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The tetradecanoyl phorbol acetate-induced sequence 7 gene (tis7) is regulated during cell fate processes and
functions as a transcriptional coregulator. Here, we describe the generation and analysis of mice lacking the
tis7 gene. Surprisingly, TIS7 knockout mice show no gross histological abnormalities and are fertile. Disrup-
tion of the tis7 gene by homologous recombination delayed muscle regeneration and altered the isometric
contractile properties of skeletal muscles after muscle crush damage in TIS7�/� mice. Cultured primary
myogenic satellite cells (MSCs) from TIS7�/� mice displayed marked reductions in differentiation potential
and fusion index in a strictly cell-autonomous fashion. Loss of TIS7 caused the down-regulation of muscle-
specific genes, such as those for MyoD, myogenin, and laminin-�2. Fusion potential in TIS7�/� MSCs could
be rescued by TIS7 expression or laminin supplementation. Therefore, TIS7 is not essential for mouse
development but plays a novel regulatory role during adult muscle regeneration.

Cell proliferation and differentiation are governed by differ-
ent stimuli, including soluble growth factors, the extracellular
matrix (1, 12), and direct cell-cell interactions (8). While each
of these signals uniquely regulates mitogenic responses and
gene activity, the proliferation, differentiation, or apoptosis of
a cell is an integrated response to its adhesive and growth
factor environments (18, 19).

The mouse tis7 (PC4) gene was identified as an immediate-
early gene specifically induced by tetradecanoyl phorbol ace-
tate, epidermal growth factor, and fibroblast growth factor in
Swiss 3T3 mouse cells and cultured rat astrocytes (2, 20).
Vietor et al. showed previously that TIS7 is up-regulated after
c-Jun activation in epithelial cells, translocates into the nu-
cleus, and acts as a transcriptional coregulator (22). TIS7 can
interact with mSin3B and histone deacetylase (HDAC) 1 as
well as other members of the HDAC complex and is capable of
specific transcriptional repression in an HDAC-dependent
manner (22).

TIS7 was shown to be expressed in C2C12 myoblasts and in
differentiated myotubes, with a transient decrease after the
onset of differentiation (7). In vitro studies with C2C12 myo-
blasts and antisense tis7 DNA transfection or microinjection of
anti-TIS7 polyclonal antibodies caused a delay in myoblast
differentiation (7). To define the essential functions of TIS7 in
vivo, we have generated mice lacking a functional tis7 gene by
homologous recombination.

TIS7�/� mice are viable and fertile but develop an interest-

ing muscle regeneration phenotype upon muscle crush damage
(MCD). In addition, we identified several myoblast-specific
genes involved in muscle regeneration as being regulated by
TIS7. This phenotype can be recapitulated in vitro in TIS7�/�

primary myogenic satellite cell (MSC) cultures and is charac-
terized by an almost complete absence of fusion-competent
MSCs. In addition, we identified several myoblast-specific
genes involved in satellite cell function as being regulated by
TIS7. These data demonstrate that TIS7 is not required for the
normal development of the mouse embryo. In summary, we
demonstrate a unique requirement for TIS7 in the differenti-
ation of MSCs.

MATERIALS AND METHODS

Targeting of the murine tis7 gene. Sequence information for the genomic locus
of tis7 was obtained by screening of a 129SV mouse genomic library in vector
Lambda FIX II (Stratagene, La Jolla, Calif.) with a 5�-region probe of tis7 cDNA.
A 20.5-kb sequence contig covering exons 1 to 8 of tis7 was generated by “primer
walking.” Herpes simplex virus thymidine kinase and diphtheria toxin � (DT-�)
expression cassettes were cloned into plasmid pSP64. A 1.5-kb genomic fragment
containing the first exon and part of exon 2 were generated by PCR with
embryonic stem (ES) cell line E14.1 DNA as the template. A 5-kb genomic
fragment containing exons 4 to 8 was isolated from a SalI subclone of the 129SV
library. A loxP-flanked neomycin resistance cassette was inserted between the
1.5- and 5-kb homologous arms of the tis7 genomic locus. A lacZ simian virus
40-pA cassette was cloned in frame to exon 2 (amino acid 43), which codes for
a TIS7 (amino acids 1 to 43)- �-galactosidase fusion protein. ES cell line E14.1
was cultured on MTK-Neo feeder cells and electroporated (500 �F, 240 V) with
the linearized targeting vector. ES cells were selected for �9 days in the presence
of neomycin (G418; 300 �g/ml), and colonies were screened for integration of
the construct at the correct locus by PCR. One out of �1,000 screened colonies
was also confirmed to be positive by Southern blot analysis. The targeted ES cells
were injected into C57BL/6 blastocysts. Chimeric offspring were crossed with
C57BL/6 mice to achieve heterozygous mice with germ line transmission. These
heterozygous mice were subsequently bred to generate mice homozygous for the
tis7 deletion (TIS7�/�).

MCD. All surgical procedures were carried out under halothane anesthesia
and in strict accordance with National Health and Medical Research Council
guidelines. In anesthetized mice, the soleus muscle was crushed from the pos-
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terior to the anterior tendons by exerting pressure with a pair of artery forceps
for 10 s as described previously (4). The muscle was left in its bed with the
tendons attached. After surgery, mice were transferred to standard cages with
food and water ad libitum and allowed to recover in a temperature- and light-
sensitive environment. Mice subjected to crush injury were sacrificed at different
days after surgery as indicated in Results.

In vitro isometric tension measurements. Contraction measurements were
performed 1 month after MCD as described previously (24). Soleus nerve-muscle
preparations were dissected. Muscles were mounted in Lucite chambers perfused
with aerated Tyrode solution (125 mM NaCl, 1.0 mM MgCl2, 1.8 mM CaCl2, 5.4
mM KCl, 24 mM NaHCO3, 10 mM D-glucose) and connected to a force trans-
ducer. Muscle contractions were evoked either directly via a pair of silver elec-
trodes in the bath or indirectly via nerve suction electrodes. Muscle length was
adjusted so that maximal twitch tension was produced upon single stimuli. Volt-
age amplitudes were set to twice the lowest values sufficient for maximum twitch
stimulation (final values were 20 to 25 V for direct muscle stimulation and 4 to
6 V for indirect muscle stimulation). Single pulses (0.5-ms duration for direct
stimulation and 0.1-ms duration for indirect stimulation) and tetanic amplitudes
of 20, 50, and 100 Hz for 2 s were used for stimulation.

The temperature was kept at 25.0 	 0.5°C (mean and standard deviation)
throughout the measurements. Muscles and nerves were stimulated alternately
with single pulses and tetanic force in a sequence which was kept constant in all
experiments. A minimum of 3 min was allowed for muscle recovery between
stimulations. Signals were stored in a digital oscilloscope (model HM 208;
Hameg, Frankfurt, Germany) and plotted on paper.

Acetylcholine (Ach) sensitivity was tested by rapid exchange of the normal
perfusion solution with ACh-containing Tyrode solution (5 or 50 mg of ACh
perchlorate liter�1; Sigma). The amplitude of the evoked contracture was ex-
pressed as a fraction (percentage) of the amplitude of a preceding tetanus (100
Hz).

Isolation of primary myoblasts, cell cultures, and immunohistochemical anal-
ysis. Primary MSCs were isolated from lower hind limb muscle of 2- to 3-month-
old adult mice as described previously (17a). The culture medium was supple-
mented with fibroblast growth factor 2 (2.5 ng/ml). Primary cell cultures were
maintained on collagen-coated dishes (Roche) with growth medium (Ham’s F-10
medium [ E15-014; PAA Laboratories GmbH, Linz, Austria] supplemented with
20% fetal calf serum and penicillin-streptomycin [GIBCO BRL]). Purified lami-
nin (Sigma) dissolved in phosphate-buffered saline (PBS) was used for coating
Permanox slides (Nalge Nunc) for the rescue experiments. The medium was
changed daily, and cultures were routinely passaged 1:3 as they reached 60 to
70% confluence. To maintain the characteristic features of the primary cell
cultures, all experiments were performed with cultures that had passage numbers
between 4 and 7. Differentiation medium consisted of DME medium (GIBCO
BRL) supplemented with 5% horse serum and antibiotics as described above.

The purity of the MSC cultures and their differentiation potential were deter-
mined by c-met (SP260; Santa Cruz Biotechnology), desmin (Sigma), and myosin
heavy-chain (MF20; Developmental Studies Hybridoma Bank) immunostaining.
Briefly, myoblasts in growth medium were fixed with 4% paraformaldehyde in
PBS and stained with anti-c-met antibodies and/or antidesmin antibodies. Major
histocompatibility complex (MHC) expression was detected by fixing differenti-
ated cultures with 90% methanol and staining with monoclonal antibody MF20.
Immunostaining was performed as described previously ().

Northern, Western blot, and immunohistochemical analyses. To analyze tis7
gene expression, total RNA from various tissue samples was isolated and sub-
jected to Northern analysis as described previously (22). The 555-bp probe was
from the 5� end of the cDNA and recognized specifically tis7. The myogenin,
MyoD, and desmin probes were described previously (14). The probes for the
laminin-�1 and laminin-�2 chains also were described previously (15). The
amounts of loaded RNA were normalized by subsequent hybridization with the
glyceraldehyde 3-phosphate dehydrogenase probe. To analyze TIS7 protein ex-
pression, total protein from various tissue samples was isolated and subjected to
Western blot analysis as described previously (22). We used an affinity-purified
rabbit polyclonal TIS7 antiserum raised against a peptide comprising 18 N-
terminal amino acid residues of TIS7 as described previously (22). Western blot
analysis with mouse antidesmin antibody (Chemicon International), rabbit anti-
laminin-�1 antibody (Sigma), monoclonal anti-laminin-�2 antibody (Sigma),
mouse anti-MyoD antibody 5A8 (PharMingen), mouse antimyogenin antibody
F5D (Developmental Studies Hybridoma Bank), and antitubulin antibody
(Sigma) was performed with extracts prepared from muscle tissue as described
previously (14). Immunostaining was performed as described previously (21).

Differentiation time course measurements. To assay the differentiation poten-
tial of TIS7�/� and TIS7�/� MSCs, 103 low-passage cells in growth medium were
seeded into each well of a four-well Permanox slide and cultured for an addi-

tional 24 h (day 0) before the addition of differentiation medium. On subsequent
days (1 to 5), the cultures were fixed and immunostained for MHC with antibody
MF20. To establish the differentiation potential of the cultures, at least 1,500
nuclei from MF20-positive cells were counted from several random fields. The
percentage of differentiated cells was calculated as follows: (nuclei within MF20-
stained myocytes/total number of nuclei) 
 100. The fusion index was calculated
as follows: (MF20-stained myocytes containing �2 nuclei/total number of nuclei)

 100. All experiments were performed in triplicate with three independent
TIS7�/� and TIS7�/� MSC isolates.

Mixing of TIS7�/� and TIS7�/� MSC cultures. Early-passage TIS7�/� and
TIS7�/� MSC cultures were labeled with a PKH26 red fluorescent cell linker kit
(PKH26-GL; Sigma). PKH26-labeled and unlabeled primary cells were plated at
an initial density of 103 cells per well in a four-well Permanox slide at ratios of
TIS7�/� cells to TIS7�/� cells of 1:0, 1:4, 4:1, and 0:1. Duplicate cultures were
grown overnight in growth medium before exposure to differentiation medium
for 5 days. Wells were washed with PBS and fixed with 2% paraformaldehyde in
PBS, and immunostaining was performed with antibody MF20 as described
above.

Infection with Celo-TIS7 virus and generation of stable TIS7�/� MSC pools.
Construction of a recombinant Celo virus expressing the TIS7 gene (Celo-TIS7
virus) was described previously (22). Construction of a recombinant Celo virus
expressing green fluorescent protein (GFP) (Celo-GFP virus; Celo AIM53) was
described previously (17). Low-passage subconfluent cultures of TIS7�/� MSCs
were infected with either Celo-TIS7 or Celo-GFP virus as described previously
(22). The cultures were refed 3 h after infection with growth medium and
cultured for an additional 24 h before the addition of differentiation medium.
The resulting colonies were pooled and expanded for further analysis. TIS7
expression was evaluated by Western blot analysis with anti-TIS7 or anti-Myc
antibodies. GFP expression was evaluated by Western blot analysis with anti-
GFP antibodies (Roche 1814460). The differentiation and fusion potentials of
TIS7-expressing pools were assayed as described above.

RESULTS

Analysis of TIS7�/� mice. Genomic DNA fragments con-
taining the mouse tis7 gene isolated in our previous experi-
ments were used for constructing a targeting vector (Fig. 1a).
In order to inactivate the tis7 gene, we generated a targeting
construct interrupting exon 2 and deleting exon 3 of the tis7
gene. A lacZ cassette was fused in frame to the first ATG
initiation codon of exon 1, together with a neomycin selection
cassette and flanking genomic sequences, as indicated in Fig.
1a. The targeted allele lacked part of exon 2 and exon 3. The
rest of the tis7 sequence (exons 4 to 8) was out of frame and
therefore did not produce functional TIS7 protein. The ES
clones harboring the targeted tis7 gene were shown to have the
expected arrangement of genomic DNA by Southern blot anal-
ysis with gene-specific probes (Fig. 1b). The tis7 probe used for
Northern blot analysis was 555 bp long and was from the 5� end
of the cDNA, which recognized specifically tis7. For Western
blot analysis, we used an affinity-purified rabbit polyclonal
TIS7 antiserum raised against a peptide comprising 18 N-
terminal amino acid residues of TIS7 as described previously
(22). Northern and Western blot analyses showed the absence
of both TIS7 mRNA (Fig. 1c) and its protein product (Fig. 1d)
in TIS7�/� mice, demonstrating that the introduced mutation
was a null mutation of the gene. Interestingly, SKMc15, a
homologue of TIS7, was not up-regulated in TIS7�/� mice
(Fig. 1d). However, mice homozygous for the mutation, ob-
tained by crossing heterozygous mice, were viable. TIS7�/�

mice exhibited no obvious abnormality in reproduction under
conventional housing conditions. Histological analyses of var-
ious tissues, including adult skeletal muscles, did not reveal any
abnormalities in TIS7�/� mice at a younger age (3 to 6
months). However, at an older age (24 months), TIS7�/� mice

VOL. 24, 2004 TIS7 IN ADULT MUSCLE REGENERATION 3515



had a significantly lower whole-body weight than did TIS7�/�

animals (mean and standard deviation, 39.44 	 1.811 g [n �
11] versus 32.77 	 1.294 g [n � 19]; P � 0.005). For this group
of older TIS7�/� mice, we observed in several different skeletal
muscles a statistically significant increase in the number of
central nuclei, a smaller fiber diameter (Fig. 1e), a higher
number of muscle fibers per field (smaller fibers), and a lower
total number of fibers in the tibialis anterior muscle (Table 1
and Fig. 1e). We also observed a statistically significant de-
crease in the wet weight of the tibialis anterior muscle for

TIS7�/� mice (0.08014 	 0.004 g versus 0.05435 	 0.003 g [n
� 8]; P � 0.0001). Therefore, we examined the requirement
for TIS7 in the maintenance and regeneration of adult muscle
tissue after MCD in younger (4-month-old) mice.

Since TIS7 is expressed in embryonic skeletal muscles (3)
and at high levels in adult skeletal muscles (Fig. 2a), we ex-
pected to find defects during adult muscle regeneration. First,
we examined whether TIS7 is regulated during adult muscle
regeneration in TIS7�/� mice after MCD of the soleus muscle.
Initially, the spatial distribution of TIS7 in the adult TIS7�/�

FIG. 1. Targeted disruption of the tis7 gene and characterization of the null phenotype. (a) Homologous recombination with the targeting
vector deletes part of exon 2 and exon 3, inserts the lacZ gene in frame with tis7, and brings exons 4 to 8 out of frame. Arrows indicate the
orientations of the neomycin resistance (neo), lacZ, herpes simplex virus thymidine kinase, and DT-� cassettes. (b) Southern blot analysis
demonstrates the genotypes of the offspring. A 5�-flanking probe (labeled “probe” in panel a) detects a 5.4-kb HpaI fragment in the wild-type allele
and a 4.5-kb fragment in the targeted allele in mice. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (c) Northern blot analysis was
performed with various tissues from the offspring. (d) Immunoblot analysis of TIS7 was performed with protein lysates from the soleus muscles
of TIS7�/�, TIS7�/�, and TIS7�/� mice. (e) Hematoxylin-eosin-stained quadriceps muscle sections from TIS7�/� and TIS7�/� mice. Note the
variations in fiber sizes in the knockout animals. Bars, 50 �m.
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soleus muscle was analyzed by immunofluorescence. Interest-
ingly, TIS7 showed specific immunoreactivity around the myo-
fibers (Fig. 2a).

TIS7 protein expression during the course of muscle regen-
eration in TIS7�/� mice was analyzed by immunofluorescence
(Fig. 2b, c, and d) and Western blot analysis (Fig. 2f). Immu-
nofluorescence analysis revealed TIS7 localization in the cen-
tral myonuclei of the regenerating muscle fibers (Fig. 2b),
consistent with its putative role as a transcriptional coregulator
in muscle regeneration (22). The transient increases in TIS7
protein expression and nuclear localization were observed only
during the regenerative stages and returned to basal levels by
30 days postoperation (Fig. 2f). Interestingly, we observed that
SKMc15 protein expression was not regulated during the re-
generative stages (Fig. 2f). This observation suggested a spe-
cific role for TIS7 during adult muscle regeneration in vivo.

Muscle regeneration after MCD is impaired in TIS7�/�

mice. Given the marked up-regulation of TIS7 protein in re-
generating muscles and its localization in the centrally located
myonuclei in regenerating myofibers, it was of interest to
search for deficits in muscle regeneration in TIS7�/� animals
before and after MCD. This was done by functional assessment
of soleus muscle contractile performance before and after
MCD, respectively (Tables 2 and 3). The force was analyzed
with isolated soleus muscle from age- and sex-matched
TIS7�/� and TIS7�/� mice.

Interestingly, before MCD, a small (�10%) difference in
body weight and a similar difference in the wet weight of the
soleus muscle were detectable (Table 2). Maximum contractile
tensions produced by isolated soleus muscle were similar in the
TIS�/� and TIS7�/� animals, while specific tensions, i.e., force
produced per unit of muscle mass, were lower in TIS7�/�

animals than in TIS7�/� animals. Importantly, no deficits in
muscle innervation were detectable, since sensitivities to bath-
applied ACh, a stringent indicator for the amount of extrasyn-
aptic receptors for ACh, were similar in TIS7�/� and TIS7�/�

animals (Table 2). From our initial assessment of contractile
functions of undamaged soleus muscle, we observed a weak
and smaller soleus muscle in TIS7�/� mice, consistent with the
lower body weight of the TIS7�/� mice. However, the undam-

aged soleus muscle from TIS7�/� mice was functionally similar
to that from TIS7�/� mice (Table 2).

Measurements of force for isolated soleus muscle differed
markedly between TIS7�/� and TIS7�/� mice after MCD (Ta-
ble 3). After 30 days of regeneration, the single twitch and
tetanus force of the TIS7�/� soleus muscle was significantly
lower than that of the TIS7�/� soleus muscle (Table 3). Only
after 5 to 7 weeks was the soleus muscle from TIS7�/� mice
able to respond to the stimulation and generate a significant
force similar to that of the soleus muscle from TIS7�/� mice
(data not shown). Thus, a clear retardation in the recovery of
contractile force development was present, and recovery was
still incomplete by 5 weeks. Upon direct electrical stimulation,
the TIS7�/� muscle developed a tetanic force approximately
60% that of the TIS7�/� muscle (Table 3). In addition, force
production per unit of muscle weight (specific force; Table 3)
remained significantly lower in regenerating TIS7�/� muscle,
mainly due to a relatively high wet muscle weight, again indi-
cating retarded muscle regeneration. In parallel, the reinner-
vation process seemed to be delayed; by 4 weeks, reinnervation
was complete in TIS7�/� animals (degree of innervation, 97 to
98%) and amounted to 73 and 87% for twitch stimulation and
tetanic stimulation, respectively, in TIS7�/� animals. Faithfully
accompanying such deficits in nerve-evoked stimulation, mus-
cle ACh sensitivity was significantly increased in TIS7�/� ani-
mals. After 4 to 5 weeks, ACh sensitivity in TIS7�/� mice had
returned to normal values, while it was still higher in TIS7�/�

mice. After the contractile tension measurements were re-
corded, all muscles were frozen, and the amount of crush-
induced damage was assessed as the frequency of centrally
located myonuclei in the regenerated myofibers (data not
shown).

Analysis of muscle-specific gene expression in TIS7�/� mus-
cle tissue. To gain further insight into the regeneration defect
in TIS7�/� mice, total RNA and protein samples from un-
crushed soleus muscles were prepared from TIS7�/�, TIS7�/�,
and TIS7�/� mice (n � 3). Western and Northern blot anal-
yses were performed with a panel of muscle-specific antibodies
and cDNA probes. The expression of muscle regulatory factors
was investigated to elucidate the regulatory relationships and

TABLE 1. Muscle analysesa

Mice Muscle

Mean 	 SEM (no. of experiments)

% of central nuclei in
muscle fibers Muscle fiber diam (�m)

No. of muscle fibers

Per field Total

TIS7�/� Quadriceps 3.408 	 0.09124 (3) 59.01 	 0.5641 (1,595) 54.45 	 4.509 (29)
Tibialis anterior 4.364b (1) 39.15 	 0.4609 (550) 113.4 	 6.071 (5) 1,404 (1)
Gastrocnemius 2.825b (1) 44.32 	 0.6001 (531)

TIS7�/� Quadriceps 7.226 	 0.2795 (3)c 43.76 	 0.3652 (1,603)d 72.95 	 6.588 (22)e

Tibialis anterior 7.045b (1) 33.28 	 0.4447 (582)d 150.8 	 11.86 (4)e 1,154 (1)
Gastrocnemius 8.560b (1) 40.05 	 0.5344 (513)d

a The indicated muscles were dissected from 24-month-old male TIS7�/� and TIS7�/� mice, and samples were embedded in paraffin. Transverse 6-�m sections were
cut through the middle of the muscle and stained with hematoxylin and eosin. The sections were photographed with a Zeiss Axioplan microscope, and measurement
analysis was performed with Axiovision 4.1 software. The data were compared by using an unpaired Student t test. P values are for comparisons of data for TIS7�/�

mice to data for TIS7�/� mice. Muscle fiber diameter was measured as the longest diameter of each muscle fiber. For each experiment, at least 500 fibers were used.
b Mean only.
c P value, 0.0002.
d P value, �0.0001.
e P value, �0.05.
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FIG. 2. (a) Typical TIS7 localization in uncrushed soleus muscle. For immunofluorescence analysis of soleus muscle from TIS7�/� mice, fixed
cryosections were stained with TIS7 polyclonal antibody. DAPI, 4�,6�-diamidino-2-phenylindole. (b) Fourteen days after MCD. (c and d) Thirty
days after MCD. Note the increased expression and nuclear localization of TIS7 after the crush injury, with a typical central location of nuclei
(arrows in panel b). These findings were transitory in the initial phase of regeneration. Increased TIS7 expression and central location of nuclei
were also detectable in a few regenerating fibers after 30 days (high-magnification image [c]). In general, the localization was similar to that
observed in control sections (uncrushed soleus muscle) (low-magnification [mag] image, 30 days [d]). (e) TIS7 peptide inhibition showing TIS7
antibody specificity in the soleus muscle. Bar, 50 �m. (f) Western blot analysis of lysates prepared from uncrushed or crushed soleus muscle. Blots
were probed with TIS7 and SKMc15 polyclonal antibodies. Equal protein loading was confirmed by probing with �-beta-actin antibody. Note that
upon MCD, TIS7 protein expression was up-regulated and peaked by 12 h; this transient increase was reduced after 30 days.
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the potential for functional compensation in the absence of
TIS7. Western and Northern blot analyses showed that MyoD,
which was expressed at high levels in TIS7�/� soleus muscle,
was expressed at significantly lower levels in TIS7�/� soleus
muscle (Fig. 3a and b). In addition, the relative levels of myo-
genin mRNA and protein in TIS7�/� soleus muscle remained
significantly lower than those in TIS7�/� soleus muscle (Fig. 3a
and b), whereas desmin mRNA levels were down-regulated in
TIS7�/� soleus muscle (Fig. 3b). Western blot analysis of
desmin in lysates of TIS7�/� and TIS7�/� muscles showed no
obvious difference in protein levels (Fig. 3a).

A deficiency of laminin-�2 is known to cause muscular dys-
trophies in humans and animals. Surprisingly, we detected low
levels of laminin-�2 in TIS7�/� soleus muscle (Fig. 3a and b)
at both the mRNA and the protein levels. We also confirmed
the low levels of laminin-�2 in TIS7�/� soleus muscle by im-
munofluorescence analysis (Fig. 3c). Interestingly, there was
no significant change in the laminin-�1 mRNA and protein

levels in TIS7�/� soleus muscle compared to TIS7�/� soleus
muscle (Fig. 3a and b). Consistently, we did not observe in-
creased expression of laminin-�1 in TIS7�/� muscle by immu-
nofluorescence analysis (Fig. 3c). Taken together, these results
provide evidence that the expression of myogenic regulatory
factors which affect muscle regeneration after MCD is changed
in TIS7�/� mice.

TIS7�/� myogenic cultures have reduced differentiation po-
tential. The results of the electrophysiology experiments indi-
cating a delay in regeneration and the misregulation of impor-
tant muscle regulatory proteins in TIS7�/� adult muscles
suggested that TIS7 may play an important role in the differ-
entiation of MSCs. To evaluate the differentiation potential of
the TIS7�/� MSC cultures, the extent of myogenic differenti-
ation was assessed at the cellular level by immunostaining

FIG. 3. (a) Western blot analysis of muscle protein lysates pre-
pared from TIS7�/�, TIS7�/�, and TIS7�/� mice with muscle-specific
markers. (b) Northern blot analysis of total mRNA prepared from
TIS7�/�, TIS7�/�, and TIS7�/� mice with muscle-specific markers.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (c) Immunoflu-
orescence analysis of soleus muscle for laminin expression in TIS7�/�

and TIS7�/� mice. Fixed cryosections were stained with respective
laminin antibodies. Note the reduced expression of laminin-�2 but the
lack of effect on laminin-�1 in the soleus muscle from TIS7�/� mice.
Bar, 50 �m.

TABLE 2. Isometric contractile properties of soleus muscles
before MCDa

Parameter

Mean 	 SD for the
following mice:

TIS7�/� TIS7�/�

Whole body wt (g) 33.4 	 0.6b 36.2 	 2.0
Wet muscle wt (mg) 17.3 	 2.2 19.7 	 2.0
Maximum tetanic force direct

stimulation (mN)
196.6 	 8.8 210 	 10.4

Maximum twitch force direct
stimulation (mN)

31.1 	 1.4b 34.8 	 1.1

Specific force (N/g) 11.1 	 0.6b 13.2 	 0.4
% Contracture with ACh (50 mg/liter) 1.2 	 0.8 1.7 	 1.2

a Soleus muscles from 4-month-old mice were studied before MCD.
b Statistical analysis (unpaired Student t test) revealed a P value of �0.05 in a

comparison of TIS7�/� (n � 4) and TIS7�/� (n � 4) animals.

TABLE 3. Isometric contractile properties of regenerated
soleus musclesa

Parameter

Mean 	 SD for the
following mice:

TIS7�/� TIS7�/�

Whole body wt (g) 26.0 	 2.8b 32.1 	 3.2
Wet muscle wt (mg) 11.5 	 1.2b 13.0 	 1.0
Maximum tetanic force direct

stimulation (mN)
87.7 	 6.8b 136.2 	 6.3

Maximum twitch force direct
stimulation (mN)

19.3 	 2.0b 28.6 	 2.0

Specific force (N/g) 8.1 	 0.7b 12.2 	 0.5
% Twitch/tetanus ratio 17.6 	 0.7b 20.8 	 1.2
Maximum tetanic force indirect

stimulation (mN)
105.0 	 10.0b 159.6 	 11.7

Maximum twitch force indirect
stimulation (mN)

15.0 	 1.6b 30.3 	 1.7

% Degree of innervation with tetanic
stimulation

87.9 	 1.1b 97.2 	 2.7

% Degree of innervation with twitch
stimulation

72.0 	 1.8b 98.8 	 1.5

% Contracture with ACh (50 mg/liter) 16.1 	 1.7b 3.1 	 1.5

a Soleus muscles from 3- to 10-month-old mice were studied after MCD. For
brevity, overall means for different age groups are shown here.

b Statistical analysis (unpaired Student t test) revealed a P value of �0.001 in
a comparison of TIS7�/� (n � 18) and TIS7�/� (n � 18) animals.
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cultures fixed at daily intervals after mitogen withdrawal with
antibody MF20, specifically recognizing MHC (Fig. 4a). Im-
portantly, this analysis was performed with four independently
isolated TIS7�/� and TIS7�/� primary MSC cultures. The
establishment and propagation of stable cell lines can poten-
tially result in aneuploidy as well as the introduction of addi-
tional mutations necessary for immortalization and continuous
proliferation in cultures. To avoid such anomalies, all of our
analyses were carried out with newly established low-passage
primary MSC cultures. The purity of the MSC cultures was
always 90 to 95%, as determined by antidesmin staining (data
not shown).

The proportion of MHC-positive cells and the fusion index
for both TIS7�/� and TIS7�/� cultures were assessed (Fig. 4b
and c). To establish the differentiation potential of the cul-
tures, at least 1,500 nuclei from MHC-positive cells were
counted from several random fields. The percentage of differ-
entiated cells was calculated as follows: (number of nuclei
within MHC-stained myocytes/total number of nuclei) 
 100.
TIS7�/� MSCs expressed normal levels of hepatocyte growth
factor receptor c-met, desmin, and vimentin but reduced levels
of MyoD and myogenin compared to TIS7�/� MSCs (data not
shown). Under growth conditions, TIS7�/� MSCs exhibited a
reduction in the rate of spontaneous differentiation (mean and
standard deviation, 4.0% 	 0.8%) compared to TIS7�/� MSCs
(10.6% 	 1.5%) (day 0 in Fig. 4b). Consistent with this obser-
vation, TIS7�/� MSC cultures displayed a severe defect in the
ability to differentiate and form multinucleated myotubes after
mitogen withdrawal (Fig. 4a). After 24 h in differentiation
medium, about 50% of the cells in TIS7�/� cultures began to
undergo terminal differentiation. The number of differentiated
TIS7�/� myotubes continued to accumulate in a linear man-
ner, reaching �94% at 5 days after mitogen withdrawal (Fig.
4b). Calculation of the fusion index revealed a marked reduc-
tion in the fusion capacity of TIS7�/� cultures (Fig. 4c). The
fusion index was calculated as follows: (number of MHC-
stained myocytes containing �2 nuclei/total number of nuclei)

 100. The fusion index of differentiated TIS7�/� cultures was
�95% after 5 days of differentiation, with a mean and standard
deviation of 5.1 	 0.4 nuclei per myotube (n � 500). In con-
trast, by day 5, only about 14% of TIS7�/� myocytes contained
�2 nuclei, with an average of 1.1 	 0.4 nuclei per myotube (n
� 500) (Fig. 4c).

The TIS7�/� cellular phenotype is a cell-autonomous defi-
cit. The reduced fusion potential and the continued prolifera-
tion of TIS7�/� MSCs under conditions that normally promote
cell cycle withdrawal and terminal differentiation could be cell
autonomous. For example, the marked reduction in the ex-
pression of MyoD and laminin-�2 (Fig. 3a and b) in TIS7�/�

myogenic cells could inhibit differentiation. Alternatively,
TIS7�/� MSCs may have a unique developmental identity that
precludes participation in the myogenic precursor cell differ-
entiation program. To explore these possibilities, we mixed
different ratios of TIS7�/� and TIS7�/� MSCs. Subsequently,
differentiation was induced by culturing the cells in differenti-
ation medium for 5 days (Fig. 5a to d). PKH26 red fluorescent
labeling was used for tracing of TIS7�/� MSCs in the cocul-
tures. Importantly, PKH26 red fluorescent labeling did not
affect terminal differentiation, as shown by labeling of TIS7�/�

MSCs (Fig. 5d). As expected, the fusion potential of PKH26-
labeled TIS7�/� MSCs was significantly lower when they were
mixed with unlabeled TIS7�/� MSCs (Fig. 5a). To test whether
TIS7�/� MSCs were affected by the presence of TIS7�/�

MSCs, we mixed PKH26-labeled TIS7�/� MSCs with unla-
beled TIS7�/� MSCs at ratios of 4:1 (Fig. 5b) and 1:4 (Fig. 5c).
Strikingly, PKH26-labeled TIS7�/� MSCs were rarely detected
within myotubes containing more than two nuclei (Fig. 5b and
c). Conversely, the fusion potential of TIS7�/� MSCs was
unaffected by the presence of high numbers of TIS7�/� MSCs,
as shown in Fig. 5e. These data support the notion that TIS7
expression may define a distinct cell identity in the muscle
satellite cell developmental program.

Rescue of the TIS7�/� cellular phenotype. Our analyses
suggested that in the muscle satellite cell-derived myogenic cell
lineage, important aspects of cytomorphology, differentiation,
and ultimately fusion of mononuclear cells into myotubes were
dependent on TIS7 activity. To determine whether the ob-
served phenotypic differences between TIS7�/� and TIS7�/�

MSCs were attributable to the presence of TIS7, a Celo-TIS7
recombinant adenovirus (22) was used to infect low-passage
TIS7�/� MSCs (TIS7-CT), and pools of transfectants were
analyzed (Fig. 6c and f). Western blot analysis indicated that
infected TIS7-CT MSCs expressed the exogenous TIS7 protein
(Fig. 6j). As expected, TIS7�/� MSCs which either were not
infected or were infected with the Celo-GFP isotypic adenovi-
rus control (TIS-CG) did not express the TIS7 protein (Fig. 6j).
In growth medium, pools of TIS7-CT cells displayed an almost
complete reversion of the fibroblast-like phenotype and exhib-
ited a rounded compact cytomorphology similar to that of
TIS7�/� MSCs. Transfer of TIS7-CT cultures into differenti-
ation medium resulted in increased numbers of MHC-positive
differentiated myotubes that displayed an elongated bipolar
multinucleated morphology typical of TIS7�/� myotubes (Fig.
6c). After 3 days in differentiation medium, the TIS7-CT pools
displayed fusion indices comparable to those of TIS7�/� cul-
tures and approximately fivefold higher than those of TIS7�/�

cultures (Fig. 6i, compare bars c and b). Differentiated
TIS7-CT myotubes contained 2.6 	 0.3 (mean and standard

FIG. 4. Reduced differentiation potential of TIS7�/� MSCs. (a) Differentiated myocytes were detected by immunostaining with antibody MF20,
which is reactive with MHC. Incubation of TIS7�/� MSC cultures in differentiation medium resulted in a rapid increase in MHC synthesis and
the formation of elongated multinucleated myotubes. In contrast, TIS7�/� MSCs differentiated with reduced kinetics and failed to form
multinucleated elongated myotubes. Note the reduction in the rate of spontaneous differentiation observed for TIS7�/� cultures under growth
conditions (day 0). Day 5 corresponds to the time in differentiation medium before staining, whereas day 0 represents cultures in growth medium.
Bar, 20 �m. 4�,6�-Diamidino-2-phenylindole (DAPI) staining is shown as a control for equal cell density in the MSC differentiation assays. WT,
wild type. (b) The percentage of MF20-positive cells was determined by enumeration of MHC-expressing differentiated myotubes by immuno-
staining with antibody MF20. DM, differentiation medium. (c) Calculation of fusion indices as percentages of cells containing two or more nuclei
within a differentiated myotube confirmed that TIS7�/� MSCs were severely deficient in fusion capacity.

VOL. 24, 2004 TIS7 IN ADULT MUSCLE REGENERATION 3521



FIG. 5. Strict cell autonomy in differentiated cocultures of TIS7�/� and TIS7�/� MSCs. PKH26 red fluorescent labeling () was used for cell
tracing in the cocultures. (a) Primary MSCs were plated at the following ratios: labeled TIS7�/� to unlabeled TIS7�/� cells (1:4) (a), labeled
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deviation) nuclei/myotube (n � 500). Differentiated TIS7�/�

myotubes contained 2.8 	 0.1 nuclei/myotube (n � 500). How-
ever, differentiated TIS7�/� myotubes contained only 1.1 	 0.4
nuclei/myotube (n � 500) (Fig. 6b). Interestingly, culturing of
TIS7�/� MSCs on slides coated with purified laminins rescued
the differentiation potential but not the cytomorphology of the
myotubes (Fig. 6e). This cytomorphological defect of TIS7�/�

MSCs could be partially rescued by infection with the recom-
binant Celo-TIS7 adenovirus and culturing of TIS7-CT MSCs
on slides coated with purified laminins (Fig. 6f). These obser-
vations showed that the expression of TIS7 was necessary and
sufficient to reestablish the progression of TIS7�/� MSCs
through the myogenic differentiation program.

DISCUSSION

TIS7 is required for MSC differentiation and fusion. Our
results suggested that TIS7�/� adult muscle regeneration was
defective in two aspects of regeneration: (i) deregulation of
myogenic regulatory proteins and (ii) impaired differentiation
and fusion potential of MSCs. MSC cultures isolated from
TIS7�/� mice were unable to fuse and had a reduced differ-
entiation potential. It was also evident from the cell tracing
experiments that TIS7�/� MSCs had no influence on the dif-
ferentiation of TIS7�/� MSCs and that TIS7�/� MSCs did not
fuse with differentiating TIS7�/� myotubes. Taken together,
these data support the notion that the loss of fusion potential
is a consequence of a cell-autonomous defect in TIS7�/�

MSCs. Moreover, TIS7 expression may define a distinct cell
identity in the MSC developmental program. Forced expres-
sion of a functional TIS7 protein in TIS7�/� MSCs was suffi-
cient to reverse the TIS7�/� cytomorphology and rescue the
differentiation defect, as evidenced by a significant increase in
the fusion index of TIS7-CT cells (Fig. 6i).

Myogenic precursor cells withdraw irreversibly from the cell
cycle as they differentiate into mature myotubes. Cell cycle exit
occurs early during the differentiation program and is required
for normal expression of the contractile phenotype (23).
TIS7�/� MSCs displayed inefficient withdrawal from the cell
cycle in response to low levels of mitogen. Thus, we can con-
clude that TIS7 is not essential for MSC proliferation under
growth conditions that normally induce cell cycle withdrawal
and terminal differentiation. Therefore, characterization of cell
cycle control in TIS7�/� MSCs should elucidate the role of
TIS7 in cell cycle withdrawal and MSC differentiation.

Our data suggest that TIS7 is required for MSCs to become
fusion-competent myogenic precursor cells expressing myo-
genic markers such as MyoD, laminin-�2, and myogenin. Con-
sistent with the observed decreases in myogenin mRNA and
protein levels, TIS7�/� MSCs displayed a reduction in the rate
of spontaneous differentiation. It has been shown that MyoD
plays an essential role in regulating the MSC myogenic pro-

gram and that muscle regeneration is severely deficient in
MyoD�/� mice (16). Moreover, the absence of MyoD in re-
generating skeletal muscle affects the patterns of expression of
the basement membrane, the interstitial matrix, and integrin
molecules, consistent with delayed myotube formation (10).
Clearly, further analysis of the developmental potential and
phenotype of primary TIS7�/� MSCs may present a unique
opportunity to investigate the early myogenic program of sat-
ellite cells.

The regeneration defect provoked by reduced levels of lami-
nin-�2 in TIS7�/� mice is reminiscent of mice lacking a specific
laminin isoform (25). In Drosophila, mutation of the only
known laminin-� chain is embryonic lethal, leading to defects
in numerous tissues (5, 9, 26). Defects in the central nervous
system and in the development of the eye have been reported
to be associated with laminin-�2-deficient human congenital
muscular dystrophies, in particular, the Fukuyama-type and
Walker-Warburg syndromes (6). However, these defects are
not as severe as those observed in skeletal muscle, possibly due
to the expression of other laminin isoforms at these sites com-
pensating for the loss of laminin-�2. It appears that compen-
sating and/or stabilizing factors such as growth factors and
extracellular matrix from nonmuscle cells may be present in
vivo.

To further investigate the impaired muscle regeneration in
vivo caused by decreased laminin-�2 expression in the TIS7�/�

skeletal muscle, we tried supplementation with purified lami-
nins to rescue the differentiation potential of TIS7�/� MSCs.
Laminin supplementation partially rescued the fusion defect of
TIS7�/� MSCs but not the cytomorphology of the myotubes.
These findings suggest that other myogenic factors which are
misregulated in TIS7�/� MSCs, such as MyoD and myogenin,
are equally important for MSC differentiation. Interestingly,
we observed an increase in laminin-�2 expression in TIS7-CT
MSCs. This observation raises the possibility that TIS7 directly
or indirectly regulates the expression of surface adhesion mol-
ecules involved in fusion and differentiation, consistent with its
described role as a transcriptional coregulator (22).

Role of TIS7 in adult muscle regeneration in vivo. The
results of the experiments described in this study suggest that
TIS7 may play a critical role during MSC fusion and differen-
tiation in vivo during adult muscle regeneration. Interestingly,
in early phases of adult muscle regeneration, TIS7 protein
expression was transiently increased and localized to the cen-
tral myonuclei of the regenerating muscle fibers in the TIS7�/�

soleus muscle. Following MCD, cytoplasmic factors are re-
leased from muscle tissue to stimulate the proliferation of the
quiescent organotypic stem cells, the MSCs. These proliferat-
ing MSCs, largely residing within the common basal lamina,
usually fuse to form myotubes and finally a normal muscle fiber
(11). Additionally, the possibility that SKMc15, the TIS7 ho-
mologue (present in the earliest stages of development [days

TIS7�/� to unlabeled TIS7�/� cells (4:1) (b), labeled TIS7�/� to unlabeled TIS7�/� cells (1:4) (c), and labeled TIS7�/� to unlabeled TIS7�/�

cells (1:1) (d). After 5 days of differentiation, cells were fixed and stained with antibody MF20, which is reactive with MHC (green). Note the
complete absence of fluorescence-labeled nuclei in myotubes containing more than two nuclei (a, b, and c) and the normal differentiation of
TIS7�/� myotubes (d). (e) Determination of fusion indices indicated an increase in the fusion potential of cocultures of TIS7�/� MSCs and
TIS7�/� MSCs with an increase in the number of TIS7�/� MSCs. Values below columns correspond to the same labels in panels a to d; error bars
indicate standard deviations. Fusion indices were calculated as described in the legend to Fig. 4. Bar, 20 �m.
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FIG. 6. Rescue of the differentiation deficiency in TIS7�/� MSCs by forced expression of TIS7 or by laminin supplementation. (a) TIS7�/�

MSCs fused to form myotubes when exposed to differentiation medium (DM). (b) TIS7�/� MSCs displayed a significant loss of fusion potential
when exposed to DM. (c) TIS7�/� MSCs infected with recombinant Celo-TIS7 virus (TIS7-CT cultures) and exposed to DM for 5 days exhibited
increased numbers of differentiated myocytes, as detected with antiserum MF20 reactive with MHC, and the formation of elongated bipolar
multinucleated myotubes was restored (day 3, MF20). (d) Laminin supplementation enhances the fusion potential of TIS7�/� MSCs. (e) TIS7�/�

cells supplemented with laminins exhibited increased numbers of differentiated myotubes, and the formation of multinucleated myotubes was
restored. Note the malformed unpolar multinucleated myotubes in TIS7�/� cells supplemented with laminins. (f) The defect in TIS7�/� MSC
cytomorphology in DM (supplemented with laminin) could be partially rescued by Celo-TIS7 virus infection. (g) The isotypic Celo-GFP virus
control did not affect the fusion potential of TIS7�/� MSCs. (h) The differentiation and fusion potential of TIS7�/� MSCs remained unaltered after
infection with an isotypic Celo-GFP virus control. Bar, 20 �m. (i) Fusion indices indicated a fourfold increase in the fusion potential of TIS7-CT
cells relative to uninfected TIS7�/� cells. Labels below columns correspond to the same labels in panels a to h; error bars indicate standard
deviations. Fusion indices were calculated as described in the legend to Fig. 4. (j) Western blot analysis revealed the expression of TIS7 protein
in TIS7�/� MSCs and its absence in TIS7�/� MSCs or TIS7-CG cells. GFP expression was detected with anti-GFP antibody. However, pools of
TIS7-CT cells expressed readily detectable TIS7 protein, as detected by the Myc tag in the Celo-TIS7 virus protein.
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7.5 to 9]) (3), can rescue TIS7�/� mice from embryonic lethal-
ity also cannot be excluded. The human SKMc15 gene was
cloned and shown to be a true homologue of the TIS7 gene
(13). The significant sequence similarity between TIS7 and
SKMc15 proteins could account for the less severe phenotype
in TIS7�/� mice during adult muscle regeneration. Our pre-
liminary results indicate that TIS7 and SKMc15 are both
present in skeletal muscles, suggesting that the presence of
SKMc15 in TIS7�/� mice during muscle regeneration may
facilitate MSC differentiation in vivo. The question of whether
adult muscle regeneration can occur normally in the absence of
TIS7 and SKMc15 should be clarified by the generation of
SKMc15 knockout mice and/or TIS7-SKMc15 double-knock-
out mice.

Our description of an adult skeletal muscle regeneration
phenotype in TIS7�/� mice indicates a novel regulatory role
for TIS7 in MSC differentiation and fusion during adult muscle
regeneration. Future transgenic and mutant crosses may clarify
other myogenic factors that are involved in the TIS7�/� myo-
genic cell differentiation program. Further studies of TIS7�/�

mice not only should facilitate molecular analysis of the roles
of TIS7 in skeletal muscle but also should allow study of the
function of TIS7 in the maintenance and survival of other
tissues.
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