insulin tolerance curves were compared by repeated meas-
ure analysis (Statview 5.0, Abacus Concepts). When significant, groups
were compared by the Fisher's protected least significant difference
test. Statistical significance was defined as p < 0.05.

RESULTS

Creation of FOX01 Mice—The human skeletal muscle a-ac-
tin promoter (45) was used to drive the expression of the hu-
man FOXO! transgene in mice (Fig. 1A). During development,
cardiac muscle a-actin is the predominant isoform of sarcom-
eric a-actin in mice, and the switch to skeletal muscle a-actin
occurs postpartum (45). Thus, by using the skeletal muscle
a-actin promoter, the possibility that embryonic expression of
FOXO1 might interfere with development was minimized. We
obtained two independent lines of transgenic mice (lines Al
and A2). Southern blot analysis of DNA obtained from mouse
tails was performed as shown in Fig. 1B. The transgene copy
number of each animal was estimated by densitometric scan-
ning of the autoradiographs from the Southern blots.

Expression of the FOXOI transgene was evaluated by North-
ern blot analysis with RNA isolated from the tissues of FOXO1
mice and age-matched control mice at 8 weeks of age (Fig. 1C).
The use of this promoter resulted in predominantly high ex-
pression levels of the FOXO1 transgene in skeletal muscle
(about 3.5 kb). The A2 line showed expression levels of the
FOXO1 transgene in skeletal muscle that were similar to or
slightly higher than that in the Al line. Transgene expression
was observed not only in the gastrocnemius and quadriceps but
also in other areas of skeletal muscle including the tibialis
anterior, extensor digitorum longus (EDL), and soleus (not
shown). The blet was then re-hybridized with a cDNA probe of
Gadd45«, an authentic target gene of FOXO1 (51, 52). As
expected, induction of the expression of Gadd45« was observed
in skeletal muscle but not in other tissues in both FOXO1
transgenic mouse lines (Fig. 1C), indicating that the transgene
expressed a functional FOXO1 protein. By using an antibody
that recognizes both human and mouse FOXO01, we confirmed

FOXO01 Reduces Skeletal Muscle Function

A
bovine
> human FOXO1 gowhhomone
skeletal muscle
c-actin promaoter
B D
transgenic . A1 A2
lines
transgenic . A1 A2
e — FOXO1
protein
copy - 2 10 fold 100 220 300
number
C
Line A1 w
Line A2 o ‘tr:gracs(g);ne
Control i
une at i b bt Bl 2+ bl WD b
troaz st 7 bk B 04 bl I 00 | cacesa
controt Rb #4 il B W WD W . |
o o Gl Gk ool S0l Belh Sy o T
S = T - = o = =
a 2 @ £ 8 F «
Y g o £ 2 3 8 @ =
E
TA EDL Sol Gastro. Quadri.

LY PR H ik
8.4 1.7 2.0 338 £6.2 (mg}

FiG. 1. Creation of FOX01 transgenic mice. A, map of the 5-kb
construct used for transgenic microinjection. The transgene was under
the control of the human skeletal muscle a-actin promoter and included
exon 1 and the intron of the human skeletal muscle a-actin gene as well
as the bovine growth hormone polyadenylation site (45). B, character-
ization of FOX01 mice. Two transgenic lines, AT and A2, were identi-
fied by Southern blot analyses of DNA obtained from the tail of each
mouse. The copy number was 2 for A and 10 for A2, as estimated by
densitometric scanning of the autoradiographs of the Southern blot. C,
expression of the FOXO! transgene in mice. Northern blot analysis of
human FOXO01 mRNA expression in tissues from FOXO1 mice (line Al
and A2) and nontransgenic control mice. RNAs from brain, brown
adipose tissue {BAT), heart, kidney, liver, lung, skeletal muscle (gas-
trocnemius (Gastro.) and quadriceps (Quadri.)), and white adipose tis-
sue (WAT) were analyzed. The blots were re-hybridized with the
Gadd45« probe. Each lane contained 20 pg of total RNA. 28 S riboso-
mal RNA staining of a sample from control mice is shown. Similar
staining was observed in samples from transgenic mice (not shown). D,
expression of the FOXO1 protein in the skeletal muscle of FOXCO1 mice.
Protein extracts (30 pg per lane) were subjected to SDS-PAGE. The
FOXO01 protein was detected by immunoblotting, The densitometric
ratio is shown below the autoradiogram (the control was set as 100). E,
comparison of representative samples of dissected skeletal muscle (TA,
tibialis anterior; Sol, soleus; Gastro, gastrocnemius; Quadri, quadri-
ceps) between FOXOL mice and littermate control mice. Legs were
removed from 4-month-old (lines Al and A2) transgenic mice and age-
matched control mice. Tibialis anterior, gastrocnemius, and quadriceps
contain a mixture of type I and II fibers; EDL is enriched in type II
fibers, and soleus ig enriched in type I fibers (control). Average dry mass
(n = 3 in each group) is shown below the panel. Muscles were smaller
in size and paler in color in FOXO1 mice than in control mice.
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TasLe 1
FOXO01 mice are smaller in body weight and lean body mass
FOXO01 mice weighed less (body weight and lean body mass) than nontransgenic, age- and sex-matched controls, when measured at 5 months
of age (line Al) and at 4 months of age (line A2). Fat content per body weight of control and FOXO1 mice did not differ significantly. Data on both
male and female mice are shown. Food intake and blood analyses of these mice are also shown. Values represent means = S.E.

Lean body

Mice Numbers Sex Age Body weight mass Fat content  Food intake  Free fatty acid  Lactate Glucose Insulin
g 4 glglday mEqfliter mgimi mgld! pgiml

Control 4 Male 5months 29.0+10 241*03 208186 0.18*0.005 0300025 53.0+43 16329 1775+ 700
Al 4 Male 245+ 04* 203 04" 208+05 0.17*+0.004 0340098 56383 173+ 14 739+ 139
Control 4 Female 21609 193209 12910 0250017 0390060 327+3.1 158+80 289+ 14
Al 6 Female 184+ 04° 164+02° 158=12 0.24+0.017 038+0.049 389+25 163+53 3025
Control 4 Male 4 months 243+04 210x04 152212 021+0011 0400045 37.3+37 16010 373+ 19
A2 4 Male 194 + 0.1* 174+02° 150= 19 0.18 £0.017 033+ 0.077 464*66 184 + 14 573 * 109
Control 4 Female 199+£06 17607 128=02 0250027 045+0055 845+19 144+ 10 283 + 10
A2 4 Female 173203 15104 13309 0230041 058+0096 35759 143+65 31610

*p <001

& p < 0.001,

°p <005,

the presence of the FOXQ1 protein in the skeletal muscle of
FOXO01 mice (Fig. 1D). An ~2.2-fold (line Al) and 3-fold (line
A2} increase in FOXO1 protein levels was observed. These
increases were at the physiological level, since 24-h fasting has
been shown to increase FOXO1 protein content by 2.5-3-fold
(Ref. 53 and data not shown).

FOXOI Mice Are Small—The apparent phenotype observed
in FOXO1 mice was small stature and thinner legs than the
control mice. Both male and female transgenic mice weighed
about 10% less than the control mice at 5 weeks of age (not
shown). We used DEXA to measure the lean body mass (body
weight excluding fat weight) and the content of fat in the whole
body of the Al line (at 5 months of age) and the A2 line (at 4
months of age) in age- and sex-matched control mice (Table I).
Both body weight and lean body mass were significantly lower
in both male and female FOXO1 mice (both lines) than in
control mice. However, the fat content per total body weight of
both FOXO1 mouse lines was comparable with that of non-
transgenic mice (Table I). Thus, the decrease in body weight of
the FOXO1 mice is not caused by a decrease in body fat but by
a decrease in lean body mass. Consistent with the data on
decreased lean body mass, the skeletal museles in FOX0Q1 mice
were smallerin size and dry mass, as well as paler in color than
those of control mice (Fig. 1E). Consumption of food per body
weight was not significantly different between FOXO1 mice
and contrel mice (Table I). Blood metabolite (free fatty acid,
lactate, and glucose) and insulin levels did not differ signifi-
cantly between FOXO1 mice and the controls (Table I).

Microarray Analysis—To obtain information on changes in
gene expression in FOXO1 mice, we performed microarray
analysis using RNA samples from skeletal muscle (quadriceps)
of transgenic and control mice. Most interestingly, the largest
category of genes with suppressed expression in the transgenic
mice was those involved in cell structure. Namely, about half of
the down-regulated genes were classified as cytoskeletal pro-
teing (Table 1I). The FOXO01l-induced genes were distributed
throughout various categories (not shown, see Supplemental
Material 1).

In the skeletal muscle of FOXO1 mice, there was a decrease
in the expression levels of genes related to structural proteins
of the type I fiber (slow twitch oxidative, red muscle), such as
slow muscle isoforms of myosins (Table II, line numbers 1, 4,
and 6), slow iseforms of troponins (Table II, line numbers 2, 5,
and 7), a-tropomyosin slow type (Table II, line number 13),
myoglobin (Table 11, line number 12), and mtCK (Table II, line
number 15), which are abundant in type I fibers (54). This is
consistent with the observation that the skeletal muscles of
FOXO1 mice are pale (Fig. 1E). In the microarray, the expres-
sion of mitochondrial oxidative metabolism genes, such as the

electron transport system, did not differ between FOXO1 mice
and controls (not shown). In large mammals such as humans,
type I fibers are higher in mitochondrial content and more
dependent on oxidative metabolism than type II fibers. In small
mammals {e.g. mouse and rat), a large amount of mitochendria
is seen in type II fibers as well as type I fibers (2). The large
amount of mitochondria in both type I and type II fibers in mice
would explain the unchanged gene expression of the mitochon-
drial electron transport system, although expression of type I
fiber genes was markedly suppressed. In addition, the gene
expression of type II fiber isoforms did not differ (not shown),
Namely, expression of genes preferentially abundant in type I
fibers appears to be suppressed in the skeletal muscle of
FOXO01 mice.

Northern Blot Analysis of Representative Genes—We recog-
nize the limitation of single micrearray assays, as they can
contain certain noise in the data. Thus, to verify the changes of
gene expression found in the microarray analysis, we per-
formed Northern blot analysis by using probes for several
genes, In addition to representative genes in the list (Table II),
we also analyzed several additionally selected genes of type I
fiber or type II fiber markers or genes that may be involved in
fiber differentiation. FOXO1 overexpression did not signifi-
cantly affect mRNA levels of the other FOXO members, FOX04
and FOXO03a (Fig. 24). Consistent with the microarray data, a
reduction in gene expression was confirmed for type I fiber
proteins, such as troponin C (slow) (Table II, line number 2),
MLC (slow) (Table II, line number 6), troponin T (slow) (Table
IL, line number 7), myoglobin (Table II, line number 12), and
mtCK (Table II, line number 15) (Fig. 24). On the other hand,
expression levels of genes for components of the mitochondrial
electron transport system, such as cytochrome ¢ oxidase I[ and
IV (COX II and IV}, and the F,F;-ATPase, were not markedly

. changed in the skeletal muscle of FOXQ1 mice. Next, we ex-

amined type Il fiber genes. The expression of genes for troponin
I {fast), troponin T (fast}), and MLC (fast) did not differ between
FOXO1 mice and control mice, Thus, the results of the microar-
ray analysis were confirmed by Northern blot analysis. In
addition, given that Mef2, NFAT, CaMK, and PGC-1a have
been implicated recently in regulating gene expression in type
I fibers (14-18, 22), we also examined the level of their expres-
sion in skeletal muscle of control and FOXO1 mice. PGC-1«
mRENA levels were slightly increased in the skeletal muscle of
FOXO1 mice (line A2). Most interestingly, expression levels of
Mef2c and CaMK were reduced in FOXO1 mice, FOXO1-medi-
ated down-regulation of type I fiber genes may, in part, be
regulated by Mef2¢ and CaMK.

Moreover, we examined the expression levels of genes whose
expression levels are known to be changed during skeletal
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TapLe II
Gene with decreased expression in the skeletal muscle of FOXO1 mice
The expression levels of 22 genes were significantly decreased in both the Al and A2 lines of FOXO1 mice. The genes are listed in the order of
greatest fold change in expression in skeletal muscle from line Al mice relative to control mice. Fold change calculations were carried out as an
indication of the relative change of each transcript represented on the probe array. The average difference value is a marker of abundance of each
gene, Categories and subcategories are based on a previously established classification scheme (50) and literature review. Change (| ) indicates

that expression is significantly decreased compared with control mice,

Fold

GenBank ™ Gene descripti Categori Subeategori e chenge  difference  difforenee  diferenc
. 1
accession no. ne deseripton alegones ubeategames (fin:nfl) mn"e“EZ) (‘co;!l‘;gf)e (li:;‘xll) (;i:are x?ch
1 AJ223362  Myosin, heavy polypeptide  Cell structure Cytoskeletal -576) —418| 418 ~97 10
7, cardiac muscle, B
2 M29793 Troponin C (cardiac/slow Cell structure Cytoskeletal -304) =971 260 2 39
skeletal isoform) :
3 188623 Aquaporin 4 Metabolism Transport =21} -102] 259 10 21
4 X12972 Myosin alkali light chain Cell structure Cytoskeletal -6.8] -21% a37 129 450
(ventricular/slow muscle
isoform)
5 AJ242874  Troponin ], skeletal, slow 1 Cell structure Cytoskeletal -6.7) -32] 313 48 109
6  M91602 Myosin light chain 2 Cell structure  Cytoskeletal -58} -3 1038 165 316
(cardiac ventricle isoform)
7  AV213431 Troponin T1 (slow twitch Cell structure Cytoskeletal -44] =31} 772 174 246
isoform)
8 M74570 Aldehyde dehydrogenase II  Metabolism Sugar/glycolysis -4 -28) 567 140 209
9  U34277 Platelet-activating factor Cell defense Homeostasis -31] -2 238 77 120
acetylhydrolase
10 Al646638 Clone MGC:37615 IMAGE: Not found in the list -29] -22] 150 51 68
4989784, mRNA,
11 D45203 Pentylenetetrazole-related Not found in the list -2.8] -3 1232 434 411
mRNA PTZ-17
12 X04405 Myoglobin Cell defense Homeostasis -28! -18] 2484 812 1410
13 U04541 Tropomyosin 3 (slow twitch  Cell structure Cytosketetal -2.71 -24] 662 243 273
isoform)
14  X92665 Ubiquitin-conjugating Protein Post-translational —-2.1] -1.71 298 187 175
enzyme E2E1 expression modification
15~ AV250974  Creatine kinase, Metabolism Sugar/ -2 -18) 671 300 339
mitochondrial 2 glycolysis
16 X57349 Transferrin receptor Cell defense  Homeostasis -19] -28} 276 121 82
17 L12447 Insulin-like growth factor-  Unclassified -19] -19] 2080 1111 1085
binding protein 5
18 Z38015 Myotonin protein kinase Cell signaling Protein -19] -18} 634 361 374
medification
19 AB010144 Mitsugumin29, a Cell structure General -18]| -24] 742 414 312
synaptophysin family
20  X63615 Calcium/calmodulin- Cell signaling Protein -1.81] -21) 295 160 148
dependent protein kinase modification
LB
21 U00877 Syntrophin, acidie 1 Cell structure Cytoskeletal -171] -1.7] 857 504 491
22  AF032099  Potassium voltage-gated Cell signaling Channel/transport —-15} -1.6] 320 209 195

channel

muscle atrophy such as caused by fasting, cachexia, and STZ-
induced diabetes (55). Specifically, gene expression of atrogin
1/MAFbx, MuRF1 (both are ubiquitin ligases), and cathepsin L
{a lysosomal protease) is up-regulated and IGFBP5 is down-
regulated during skeletal muscle atrophy (55). In our Northern
blot analysis, the level of atrogin 1 expression was increased in
the A2 line of FOXO1 mice, which has less skeletal muscle, but
not in the Al line, which also has less skeletal muscle mass
than nontransgenic controls. In both the Al and A2 lines of
FOXO01 mice, the expression of cathepsin L and IGFBP5 was
increased and decreased, respectively. The MuRF1 mRNA level
was not changed. Thus, atrophy-related gene expression
changes including that of protein degradation likely occurred in
the skeletal muscle of FOXO1 mice.

Western Blot Analysis of the Shkeletal Muscle of FOX01 Mice
and PGC-la Mice—We examined the expression of various
gene products of FOXO1 mice at the protein level by Western
blot analysis (Fig. 2B). Protein extracts from the skeletal mus-
cle of FOXO01 mice {Al and A2 }ines) and wild-type control mice
were used. For comparison, we analyzed protein extracts from
the skeletal muscle of PGC-1a transgenic mice, which we pre-
viously analyzed (23). Protein levels of troponin I (slow) and
myoglobin, which are rich in type I fibers, were increased in

PGC-1a mice but decreased in FOXO1 mice (Fig. 2B). On the
other hand, the protein level of troponin I (fast), which is rich
in type II fibers, was decreased in PGC-la mice but not in
FOXO0O1 mice {Fig. 2B). Thus, Western blot analysis of the
protein expression of genes for type I and type II fibers was
consistent with the results of mRNA expression analysis.
Histological Analysis of Skeletal Muscle of FOX01 Mice—We
examined the relationship between the change in type I fiber
gene expression and actual muscle fiber morphology in the
skeletal muscle (soleus) of transgenic mice using light micros-
copy and histochemical procedures (Al line, 4 months after
birth; A2 line, 3 months after birth). Distinction between type
1 and type II fibers can be made by myosin ATPase staining at
different pH values. Specifically, at pH 10.5, type II fibers are
well stained but not type I fibers, and at pH 4.3, type I fibers
are well stained but not type II fibers (2). ATPase staining
revealed that skeletal muscle cells (both type I and type II
fibers) in the FOXO1 mice are smaller than those of the control
mice (average cross-sectional area of muscle fibers; Al line,
115 *+ 0.8 pm? in FOXO1 mice and 20.0 + 2.7 pm? in control
mice; A2 line, 9.8 = 0.5 pm? in FOXO1 mice and 14.1 = 1.9 pm?®
in control mice) and had fewer type I fibers than those in the
control mice (average; Al line, 28.6 = 1.3% in FOXO1 mice and
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F16. 2. Gene product levels in the skeletal muscle of FOX01 mice. A, Northern blot analysis was performed on total RNA (20 pg per lane)
isolated from skeletal muscle (quadriceps) of FOXO1 mice (/ine Al and line A2) and nontransgenic contrel mice. The same RNA sample sets were
blotted onto multiple membranes and hybridized with the indicated probes. The names of genes examined are on the left of the autoradiograms,

and average densitometric ratios (the control was set as J00) are on the

right (*, p < 0.05; **, p < 0.01). Equal sample loading was confirmed by

ethidium bromide staining of 28 S ribosomal RNA. Each lane represents a sample from an individual mouse. B, Western blot analysis was
performed on protein extracts from the skeletal muscle of FOXOI mice (Al and A2 lines), PGC-1a mice, and control mice. Antibodies against
FOX01, PGC-1a, troponin I (slow), myoglobin, and troponin I (fast) were used. A typical autoradiogram, representative of three independent

experiments with similar results, is shown. Numbers below the panels

are values of the densitometric ratios (the signal of the control for each

sample was set as 100). Corresponding bands are indicated by arrowheads. The approximate estimated molecular sizes are as follows: FOXO4, 70
kDa; PGC-1a, 90 kDa; troponin I (slow), 30 kDa; myoglobin, 30 kDa; and troponin (fast), 40 kDa.

37.8 = 2.2% in control; A2 line, 20.2 * 2.3% in FOXO1 mice and
40.4 + 2.0% in contrel) (Fig. 34). Immunohistochemistry with
antibodies to myoglobin (present at high concentrations in type
I fibers) confirmed the reduction in the number of type I fibers
in the skeletal muscle of FOX0O1 mice (not shown). Skeletal
muscle samples from FOX01 mice had no structural abnormal-
ities such as mitochondrial abnormalities, glycogen accumula-
tion, vacuolar formation, and muscle fiber degeneration (not
shown).

Running Wheel Activity of FOX01 Mice—The mass and fiber
composition of skeletal muscle are important for physical ex-

ercise. Type I fibers are more resistant to fatigue than type 11
fibers (2). As the FOXO1 mice had decreased total skeletal
muscle mass and fewer type I fibers, they may have a low
capacity for endurance, such as that needed in a marathon. We
then compared the running wheel activity (spontaneous loco-
motive activity) in FOX(O1 mice and control mice. Mice were
transferred to cages with a running wheel and monitored daily
for the number of wheel revolutions made for 6 days. Both lines
of FOXO1 mice showed significantly fewer wheel revolutions
(Fig. 3B). The decrease in running wheel activity suggested
that FOXO1 mice were less able to sustain continuous muscle
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Fic. 3. A, histological analysis of skele-
tal muscle. Light microscopy of ATPase
(pH 4.3 for type I fibers and pH 10.5 for
type II fibers)-stained transverse sections
of skeletal muscle (soleus) specimens
from FOXO1 mice (line A2) and control
littermates at 3 months of age. Bars, 50
pm. Skeletal muscle fibers of FOXOI
mice were thinner and contained fewer
type I fibers than that of control mice. B,
running wheel activity of FOXO1 mice.
Mice were housed individually in cages
equipped with a running wheel (20 ¢m in
diameter). The number of revolutions
made was recorded daily for 6 days, and
the cumulative values are shown. Open
column, control; closed column, FOXO1
mice. Running wheel activity was signifi-
cantly (p < 0.05) reduced in FOXO1 mice
(ine Al, left; line A2, right) compared
with control mice. Mice used were females
at 10 weeks (line AI) and 9 weeks (line
A2) of age. Numbers of animals used are
as follows: line A1, control, n = 6; FOXO1
mice, 1 5; line A2, control, n = 4
FOXOL1 mice, n = 3. Because male mice
responded similarly, only the data from
female mice are shown, C and D, oral

A
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Control

glucose tolerance tests (C) and insulin tol- 100000

erance tests (D) on FOXO01 mice. For the
oral glucose tolerance test, mice were
fasted overnight and given D-glucoese (1
mg/g body weight) orally by a stomach
tube. Blood glucose levels were deter-
mined at the times indicated. For the in-
sulin tolerance test, mice were allowed
free access to food and then given 0.75
milliunits of human insulin/g of body
weight. Blood glucose levels were meas-
ured at the indicated time points. Mice
used were males at 10 weeks {line Al} and
9 weeks (line A2) of age. The numbers of
animals used were: line Al, control,n = 6;
FOXO1 mice, n = 5; line A2, control, n =
§; FOXO1 mice, n = 4.

Cummutative whee! revolutions

contractions than control mice, which is consistent with the
reduction in the mass of skeletal muscle and the number of
type I fibers.

Oral Glucose Tolerance Test and Insulin Tolerance Test on
FOX01 Mice—Skeletal muscle is important for glucose metab-
olism. To examine whether the decreased skeletal muscle mass
of FOXO1 mice is affecting their systemic glucose homeostasis,
we examined oral glucese tolerance and insulin tolerance in
FOX01 mice. Glucese tolerance was impaired in both lines of
FOX01 mice, namely peak blood glucose values in FOXO1 mice
were elevated significantly above those of the control mice (Fig.
3C). The insulin tolerance test clearly demonstrated that the
glucose-lowering effects of insulin were impaired in both the Al
and A2 lines of FOXO1 mice, comnpared with those in age- and
sex-matched contrel mice (Fig. 3D). FOX01 mice showed a low
capacity for glucose metabolism and decreased insulin sensi-
tivity. Adipose tissue, another organ playing a role in glucose
metabolism, appears not to be involved in this impaired glyce-
mie control because 1) body fat did not differ between FOX01
mice and control mice (Table I), and 2) gene expression of
glucose transporter 4, which is a rate-limiting molecule of
insulin-dependent glucose intake (56), was not decreased in
adipose tissue of FOXO1 mice (see Supplemental Material 2).
FOXO1 mice may therefore represent a certain type of diabetic
state in humans.

Change in Endogenous FOXO! Expression by Physical Inac-
tivity—We performed Northern blot analysis with RNA from
the skeletal muscle of mice maintained under a long period of
physical inactivity. The right hindlimbs of wild-type mice were
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immobilized in plaster casts, and the left hindlimbs were left
freely moving for the control sample. After 3 weeks in the
plaster casts, skeletal muscle (gastrocnemius) weight of the
right hindlimbs was significantly deereased compared with
that in the controls (average, 88 * 12 mg for immobilized and
149 * 6 mg for freely moving controls, n = 3, p < 0.05). As
shown in Fig. 4, the gene expression of troponin C (slow),
myoglobin, and mtCK but not MLC (fast) and troponin T (fast)
was markedly decreased in the plaster-casted muscle. At the
same time, endogenous FOX01 mRNA was increased in the
immobilized muscle (Fig. 4). Furthermore, Gadd45« was in-
creased in the same sample. In addition, cathepsin L, but not
atrogin 1 and MuRF1, were increased (Fig. 4). Thus, mENAs of
endogenous FOXO01, Gadd45a, and cathepsin L were in-
creased; skeletal muscle mass was decreased, and the expres-
sion of type I fiber genes but not type II fiber genes were
decreased. The gene expression changes observed in the plas-
ter-casted skeletal muscle were similar to the changes observed
in the FOXO1 mice (Fig. 2A). These results further support the
involvement of FOXO1 in the negative regulation of skeletal
muscle mass and the expression of type I fiber genes.

DISCUSSION

Te gain insight into the role of FOXOL1 in skeletal muscle in
vivo, we established transgenic mice overexpressing human
FOXO01!. The FOXO1 transgene was predominantly expressed
in the skeletal muscle, and the increase in FOXO1 protein
expression was within physiological levels. Most interestingly,
the skeletal muscle of FOX01 mice weighed less and was paler
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in color, The results of gene expression analyses showed that
type I (red muscle) fiber-related gene expression was decreased
in the skeletal muscle of FOXO1 mice. In addition, histological
examinations showed that the skeletal muscle of FOXO1 mice
had fewer type I fibers and smaller type I and type II fibers.
Consistently, under long time physical inactivity by immobiliz-
ing skeletal muscle in plaster casts, an increased expression of
endogenous FOX01 mRNA and a markedly decreased expres-
sion of genes related to type I fibers were observed. These
results suggest that FOXO01 is a negative regulator of skeletal
muscle mass and expression of type [ fiber-related genes. More-
over, FOXO1 mice showed poor glycemic control and low ca-
pacity for physical exercise, which involves the skeletal mus-
cles, especially type I fibers. These phenotypes are consistent
with the decreased mass of skeletal muscle including type I
fibers in FOXO1 mice.

How does FOXO1 affect the skeletal muscle, including the
reduction of mass of both type I and type II fibers and the
suppressed expression of type I fiber genes? In the following,
we discuss the possibility of involvement of FOXO1 in 1)
growth, 2) protein degradation, and 3) differentiation of skele-
tal muscle.

1) FOXO1 may suppress inerease of skeletal muscle mass. A
genetic study of C. elegans showed that DAF16, the worm
counterpart of FOX0, functions as a suppressor of insulin
receptor-like signaling (44). Thus, the FOXO family might act
negatively in mammals as a downstream player in insulin or
IGF signaling. IGF-1 stimulates the proliferation of skeletal

Time after insulin injection (min)

muscle satellite cells (57). Mature skeletal musele fibers are not
able to proliferate. Skeletal muscle satellite cells, mononuclear
cells located between the basement membrane and the plasma
membrane of myofibers in mature cells, are important in post-
natal skeletal muscle hypertrophy because of their ability to
add new myonuclei into growing myefibers. Machida et al. (58)
showed that FOXO1 inhibited IGF-1-mediated skeletal muscle
cell proliferation. In primary skeletal muscle satellite cells,
FOXO01 activates the promoter of p27 Kipl, an inhibitor of the
cell cycle at the G, stage, which leads to inhibition of cell
proliferation, and addition of IGF-1 reverses the FOX01-medi-
ated activation of the p27 Kipl promoter (58), Unexpectedly,
p27 Kipl mRNA expression was unchanged in the skeletal
muscle of FOXO1 mice compared with that of controls (not
shown). As the ratio of satellite cells is very small in total
skeletal muscle, the increased expression of p27 Kipl in satel-
lite cells may not have been detected in our assay. On the other
hand, we showed enhanced expression of Gadd45a, an inhibitor
of the cell cycle at the G, stage (51, 52), in the skeletal muscle
of FOXO1 mice (Figs. 1 and 2A4). As a 0.7-kb stretch of the rat
skeletal muscle a-actin promoter is active in skeletal muscle
satellite cells (59), the FOXO1 transgene, driven by a 2-kb
stretch of the human skeletal muscle a-actin promoter (45), is
likely to be expressed in the skeletal muscle satellite cells of the
FOXO1 mice. Thus, the increased amount of Gadd45« and
possibly p27 Kipl in the skeletal muscle satellite cells of
FOXO1 mice may have suppressed the proliferation of satellite
cells and caused a decrease in skeletal muscle mass (size).

69 —
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FiG. 4. Gene expression in skeletal muscle immobilized in
plaster casts. The right hindlimbs of mice at 9 weeks of age were
immobilized in plaster casts, and left hindlimbs of the mice were kept
free for the control sample. After 3 weeks of immobilization in plaster
casts, Northern analysis was performed on total RNA (20 pg per lane)
isolated from the skeletal muscle (gastrocnemius) of right hindlimbs
and left hindlimbs. Plus and minus denote with or without immohili-
zation, respectively. The names of the genes examined are on the right
of the autoradiograms. A typical autoradiogram, representative of three
independent mice with similar results, is shown. The densitometric
ratio is shown below the avtoradiograms (the control was set as 100).

2} FOXO1 may increase the degradation rate of skeletal
muscle proteins. Gene expression of atrogin 1, MuRF1 (both
are ubiquitin ligases), and cathepsin L (a lysosomal protease) is
up-regulated and IGFBPS is down-regulated during skeletal
muscle atrophy caused by fasting, cachexia, STZ-induced dia-
betes, and other diseases (55). After we submitted our manu-
script, a member of the FOXO family, FOXO3a, was reported to
activate the gene expression of atrogin 1, and addition of IGF-1
was found to reverse the FOX03a-mediated activation of the
atrogin 1 promoter (60). Overexpression of an active form of
FOXO03a reduces the size of skeletal muscle fibers, both in vivo
and in wvitro (60). In addition, another group reported that
overexpression of an active form of FOXO1 in C2C12 muscle
cells did not change the base-line expression of atrogin 1 and
MuRF1, but the active form of FOXO1 suppresses IGF-1-me-
diated repression of atrogin 1 and MuRF1 expression induced
by glucocorticoids (61). This suggests that FOXOQ1 expression is
not sufficient for inducing atrophy-related genes, but FOXO1 is
negatively involved in IGF-1-mediated suppression of atrophy
of skeletal muscle. In our Northern blot analysis, the level of

FOXOI Reduces Skeletal Muscle Function

atrogin 1 was increased in the A2 line but not in the Al line of
FOXO1 mice, although both had less skeletal muscle mass than
the nontransgenic controls. In both the Al and A2 lines of
FOXO1 mice, the expression of cathepsin L and IGFBP5 was
increased and decreased, respectively. MuRF1 mRNA levels
were not altered in both lines. Thus, atrophy-related protein
degradation probably occurs in the skeletal muscle of FOX0O1
mice and could explain, in part, the decrease in skeletal muscle
mass of the FOXO1 mice. However, the increase in atrogin 1 is
unlikely to be enough to cause the decrease in skeletal muscle
mass of FOXO1 mice, because the expression level did not
change in the Al line of FOXO01 mice. This is consistent with
the description by Sandri et al. (60) that overexpression of
atrogin 1 alone does not cause myotube or muscle atrophy. On
the other hand, IGFBP5 is reported to modulate the activity of
IGF-1 (62), and hence decreased expression of IGFBP5 may
contribute to the decrease in skeletal muscle mass by affecting
IGF-1 action. FOX0O1 transgene expression was observed in
both type I fiber-rich soleus and type II fiber-rich EDL, Thus,
changes in the expression of atrophy-related genes may be an
alternative molecular explanation for the decreased skeletal
muscle mass, including the size of both type I and type II fibers
of FOXO1 mice.

3) Does FOXO1 inhibit the differentiation of type I fibers?
The FOXOI transgene is expressed in muscles rich in both type
I and type II fibers. How does it cause the selective reduction of
gene expression in type I fibers but not in type II fibers? It is
possible that FOXO1 suppresses the function of a factor(s) that
is preferentially expressed in type I fibers and therefore acti-
vates gene expression only in type I fibers. One candidate for
such a factor is PGC-1e, which is known {o be preferentially
expressed in type I fibers and enhances type I fiber gene ex-
pression (22). As the FOXO1 protein can interact with the
PGC-1a protein (43), FOXO1 may affect certain functions of
PGC-1a. FOX01 may inhibit PGC-1a function via its binding
to PGC-1a. FOXOL1 itself is a transcription factor. In addition,
several reports (27-30) have shown that FOXO1 acts as a
corepressor of nuclear receptors, whereas PGC-1a can activate
many nuclear receptors (21, 63). Although to our knowledge
nuclear receptors have not been shown to be involved in type I
fiber-specific gene expression, a certain nuclear receptor(s) and
transcription factor(s), which can interact with both FOXO1
and PGC-1«, may be involved in a process positively and neg-
atively regulated by PGC-1« and FOXO1, respectively, Further
studies are required to examine this possibility. Besides, al-
though PGC-1a stimulates the differentiation of type I fibers,
in FOXOI mice, gene expression was reduced in type [ fibers
but was not affected in type II fibers. Thus, fiber differentiation
(switching) from type I to type Il is not likely to oceur in FOXO1
mice, and FOXOl appears not to be involved in fiber
differentiation.

Calcineurin (14, 17) and CaMK (15), downstream molecules
of calcium signaling (13), the transcription factors Mef2c (14—
16, 18) and NFAT (14, 15, 17), as well as the nuclear receptor
coactivator PGC-1a (22) are known to promote type I fiber
differentiation and type I fiber gene expression. In skeletal
muscle of FOX0O1 mice, mENA levels of Mef2¢ and CaMK are
significantly decreased (Fig. 24). FOX0O1 may reduce gene ex-
pression in type I fiber by suppressing gene expression of Mef2c
and CaMK,

FOXO1 mice showed a clear phenotype related to the fune-
tion of skeletal muscle. Specifically, spontaneous locomotor
activity was lower in FOX01 mice than in control mice (Fig.
3B). In addition, FOXO1 mice had impaired oral glucose toler-
ance and impaired insulin-mediated glucose-lowering effects
(Fig. 3, C and D). Elderly humans have been reported to show
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a progressive loss of muscle fibers associated with diabetes,
obesity, and decreased physical activity (sarcopenia). Overex-
pression of IGF-1 in skeletal muscle prevents the age-related
decline in muscle mass (11, 57). As described above, the re-
duced skeletal musele mass in FOXO1 mice may be caused by
the suppression of IGF signaling during skeletal muscle forma-
tion, and FOXO1l may therefore be involved in age-related
sarcopenia in humans. FOX0O1 mice may be valuable as a
model for human diseases related to loss of muscle fibers.
Further analysis of the molecular mechanisms of FOXO1 ac-
tion in skeletal muscle is important from a clinical as well as a
sports science perspective.
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Abstract

To examine the molecular basis of efficient superovulation in the Mastomys (Praomys coucha), the cDNA sequences of the fol-
licle-stimulating hormone (FSH) and luteinizing hormone (LH) B-subunits were determined and compared with those of other mam-
mals. FSHP and LHP ¢cDNAs were 1606 and 513bp long, respectively, from the 5-ends to the putative polyA sites. The deduced
sequences of the FSHP and LHP precursor proteins were 130 and 141 amino acids in length, respectively. The amino acid sequences
of both mastomys hormone subunits showed overall similarity to those of other rodents. In particular, the N-terminus of the FSHf
precurser protein is of the MM-type, like those of mice and rats, which suggests that the MM-type is characteristic of the subfamily
Murinae. As we reported earlier for the Mongolian gerbil, the use of hCG for superovulation of mastomys might need to be re-eval-
uated, due to the low homology between hCG and rodent LH sequences.

© 2004 Elsevier Inc. All rights reserved.
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1. Infroduction

The mastomys (multimammate mouse, Praomys cou-
cha) is an African rodent that is a well-known reservoir
of serious diseases, such as Yersinia pestis, the rickettsia
that causes bubonic plague (Dippenaar et al., 1993). It
is used as a laboratory animal for studies of virology,
oncology, and reproductive biology (Solleveld, 1987).
For instance, mastomys are used to study prostate endo-
crinology, since both males and females have functional
prostates (Ohta et al, 1994). Although there has been
some research on reproduction technology in mastomys
(Nohara et al., 1998; Ogonuki et al., 2003), it is quite dif-

" Corresponding author. Fax: +81-3-5285-1179.
E-mail address: osuzuki@nih.gojp (0. Suzuki).

0016-6480/% - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/).ygeen. 2004.06.009

ficult to apply standard embryo manipulation techniques,
such as transgenic technologies or cryopreservation of
embryos and gametes, to mastomys. Many embryos
and oocytes are required to establish these techniques,
necessitating the induction of superovulation. In masto-
mys, the combination of equine chorionic gonadotropin
(eCG) plus human chorionic gonadotropin (hCG) is
effective for superovulation, but a problem arises in that
treated females rarely have fertile matings, perhaps due
to a perturbation of estrous behavior by the exogenous
hormones (Ogura ¢t al, 1997). More information is
needed to permit a careful selection of appropriate
gonadotropins that will be practical and functional for
superovulation in this animal.

This paper describes the cDNA sequences of the fol-
licle-stimulating hormone (FSH) and luteinizing hor-
mone (LH) B-subunits in order to develop a molecular
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basis for efficient superovulation in the mastomys, Phy-
logenetic analyses of the deduced protein sequences were
also performed. The possibility of using this sequence
information as a criterion for selecting gonadotropins
for superovulation in the mastomys is discussed.

2. Materials and methods
2.1. RNA extraction, RT-PCR, and sequencing

The full sequences of FSHB and LHP were deter-
mined using a combination of 5'- and 3'-rapid amplifica-
tion of cDNA ends (RACE) using a SMART RACE
c¢DNA amplification kit (BD Biosciences Clontech, Palo
Alto, CA), followed by direct sequencing of the RACE
products. In brief, two cDNA libraries for RACE reac-
tions were prepared from total RNA extracted from
pituitaries of male mastomys of the MCC strain. RACE
reactions were performed using these libraries, a DNA
polymerase mixture (HotStarTaq Master Mix, Qiagen
GmbH, Hilden, Germany), anchor primers (universal
primer mix included in the kit), and gene-specific prim-
ers. Amplification was completed using a Hybaid PCR
Express thermal cycler (Thermo Bioanalysis Japan
KK, Tokyo, Japan) under the following therma! condi-
tions: one cycle at 94°C for 15min (denaturation and
enzyme activation), and 40 cycles of 94°C for 2s and
68°C for 5min.

To determine the FSHp sequence, nested PCR ampli-
fications for primer walking were carried out with the
primary PCR products (diluted 1:50), a DNA polymer-
ase mixture, nested adaptor primers (included in the kit),
and gene-specific primers under the following thermal
conditions: one cycle at 94°C for 15min; 40 cycles of
94°C for 10s, 60°C for 10s, and 72°C for 1min; and
one cycle of 72°C for 10min. The positions of the
gene-specific primers used in the RACE reactions are
shown in Fig. 1. For the FSHP ¢cDNA sequence, 5'-
RACE was first conducted with primer 5Fp (TTC
CIT CAT TTC ACT GAA GGA GCA GTA). Then
primer walking was performed in 3-RACE reactions
with a total of four primers: 3Fpl (GGA CCC AGC
TCG ACC CAA TAC CCA GAA), 3Fp2 (CGC CAC
TCA TCC CTC TAT CCA GAC TGT TG), 3Fp3
(GCA CGA CCA TCT GCC TTT TTA GAG CCA
TC), and 3Fp4 (TTG CAT GCA GGG AGG GAA
GGT TTIT GAA). For the LHf sequence, 3'-RACE
was first conducted with primer 3Lp (GGC TGC TGC
TGA GCC CAA GTG TGG TGT), followed by 5'-
RACE with primer 5Lp (TGA GTC CTG GGA CCC
CCA CAG TCA GAG). Both 5Fp and 3Lp were de-

signed from mouse sequences (NP_03207land
NM_008497 from GenBank for FSHp and LHp, respec-
tively) using Primer3 software (Rozen and Skaletsky,
1998). The other primers were then designed using Pri-
mer3 with the newly determined, partial sequences.
The obtained RACE products were gel-purified and
sequenced directly using a DYEnamic ET Terminator
Cycle Sequencing Kit (Amersham Biosciences, Piscata-
way, NJ) with a DNA sequencer (RISA384, Shimadzu
Biotech, Kyoto, Japan). Full sequences were obtained
by combining the overlapping sequences of the 5'- and
3'-RACE products. The 5'- and 3'-ends of the cDNA se-
quences were determined by the appearance of SMART
II Oligo- and putative polyA-sequences, respectively, in
the sequenced RACE products.

2.2, Molecular phylogenetic analysis

Additional mammalian FSHP and LHp sequences
were retrieved from GenBank as follows (Accession
Nos. are shown in parentheses): mouse (NP_03207!and
NM_008497), rat (P18427 and J00749), pig (P01228 and
D00579), cattle (NP_776485 and MI10077), sheep
(P01227 and X52488), horse (P01226 and $41704), hu-
man (P01225 and NM_000894), Mongolian gerbils
(AY376457 and AY369077), and Djungarian hamsters
(Phodopus sungorus; AF106914 and AF106915). The
amino acid sequence of hCG was also retrieved from
GenBank (J00117). The amino acid sequences of these
species, including the mastomys, were aligned using
Clustal X, version 1.81 (Thompson et al., 1997). Neigh-
bor-joining (NJ) trees containing the FSHP and LHB
protein sequences of nine species (the Djungarian ham-
ster was omitted because both AF106914 and AF106915
were partial sequences) were constructed using MEGA,
version 2.1 (Kumar et al.,, 2001), based on the number of
amino actd substitutions with 5000 bootstrap iterations.

3. Results and discussion

The full-length FSHP and LHP cDNA sequences are
shown in Fig. 1. Both sequences have been deposited in
GenBank with Accession Nos. AY458603 and
AY353073, respectively. The FSHP and LHP ¢DNAs
were 1606 and 513bp long, respectively, from the 5'-
end to putative polyA sites. Both sequences contained
putative polyA signal sequences (AATAAA), starting
at positions 1588 and 494, respectively, for FSHpB and
LHB. The deduced sequences of the FSHP and LHp pre-
cursor proteins were 130 and 141 amino acids in length,
respectively, Both amino acid sequences contained the

>

Fig. 1. Sequences of FSHf (A) and LHP (B) subunit ¢DNAs. The deduced amino acid sequences of both sequences are shown in bold face. Putative
polyadenylation signal sequences are boxed and putative polyadenylation sites are indicated by asterisks (*). Arrows indicate primer positions (5Fp,

3Fpl, 3Fp2, 3Fp3, 3Fp4, 5Lp, and 3Lp).
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unique B-subunit sequence CAGY, which is thought to
be a key structure for binding to common a-subunits
(Gharib et al., 1990). The positions of half-cysteine res-
idues and putative N-glycosylation sites were well con-
served in comparison with those of other mammals.
The mastomys FSHpB ¢DNA shares the common feature
of a long 3¥-UTR with other mammals.
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The alignments of the amino acid sequences indicate
the overall similarity of both mastomys B-subunits to
those of other rodents (Fig. 2). The phylogenetic analy-
sis of each protein {Fig. 3) also supports the similarity of
these two hormones among rodents, especially within
Murinae (mouse, rat, and mastomys). As we reported
earlier (Koura et al., 2004), there are two variations of
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Fig 2. Alignments of the amino acid sequences of the FSHP (A) and LH$ (B) subunits in 10 mammalian species. The mastomys, mouse, and rat
belong to the subfamily Murinae, the Mongolian gerbil (M. Gerbil) to Gerbillinae, and the Djungarian hamster (D. Hamster) to Cricetinae. hCG is
also included in panel B. A dot indicates an amino acid residue identical to the corresponding site in the mastomys sequence (top row). Dashes in the
sequences indicate gaps inserted by Clustal X software. Asterisks (*) indicate the ends of currently available, partial sequences for the Djungarian
hamster. Note that two regions of the rodent LHB sequences shown in panel B (the 38-57 and 93-100 determinant loops; the position numbers of the
amino acids correspond to the mature proteins, not the precursor protein), which are responsible for receptor binding and activation, have lower

homologies with hCGp than do the LHBs of domestic animals.
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Fig. 3. Phylogenetic trees constructed from the inferred amino acid
sequences of the FSHP (A) and LHB (B) subunits of nine mammalian
species. The figures at the nodes represent bootstrap values based on
5000 iterations.

the amino-terminus of the FSHf precursor protein in
laboratory rodents: MM- and M-types. The former type
seems characteristic of animals belonging to the subfam-
ily Murinae, since mastomys, mice, and rats all have this
type of FSHP precursor protein. In contrast, Djungarian
hamsters (subfamily Cricetinae) and Mongolian gerbils
(subfamily Gerbillinae) have the latter type of amino-ter-
minus (Bernard et al., 2000; Koura et al., 2004), suggest-
ing their phylogenetic distance from Murinae. So far,
FSHP and LHS ¢cDNA sequences have been reported
for only a few rodent species. More research is needed
to define more precisely the rodent-specific features of
these proteins.

The efficacy and species-spectrum of a conventional
regimen for induction of ovulation using a combination
of eCG and hCG should be re-evaluated. Ovulation in
mastomys can be induced by the combination of eCG
and hCG injections, as is used for superovulation of
mice and rats. The similarity of the response in masto-
mys, rats, and mice may be due in part to the similanity
between the B-subunits of their gonadotropins. As dis-
cussed previously for the Mongolian gerbil (Koura et
al., 2004), however, hCG should ideally be replaced
with native LH, or an LH with greater similarity, since
the species-specificities of LHs are reportedly higher
than those of FSHs (Ishii and Kubokawa, 1984). A con-
siderable number of antral follicles often remain in the
ovaries of mastomys after they have received both
¢CG and hCG (unpublished observation). The low inci-
dence of fertile matings (Ogura et al,, 1997) also sug-
gests that use of hCG as an owvulation inducer is
inappropriate in mastomys. The amino acid sequences
of the B-subunits of human origin (LHB and hCGp)

show low homology to those of other luteinizing hor-
mones (Fig. 2). In particular, two regions of rodent
LHpP (the 38-57 and 93-100 determinant loops shown
in Fig. 2B), which are thought to be responsible for
receptor binding and activation (reviewed by Bousfield
et al., 1994), are less homologous to the corresponding
regions in hCGP than are the LHP sequences of domes-
tic animals. In addition, the common a-subunit of mas-
tomys gonadotropins and thyrotropin is less similar to
that of humans than are those of other mammals (Suvzu-
ki et al., 2002). These low homologies between masto-
mys and human gonadotropins suggest that better
inducers of ovulation in mastomys should be sought,
rather than relying on human gonadotropins. One
possibility is to invoke a surge in endogenous LH by
promoting follicle development by repeated administra-
tion of FSH, instead of eCG. FSH would be a better
choice for this application than eCG, because the short-
er half-life of FSH makes it less likely to perturb endo-
crine systems. Using this strategy, we successfully
induced superovulation in guinea pigs by repeated
administration of human menopausal gonadotropins
(hMG), without the use of any LH equivalents, such
as hCG (Suzuki et al., 2003). In that case, we used hu-
man-derived FSH because of the high homology be-
tween guinea pig and human FSH-receptor sequences.
Although the sequence of the mastomys FSH-receptor
has not yet been reported, repeated administration of
hMG might also work to induce superovulation in mas-
tomys since species differences in FSHp sequences are
less than those of LHP. The affinity and efficacy of na-
tive hormones in various rodents should be evaluated
and compared with those of hCG by producing recom-
binant hormones. '

In summary, we determined the cDNA sequences of
the FSH and LH PB-subunits of the mastomys. This
information should provide a molecular basis for under-
standing hormonal control of ovulation, as well as
improving superovulation technologies in  the
mastomys.
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