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Summary

Myogenic precursor cells known as satellite cells persist in
adult skeletal muscle and are responsible for its ability to
regenerate after injury. Quiescent satellite cells are
activated by signals emanating from damaged muscle. Here
we describe the rapid activation of two genes in response
to muscle injury; these transcripts encode LPS-inducible
CXC chemokine (LIX), a neutrophil chemoattractant, and
Tristetraprolin (TTP), an RNA-binding protein implicated

in the regulation of cytokine expression. Using a
synchronized cell culture model we show that C2C12
myoblasts arrested in GO exhibit some molecular attributes
of satellite cells in vivo: suppression of MyoD and Myf5

induced in synchronized C2C12 myoblasts we used
differential display PCR and isolated LIX and TTP cDNAs.
Both LIX and TTP mRNAs are short-lived, encode
molecules implicated in inflammation and are transiently
induced during growth activation in vitro. Further, LIX
and TTP are rapidly induced in response to muscle damage
in vivo. TTP expression precedes that of MyoD and is
detected 30 minutes after injury. The spatial distribution of
LIX and TTP transcripts in injured muscle suggests
expression by satellite cells. Our studies suggest that in
addition to generating new cells for repair, activated
satellite cells may be a source of signaling molecules

expression during GO and their reactivation in G1.
Synchronization also revealed cell cycle dependent
expression ofCD34, M-cadherin, HGF and PEAS3, genes
implicated in satellite cell biology. To identify other genes

involved in tissue remodeling during regeneration.
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Introduction between the basal lamina and plasma membrane of myofibers
A central feature of stem cells and lineage-restricted progenit@nd are induced to proliferate when the muscle is injured.
cells involves the ability to arrest growth reversibly withoutQuiescent SC do not express MRFs, but activated SC express
activating differentiation (Fuchs and Segre, 2000; WeissmamlyoD, Myf5 and Myogenin (Grounds et al., 1992; Cornelison
2000). By contrast, in committed precursor cells such agnd Wold, 1997; Cooper et al., 1999). Until recently, molecular
myoblasts, quiescence is coupled to the onset of differentiatigiiudies on SC were impeded by the lack of unambiguous
(Andres and Walsh, 1996). Analyses of myogenic cell linegnarkers. Owing to their proximity to the myofiber, SC are
such as C2C12 (Yaffe and Saxel, 1977; Blau et al., 1983) hawfficult to distinguish from peripheral myonuclei and from
contributed significantly to our understanding of this procesdnterstitial mononucleated cells. Recently, genes suchl-as
revealing antagonistic interactions between regulators of theadherin[M-cad (Irintchev et al., 1994)]c-met(Cornelison
cell cycle and muscle gene expression (reviewed by Olsoand Wold, 1997)myocyte nuclear factqiGarry et al., 1997),
1992; Lassar et al., 1994). Despite expression of the musdRax7(Seale et al., 2000) arfdD34 (Beauchamp et al., 2000),
regulatory factors (MRFs) MyoD and Myf5, proliferating have been demonstrated to be specifically expressed in SC. Of
myoblasts remain undifferentiated owing to inhibition of MRFthese Pax7is required for the specification of SC (Seale et al.,
function by mitogen-induced pathways (Li et al., 1992). Thus2000),c-methas been implicated in SC activation (Tatsumi et
serum withdrawal leads to irreversible cell cycle exit, activatioral., 1998) andCD34 has been suggested to contribute to
of muscle-specific genes and fusion into multinucleatednaintenance of arrest (Beauchamp et al., 2000).
myotubes (Andres and Walsh, 1996). However, there are Activation of SC occurs when muscle experiences increased
instances in culture where arrest occurs without differentiatioworkload, mechanical or toxic injury or genetic defects such
(Milasincic et al., 1996; Yoshida et al., 1998; Kitzmann et al.as dystrophin deficiency that lead to myofiber damage
1998), mimicking growth control in muscle precursor cells(reviewed by Grounds, 1991; Seale and Rudnicki, 2000).
(MPC) in vivo. Although the proximal activating factor of SC in vivo has
Quiescent MPC, known as satellite cells (SC), persist withilyet to be identified, hepatocyte growth factor/scatter factor
adult skeletal muscle tissue (Mauro, 1961) and facilitate ittHGF/SF) is a strong candidate (Tatsumi et al., 1998; Sheehan
regeneration after damage (reviewed in Grounds, 199&nd Allen, 1999). However, little is known of early activation
Bischoff, 1994; Seale and Rudnicki, 2000). SC lie sequesteraxents in SC.
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Direct identification of molecular correlates of SC activationcultures were incubated in differentiation medium (DM: DMEM
in vivo is complicated by problems of asynchrony and ofwith 2% horse serum) for 3 days. Suspension culture (Milasincic et
dilution by the non-SC components of muscle. SC associatéd, 1996) was performed with modifications. Briefly, adherent
with isolated single myofibers (Bischoff, 1986) are morecultures harvested using trypsin-EDTA were suspended in methyl
amenable to a molecular analysis of activation (Cornelison arff!lulose (4000 centipoise, Sigma Chemical Co., final composition
Wold, 1997; Cornelison et al., 2000; Beauchamp et al., 20005.5% Methocel in GM) at a density of 3@ells/ml. Cells were

The first d ted | lar t f . ; tivat eld in suspension for up to 60 hours: viability of cells even at
e nirst documented molecular fransiormation in actvateg, g, g (assessed by propidium iodide exclusion) was >95%. Cells

SC is the appearance of a splice variant of CD34 MRNAyere harvested from methyl cellulose by dilution and centrifugation.
(Beauchamp et al., 2000), the defining marker of hematopoeitic

progenitors (reviewed by Krause et al., 1996). Altered splicing _

of CD34 is detected 3 hours after the isolation of single fiber@NA synthesis assay

from muscle, a process that leads to SC activation. Inductid®ells were seeded on cover slips for staining. To cumulatively label
of MyoD mRNA in activated SC is detected within 6 hours ofS phase cells, 10M BrdU was added to the culture medium for 2--
crush injury (Grounds et al., 1992) or single fiber isolatiorf*3 hours, cultures were fixed in cold 70% ethanol, DNA denatured in
(Cornelison and Wold, 1997; Beauchamp et al., 2000). 2 N HCI, 0.5% Triton X-100, 0.5% Tween-20 and neutralized with

. - - . aBHs (1 mg/ml). Staining with anti-BrdU monoclonal antibody
Al;thUQh Sl(;}glgélber cul_tures tret?lnfth(ta associtla';lr(])n betwele igma, 1:500) was detected using a biotinylated goat anti-mouse
myofiber - an » an important teature 0 € musc econdary antibody (1:200) and the Vectastain ABC reaction (Vector

environment, isolated myoblasts provide cellular homogeneityahg) - antibodies were diluted in blocking buffer (10% horse serum,
and large numbers that are advantageous for moleculgfse, Tween 20). Controls excluding primary antibody or BrdU were
analysis. Despite the loss of extrinsic interactions characteristifegative. The frequency of cells in S was determined after counting
of the tissue milieu, cultured cells retain some importanthree fields (~250 nuclei) per sample using a Zeiss Axioskop equipped
intrinsic attributes of SC. For example, representationabith DIC optics.

difference analysis of proliferating versus differentiated

primary muscle cultures led to the identificationPaik7 as a
gene involved in SC specification (Seale et al., 2000). Howev:
to date few genes other than MBRFshave been identified that in PBS +1% Triton X100, 5@ig/ml propidium iodide and RNAse

are ind_uced during the activati_on Of _rest_ing SC. 100 pg/ml final) for 30 minutes at 37°C. 4@ells/sample were
In this study, we report the identification of two genes thafn,jy7ed on a FACStar Plus flow cytometer (Becton Dickenson) using
are acutely induced in response to skeletal muscle injury anfe CellQuest software.

are expressed in a spatial pattern consistent with activated SC.

Our strategy employed culture conditions (Milasincic et al., )

1996) that enabled cell cycle synchrony. Synchronized C2Cc1¥/estern blot analysis

myoblasts share with SC their core property of reversible arreSell pellets were solubilized inx3DS-PAGE sample buffer, total
without differentiation. Using differential display PCR (DD Protein estimated (Biorad protein assay), @0samples separated
PCR), we isolated cDNAs that could be detected during arre ){1 12.5% SDS-PAGE and transferred to Hybond C (Amersham-

S - . armacia). Blots were blocked in 25 mM Tris-Cl, pH 8.0, 125 mM
ggSnc?ﬁg\rqaglljzngrcc;{/vtﬁygfzirfcfjgrléﬁ(tjiat?c?ritures but not  during.c| "0.05% Tween 20 (TBST) +5% nonfat dry milk. Antibodies

... were diluted in blocking buffer: MyoD polyclonal (Santa Cruz) 1:400;
We found that two of the cDNAs, LIX and TTP, are rapidly myfs  polyclonal  (Santa Cruz) 1:1000; actin monoclonal
expressed in response to muscle injury in vivo and encodgevelopmental Studies Hybridoma Bank) 1:500; desmin polyclonal
molecules implicated in cell-cell signaling. LIX, a chemokine(Sigma Chemical Co.) 1:500. Alkaline-phosphatase-conjugated
implicated in damage-induced neutrophil chemo-attractiosecondary antibodies (anti-rabbit or anti-mouse, Bangalore Genei)

(Wuyts et al., 1996; Wuyts et al., 1999; Chandrasekar et alere used at 1:2000. Washes were fefl3 minutes in TBST.
2001) is expressed in skeletal muscle within 6 hours of injury’ntibody binding was detected using chemiluminescence (CDP-Star,
TTP, an RNA-binding protein that regulates cytokine mRNAAMersham-Pharmacia).
stability (Carballo et al., 1998; Carballo et al., 2000), is
dramatically and transiently induced within 30 minutes Of\orthern blot analysis
injury, before any other recorded molecular_ eventin this USSU@NA was isolated from cells and tissue using Trizol (Life Technologies,
In injured muscle, LIX and TTP transcripts appear to bgne) 10-20ug samples were separated in 1% agarose gels containing
located in mononuclear cells that abut myofibers and ligys HCHO, transferred to Hybond N and immobilized by UV
beneath the basal lamina sheath, a location reminiscent of Séfesslinking. Probes used were histone H2B (DeLisle et al., 1983),
Taken together, our observations support the notion that S@yoD (Davis et al., 1987), Myf5 (Braun et al., 1989), HGF (Bladt et
could themselves be an early source of signaling molecules thadt, 1995), c-met (Takayama et al., 1996), PEA3 (Taylor et al., 1997),
play a role in the regeneration of damaged muscle. muscle creatine kinase (MCK) and ribosomal protein L7 mRNA
[loading control, (Cornelison and Wold, 1997)]. Probes labeled with
[a32P]-dCTP (>3000 Ci/mmol, BRIT, Ingia) by PCR or by random

. priming of purified inserts were used at $@m/ml of hybridization
Materials and Methods solution (7% SDS, 0.5 M sodium phosphate pH 7.0, 1 mM EDTA).
Cell culture Blots were washed withxBSC, 0.1% SDS and &3SC, 0.1% SDS
C2C12 mouse myoblasts (Blau et al., 1983) obtained from H. Blaat 65°C; for initial screening of DD-PCR cDNAs (see below) washes
(Stanford University, CA) were subcloned by ring cloning. Adherentwere at 60°C. Hybridization was detected either by autoradiography or
cells were cultured in growth medium (GM: DMEM with 20% on a phosphor imager (Fuji); L-Process and Image Gauge programs
FBS, Life Technologies, Inc.). For differentiation, near-confluent(Fuji) were used to quantify background-subtracted signals.

eFlow cytometry
é’ells were fixed in cold 80% ethanol, washed in PBS and incubated
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Differential display PCR analysis ISH protocol was modified as follows: protease treatment was reduced

RNA was isolated from growing, arrested and differentiated cultured0 2 minutes, the anti-laminin polyclonal (Santa Cruz, 1:500) was

Residual proliferating cells in day 3 myotube cultures were eliminateéncluded during anti-digoxigenin antibody incubation and detected

by exposure to cytosine arabinosidefIM) for a further 2 days. 0.2 With a goat anti-rabbit secondary antibody conjugated to

Hg of RNA (DNase-treated using MessageClean, GenHunter CorpAlexaFluor488 (1:500, Molecular Probes). Hybridized antisense RNA

was used for DD RT-PCR (Liang and Pardee, 1992), with th&vas then detected as described and nuclei were counterstained with

RNAimage kit (GenHunter Corp.) andx¥P]-dATP according to Hoz_ac_hst 33342. Secondary antibody controls showed no laminar

manufacturer’s instructions. Purified fragments were cloned into pBStaining.

(KS) (Stratagene). The differentially expressed fragments described

in the Results are as follows. CF1 (333 bp) is thETR of Matrilin2 Image analvsis

(Accession # U69262). CF2 (253 bp) spans the junction of the codin 9 . Y . )

and 3UTR regions of Znf216 (Accession # AF062071). 740 bp of theAutoradiographs and photomicrographs were scanned using a UMAX

coding region of Znf216 was amplified from muscle RNA using3200 scanner and composites assembled using Adobe Photoshop 5.0

primers FZCOD, 5AAAATATGGCTCAGGAGAC-3 and RZCOD,

5'-CAAAGGAAAATGGCCATGC-3. CF3 (333 bp) is the'3TR of

TTP (Accession # M57422). A near full-length cDNA of TTP (1.7 Results

kb) was obtained by RT-PCR from adult skeletal muscle RNA withGO arrest and synchronous activation of C2C12

primers TTP5, SAATACCGCGGTCTCTTCACCAAGGCCATTC-  myoblasts

3 and TTP3, 5CCCCGCGGTAGCAATATATTAATATATTATAGC- . : : . P

3. CF4 (419 bp) is the'GTR of LIX (Accession # U27267). A near 10 dentify events associated with cell cycle activation of

full-length cDNA encoding LIX (1.4 kb) was amplified from GO myObIa.StS' synchronlzed' cultures exhibiting strict growth

myoblast RNA using primers LIX5, 55SACACCTCCTCCAGCAT- ~ 'egulation are essential. ~Anchorage dependence of

ATC-3 and LIX3, 3-AGACACTATAAGATGTACAGGC-3. proliferation in culture is the hallmark of stringent growth

control (Stoker et al., 1968). Earlier studies had shown that

_ C2C12 cells exit the cell cycle when cultured in non-adherent

RT-PCR analysis _ _ conditions (Milasincic et al., 1996). To eliminate the small but

442 bp region common to both CD34 transcripts (exons 4-7) Wage parent C2C12 line, we screened 22 subclones for their
amplified using primers described by Beauchamp et al. (Beauchal ility to arrest efficiently in suspension culture. Two

et al.,, 2000). DNAse-treated RNA samples (Rd) were reverse bal led st h d d f th-
transcribed using the Advantage RT-for PCR kit (Clontech). VolumeSYPC!ONeS revealed strong anchorage depencdence of growth:

of RT product were normalized to generate relatively equal amounfUSPension culture for 48 hours resulted in a drastic inhibition
of PCR product for a control mRNA (L7). Each sample was ther?f DNA synthesis (1.1+0.8 [% cellsts.e.mr5] labeled in a
assayed in duplicate by RT-PCR for both CD34 (29 cycles) and L5 minute pulse of BrdU compared with 39.1+4.6 in adherent
(24 cycles), separated on agarose gels, and bands quantified dyltures). Importantly, arrest was fully reversible: restoration
Southern hybridization using CD34 and L7-specific probes anafadhesive contacts by reattachment to culture dishes triggered

phosphorimager analysis (Fuji). entry into S phase in ~98% of cells (Fig. 1A,B). Significant
DNA synthesis was observed only >12 hours after
Freeze injury of muscle in vivo and isolation of tissue reattachment, and >75% of cells entered S phase between 12

Animals were handled according to the guidelines of the CCMé’md 24 hou_rs after replating. Thus’ the peak of S phase Is.broad,
Institutional Animal Ethics Committee. Balb/c and C57BI/6 mice, ~3and entry into S may be semi-synchronous. Labeled mitoses
months old, were anaesthetized by i.p. injection of 2.5% Avertin at Were first seen 22 hours after replating and peaked at 28 hours
dose of 375ug/g. Freeze injury was performed as described(Fig. 1A, arrows), confirming that cells entering S phase
previously (Dhawan et al., 1996; Pavlath et al., 1998). Briefly, theompleted the cell cycle. Primary myoblasts derived from SC
tibialis anterior (TA) muscle was exposed by a 2 mm incision in thgvere also found to survive suspension and enter GO reversibly

overlying skin, and a small piece of dry ice was directly applied tqdata not shown), suggesting that this property is not exclusive
the belly of the muscle for 15 seconds. The skin was sutured and migg ce|| lines.

were allowed to recover for varying periods of time (30 minutes to 14 To ascertain the phase of the cell cycle in which C2C12

days). Mice were sacrificed by cervical dislocation, the TA dissectepnyoblasts had arrested, we performed a flow cytometric

free and frozen immediately in liquid nitrogen for RNA isolation or ! . . .
in embedding media (HistoPrep, Fisher Scientific) for histology. Z@naIySIS of DNA content (Fig. 1C). By 48 hours in suspension

Lm transverse cryosections were used for hematoxylin and eosin (HEf0% of arrested myoblasts possessed G1 DNA content, and
staining or in situ hybridization. réplating for 24 hours in GM (20% FBS) activated >30% of

cells into S phase with a proportionate decrease in G1. Since

o S suspended cells possess a G1 DNA content, do not synthesize
RNA in situ hybridization DNA and re-enter S phase with kinetics consistent with a
Detection of RNA in fresh cryosections of TA muscles was performe@s0-G1 transition (Fig. 1B), we conclude that anchorage

as described previously (Smerdu et al., 1994), but antisense and seB&rivation arrests cloned C2C12 myoblasts in GO.
probes were labeled with digoxigenin-11-UTP (Roche) with a

transcription kit (Stratagene) and detected with alkaline-phosphatase-

coupled anti-digoxigenin antibody (Roche). Arrested C2C12 myoblasts downregulate myogenic
regulators and do not differentiate

Combined RNA in situ hybridization and immunodetection of During the arrest that accompanies myogenic differentiation,

the basal lamina MyoD is induced and maintained at high levels, but Myf5 is

For co-detection of laminin protein and either Pax7 or TTP RNA, thelownregulated (Yoshida et al., 1998; Kitzmann et al., 1998).
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A Mb S48 R28 Fig. 1.(A) DNA synthesis in reversibly arrested C2C12 myoblasts.
. ® “ Immunodetection of BrdU in asynchronous myoblasts (Mb), cells
' 7 2 ' synchronized by 48 hours in suspension (S48), activated cells 28
B4 hours after replating (R28) and 3 day myotube cultures (Mt).
o - Y*. Arrowheads in R28 point to a labeled mitosis (telophase). In
. differentiated cultures (Mt), residual cycling myoblasts incorporate
Mt label, whereas myotube nuclei do not. (B) All arrested myoblasts
= progress to S phase upon reactivation. Cumulative DNA synthesis in
@5&? synchronized C2C12 myoblasts after labeling with BrdU for 2—48
hours of reactivation (R2-R48) shows that 98% of arrested cells re-
enter the cell cycle. The extended G1 phase is consistent with
. inclusion of a GO-GL1 transition phase. For comparison, note that

asynchronous cells (Mb) labeled for 2 hours show high levels of
DNA synthesis, whereas suspension-arrested cells (S) show <2% S
phase cells despite labeling for 12 hours. Data represent the
100 meanszts.e.m. of duplicate samples per time point. Similar results
B were obtained with two independent experiments. (C) Synchronous
activation of GO myoblasts requires both adhesion and mitogens.
89 FACS analysis of adherent C2C12 myoblasts (Mb) reveals a DNA
70 | content profile typical of an asynchronous population. 48 hours after
suspension (S48), most cells show a G1 DNA content consistent with
arrest in GO. Replating for 6 hours in GM (R6) or for 24 hours in
DM (R24D) does not alter the profile, whereas by 24 hours in GM,
40 - adhesion- and mitogen-dependent signals synergize to return arrested
30 4 cells to S phase (R24G). Data represent the meanszts.d. of four
independent experiments.

920 4

60 -
50 4

% BrdU positive

20 -
b at any time during arrest and reactivation. MyoD and Myf5
MRNAs were suppressed in arrested cells and re-activated 6
hours after replating, well before the onset of DNA synthesis
correlating well with the protein expression patterns (Fig. 2A).
C - T Thus, C2C12 myoblasts can be reversibly arrested in GO in
= culture without activating the differentiation program, as
20 observed in quiescent SCs in vivo (reviewed by Grounds, 1991,
70 1 Seale and Rudnicki, 2000). The induction of MRFs in G1 also
60 - recapitulates their induction in activated SC (Grounds et al.,
Sty e 1992; Cornelison and Wold, 1997).

40 | oG2+M

Mb
R2
R6
R1Z
R18
RZ0
R22
R24
R26 |
R30
r32
R36
R42
R4d
R48

i00
90 -

04 of cells

991 Expression of candidate SC regulators during arrest and

20 ¢ re-activation

101 3 To examine the expression of other genes implicated in SC
0+ - " . " function we used northern blot analysis (Fig. 3). The c-met
Mb S48 R6 R24G R24D receptor, a marker of SC (Cornelison and Wold, 1997; Tatsumi
et al.,, 1998), plays a role in their activation. As reported
To determine the status of these MRFs during reversible arrgsteviously (Anastasi et al., 1997), transcripts encoding c-met
we used western blot analysis (Fig. 2A). Both MyoD and Myf5wvere detected in C2C12 myoblasts and reduced in myotubes
proteins were rapidly suppressed during arrest. DuringFig. 3A). However, c-met mRNA levels in asynchronous,
reactivation of growth, both MRFs were induced, althougharrested and activated myoblasts did not vary. Down-
MyoD appeared within 6 hours (mid-G1) and Myf5 by 12-18modulation of EGF and FGF receptors has been proposed as a
hours (late G1/early S). Consistent with their differing roles irmechanism for irreversible arrest of differentiated cells (Clegg
myogenesis, MyoD was highly expressed in myotubes, bugt al., 1987; Olwin and Hauschka, 1988). Retention of c-met
Myf5 was not. Actin levels varied with alterations in the expression during reversible arrest may provide an option for
growth/adhesive state, whereas levels of desmin, a musclaetivation when its ligand, HGF, is available.
specific intermediate filament protein did not. HGF is a mitogen for SC (Allen et al., 1995; Tatsumi et al.,
To assess the differentiation status of reversibly arrestetP98) that is also expressed by activated SC (Jennische et al.,
C2C12 cells we used northern blot analysis (Fig. 2B)1993; Cornelison et al., 2000). As with c-met, HGF mRNA has
Expression of the cell cycle dependent histone H2B confirmebleen reported to be expressed by C2C12 myoblasts and absent
efficient arrest and re-activation. Despite a high fusion indeixn myotubes (Anastasi et al., 1997). However, we did not detect
(~60%), differentiated cultures expressed the S phase markdGF transcripts in either asynchronous or differentiated
as ~10% of nuclei (unfused cells, see Fig. 1A) incorporateultures (Fig. 3). Surprisingly, we found that HGF mRNAs
BrdU. Muscle creatine kinase (MCK), a marker ofwere strongly expressed during GO and early G1 but
differentiation, was abundantly expressed in myotubes but nguppressed in late G1. Expression of both HGF and c-met
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Recently, a marker of hematopoietic stem cells, CD34, has
been localized to SC and by its expression during arrest and
early activation, suggested to regulate the GO-G1 transition
(Beauchamp et al., 2000). Using semi-quantitative RT-PCR, we
estimated the relative levels of CD34 mRNA during reversible

Desmin né' il arrest (Fig. 3B). Synchronization in GO led to a ~five-fold
: induction of CD34 transcripts relative to the levels seen in

Myf5

Actin asynchronous C2C12 cells, declining rapidly during the GO-
G1 transition but staying above basal levels at S phase. Thus,
ki N Biz.6dp 2 Re R10 Rao Mt CD34 also appears to show cell cycle regulation in culture.
B —— Taken together, these results show that synchronization of
MCK f‘-’ A AN C2C12 myoblasts in culture reveals cell cycle dependent
Tt e ST AR R g ing regulation of the MRFs and other genes implicated in SC
* function in vivo.
Histone
MyoD ‘%m Isolation of genes induced in synchronized C2C12
Lol : = myoblasts using differential display PCR
Myfs S w,m To isolate other genes induced in synchronized C2C12 cells,
-5 Y > DD-PCR was used to simultaneously compare RNA from
. asynchronous, arrested and differentiated cultures. RNA
L7 . " ﬂ“ samples were first tested for appropriate expression of markers
— : e o of proliferation and differentiation (histone H2B and MCK,
Mb S12 S48 R2 R6 Ri18 R30 Mt

respectively) (data not shown). Fig. 4A shows a representative
Fig. 2.(A) Myogenic specification factors are suppressed in GO and gel used for identification and isolation of differentially
activated in G1. Western blot analysis of total protein shows that botbxpressed cDNA fragments. Of 36 fragments isolated, four
MyoD and Myf5 are present in asynchronous adherent cultures of ¢DNAs (CF1-4) hybridized to single transcripts specifically
C2C12 myoblasts (Mb) but not in C3H fibroblasts (Fb) as expected.detected in GO synchronized myoblasts but not in either
72 hour myotube cultures (Mt) strongly express MyoD but not Mny'asynChronoust growing or differentiated cells (Fig. 4B-E).

Neither MRF is expressed after 12 or 48 hours of suspension culture :
(S12, S48). Replating for 2 to 30 hours (R2-R30) causes induction of Sequence analysis of these CDNA fragments revealed that

MyoD earlier (at R6) than Myf5 (at R18). Data are representative of f”l” fo!" are ~1000/.° identical to sequences in Ge”B"’?”k- CFlis
th)r/ee indepen(dent e)xperime)r/ns.((B) Syr)mhronizationri)n GO does notidentical to a region of the’@TR of the mRNA coding for
induce differentiation. Northern blot analysis of RNA isolated from Matrilin-2, an extracellular matrix protein (Deak et al., 1997).
asynchronous, arrested, reactivated or differentiated C2C12 cells. CF2 spans the junction of the coding andTR region of the
The differentiation marker MCK is only detected in myotubes (Mt), MRNA for Znf216, a zinc finger protein of unknown function
but not in asynchronous myoblasts (Mb), at 12 or 48 hours in (Scott et al., 1998). CF3 aligns completely with a portion of
suspension (S12, S48) or at 2-30 hours after replating (R2-R30).  the 3UTR of the mRNA coding for TTP, a zinc-finger protein
Histone mRNA indicates the extent of DNA synthesis. MyoD and  that hinds RNA and is implicated in mRNA decay (Carballo et
Myf5 mRNAs correlate with the protein data in Fig. 2A. Dataare - 5| '1998; Carballo et al., 2000). CF4 is identical to part of the
representative of three independent experiments. 3UTR of LIX, a chemokine first isolated from LPS-stimulated
fibroblasts (Smith and Herschman, 1995). Interestingly, both

transcripts by synchronized C2C12 myoblasts implies thdtIX and TTP mRNAs contain multiple AU-rich elements
autocrine mechanisms may contribute to growth control aARES) characteristic of labile transcripts (Shaw and Kamen,
suggested previously (Anastasi et al.,, 1997). However, &986).
suspended C2C12 myoblasts are quiescent despite expression
of transcripts encoding both receptor and ligand, additional
controls may be involved. Dynamic expression of transcripts detected by

SC in uninjured muscle also express M-cadherin (M-cad), €ifferential display PCR products during synchronous
muscle-specific adhesion molecule (Irintchev et al., 1994), b@ctivation of GO C2C12 myoblasts
not all SC are positive for this marker (Cornelison et al., 1997To examine the expression patterns detected by the cDNAs
Beauchamp et al., 2000). We found that M-cad mRNA showeidolated from synchronized myoblasts, a time course of cell
a marked cell cycle dependence, as it was abrogated in GO, oycle activation was analyzed by northern blotting (Fig. 5). DNA
activated during G1 and its peak was coincident with the onseynthesis monitored in parallel confirmed efficient arrest and
of S phase (Fig. 3A). activation (not shown). LIX mRNA was not detected in either

We also examined the expression of PEA3gtdomain  asynchronous or differentiating cells. Although upregulated
transcription factor reported in activated SC (Taylor et al.during GO, activation into G1 led to further induction of LIX
1997). Consistent with its expression in vivo, PEA3 mRNAtranscripts after 2 hours followed by a rapid extinction,
was not expressed in GO myoblasts but was induced in G1 (Figonsistent with the behavior of labile ARE-containing mRNAs
3A). Moreover, PEA3 induction was dependent on growttof immediate early genes (Chen and Shyu, 1994).
activation since cells replated in DM did not express this As with LIX, TTP mRNA was only detected in synchronized
transcript at the levels seen in GM. cultures. Although induced during GO, maximum levels of TTP
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transcripts were detected at 1 hour after activation, followed blylIX and TTP are rapidly and transiently induced in
suppression later in G1. The rapid extinction of both LIX andesponse to muscle injury in vivo

TTP transcripts in activated C2C12 myoblasts coupled with thgo determine whether the cDNAs we identified are expressed
presence of AREs led us to examine the effect of translatiofuring regeneration, the tibialis anterior (TA) muscle of
inhibition on their expression. Cycloheximide treatment ofadult mice was subjected to focal injury and analyzed for
replated cells led to a marked stabilization of both LIX andmolecular and histological changes. Freeze injury
TTP transcripts (data not shown), suggesting that rapigeproducibly leads to the degeneration and regeneration of
turnover may account for their suppression in G1. ~ 20-30% of the cross sectional area of the TA. We monitored
Matrilin-2 mRNA showed induction and decay kinetics histological changes by HE staining of muscle sections (Fig.
similar to TTP in arrested and activated myoblasts. Differences). Damage is rapidly followed by inflammatory cell

in expression of Znf216 mMRNA among asynchronous, arrestagfiltration within hours, macrophage activity and MPC
and differentiated cultures were less than that of LIX, TTP angroﬁferation peaking at 2-3 days, appearance of new
Matrilin-2, and though induced after replating, Znf216 myotubes by 3 days and their maturation over the next 2
transcript levels declined with slower kinetics. Thus, all fourweeks into Centra”y nucleated regenerated myoﬁbres
transcripts identified by synchronization of C2C12 myoblastgpavlath et al., 1998).

were induced during cell cycle activation in vitro. RNA isolated from time courses of induced regeneration in
adult C57BI/6 and Balb/c mice was analyzed by northern
blotting (Fig. 7). Matrilin-2 mRNA was not detected in
uninjured muscle or during regeneration. Znf216 mRNA was
expressed at high levels in uninjured muscle but did not
fluctuate markedly during regeneration. By contrast, LIX and
TTP mRNAs were not detected in uninjured muscle but were
rapidly and transiently induced in response to injury.
Expression of LIX was activated at 6 hours and remained high
until 3 days post injury (Pl), a time when proliferation in the
recovering tissue is maximal, as shown by histone H2B
expression. Expression of TTP was seen within 30 minutes of
injury followed by an acute downregulation between 3 and 6
hours PI. The timing of induction of TTP RNA in damaged
muscle precedes that of MyoD, the first MRF expressed in
activated SC (Grounds, 1992; Cooper et al., 1999). Although
their expression in GO myoblasts was not mirrored by
uninjured muscle, the rapid and transient induction of both LIX
and TTP during growth stimulation occurred similarly in vitro
and in vivo. Thus, two of the four cDNAs isolated from
synchronized C2C12 myoblasts in culture are part of the acute
response to muscle damage in vivo. Interestingly, both are
labile MRNAs encoding molecules implicated in inflammatory
processes.

Fig. 3.(A) Cell cycle dependent expression in cultured C2C12

Mb S48 R2 R6 R24G R24D Mt myoblasts of genes involved in muscle regeneration. (A) RNA
analysis of adherent myoblasts (Mb), suspension cultures at 12, 24 or
48 hours (S12, S24, S48), replated cultures at 2-30 hours (R2-R30)
and myotubes (Mt). c-met transcripts are expressed throughout the
cell cycle but are downregulated during differentiation. HGF
transcripts are undetectable in asynchronous or differentiated
cultures but expressed in synchronized cells during arrest and early
activation. M-cad and PEA-3 mRNAs show classic cell cycle
dependence: suppression in GO and activation in G1 (PEA-3) and
G1-S (M-Cad). Ethidium bromide staining of rRNA [28S] indicates
equal loading. Data are representative of three independent
experiments. (B) Semi-quantitative RT-PCR analysis of CD34
expression. Compared with asynchronous myoblasts (Mb), relative
levels of CD34 mRNA rise in suspension-arrested cells (S12, S60)
and decline during cell cycle activation upon replating (R1, R12,
R30). Primers used detect a region common to both splice variants of

@
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Hormalized CD34 mRHA levels (arbitrary units) [
I I c “

= - ra
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M8 512 60 R1 R12 R30 CD34 mRNA. Values (upper panel) represent the meansts.e.m. of
duplicate assays for CD34 RNA normalized with respect to L7
co34 m“ control RNA for each sample, shown in the Southern blot (lower
i - panel). Simile_lr results were obtained with two independent time
SReeseesree- course experiments.
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Fig. 4.1dentification of genes expressed by arrested undifferentiated
C2C12 muscle cells. (A) Differential display PCR analysis.
Expression profiles of RNA from asynchronous (Mb) suspension-
arrested (S) and differentiated (Mt) C2C12 cell cultures displayed by
differential display PCR. (Mb and S were analyzed in duplicate.) The
arrowhead indicates a fragment representing a cDNA expressed in
arrested myoblasts but not in either asynchronous or differentiated
cultures (see Fig. 4E). (B-E) Transcripts detected by differential
display PCR fragments are enriched in synchronized C2C12 cells.
Fragments excised from differential display PCR gels were labeled
and used to probe 1@ of total RNA from asynchronous myoblasts
(Mb), arrested myoblasts (S) and myotubes (Mt). Each fragment
(CF1-4) detected a unique transcript; all were expressed
preferentially in synchronized cells. The sizes of the transcripts (B-
E) are 3.5 kb (CF1/matrilin2), 2.2 kb (CF2/Znf216), 1.7 kb
(CF3/TTP) and 1.4 kb (CF4/LIX). Positions of 28 and 18S rRNA are
marked (-). L7 demonstrates equal loading of RNA.
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LIX and TTP transcripts show a spatial distribution '
similar to MyoD in injured muscle pe v

To identify the cellular source of the mRNAs detected in u
regenerating muscle we used RNA in situ hybridization. LIX EED R ea s L S

transcripts localized to a few mononucleated cells at 6 houl w

PI, with no signal in the myofiber cytoplasm (Fig. 8A). As . - - .. L7

expected from northern analysis, LIX transcripts were no ' )

detected in uninjured muscle (Fig. 8a). The timing anc

distribution of LIX mRNA are similar to that of MyoD mRNA

(Fig. 8B), which is expressed only in activated SC of damageglanscripts are physically constrained from diffusing into the

muscle at this time (Grounds et al., 1992) (reviewed in Seal@yofiber interior, consistent with their location in

and Rudnicki, 2000). As with LIX, TTP mRNA was not mononucleated cells and distinguishing them from myonuclei.

detected in uninjured muscle (Fig. 8c). However, at 2 hours To determine if TTP-positive mononucleated cells are found

after injury, approximately one third of the cross-sectional aremn a sublaminar rather than an interstitial location, we

of the TA muscle was dotted with TTP-positive mononucleatedombined RNA in situ hybridization with immunodetection of

cells (Fig. 8C,D). the basal lamina (Fig. 10). TTP-positive cells were found

beneath a laminin sheath at the myofiber periphery, as were

) ] ] ] ] cells expressing the SC marker Pax7. Taken together, these

TTP transcripts are associated with presumptive satellite  results suggest that TTP-positive cells are mononucleated and

cells in injured muscle located below the basal lamina, features typical of SC.

Prior to their division following activation, SC contain sparse Since neither LIX nor TTP is muscle specific, we cannot rule

cytoplasm surrounding a condensed nucleus (Bischoff, 19949ut their expression by mononucleated cells in addition to

To determine if TTP transcripts co-localized with nuclei,presumptive SC. However, along with their expression in

sections were counter-stained with Hoechst 33342 followingultured myoblasts, the timing and location of LIX and TTP

RNA in situ hybridization. As seen in Fig. 9, the hybridizationmRNAs in vivo suggests that activated SC are among the

signals localize to a subset of nuclei at the myofiber peripherynononucleated cells that express these transcripts in response

The absence of signal away from these nuclei suggests that tleemuscle injury.

B T TP
Matrilin2

Znf216

MB S12 S48 R2 R6 R18 R30 MT

L7

MB 12 60 05 1 2 6 12 30 MT
e

S R

Fig. 5.LIX and TTP are induced during C2C12 myoblast activation in culture. RNA isolated from a time course of cell cycle actigation wa
probed with each fragment described in Fig. 4. Mb, asynchronous myoblasts; S12, S48, S60, cells held in suspensiorr 60 hpu48 o
respectively; R 0.5-30, cells replated for 0.5 to 30 hours after arrest in suspension; Mt, myotubes. All four trans@tpttetendG0
synchronized cells and further induced transiently in newly activated cells. Data are representative of three indepeimlentsexper
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0 2 6 12 1 2 3 7 10 14

Fig. 6. Time course of muscle regeneration induced by focal freeze
injury. Transverse cryosections from TA muscles of 3-month-old C5°
mice subjected to focal damage in vivo were analyzed by HE
staining. Uninjured muscle (U) shows a typical pattern of evenly
sized myofibers with peripheral nuclei. 30 minutes after injury no
histological changes are evident, whereas hyper-contracted fibers
(arrowhead) and infiltrating mononuclear cells (arrow) appear by 2

and 6 hours, respectively. Mononucleated cells (inflammatory cells 0051 2 3 6 121 2 3 7 14
and myoblasts) increase in number in the lesion over the next 3 day
By 7 days post injury, myoblast fusion results in centrally nucleated hours Pl days PI

regenerating fibers (arrowhead) of a smaller caliber than the adjace
uninjured fibers. The cross-sectional area of regenerating fibers
matures to that of undamaged fibers over the next week (14d).

Eig. 7.LIX and TTP are rapidly induced in response to muscle injury.
RNA was isolated from uninjured adult mouse skeletal muscle (0) and
at different times post injury (PI) and probed for TTP and LIX
expression. LIX is induced at 6 hours and peaks prior to the peak of
Discussion proliferation (assessed by Histone H2B mRNA). TTP was activated

; : : 30 minutes after injury, well before the activation of MyoD. Each
In this report, we show that genes isolated from synchronlzeI ne represents poolej d %’N A (@) from TA muscles of twg 1o three

C2Cl12 myob_last_s in culture are expressed in regene_ratlr}gice_ Data are representative of three independent experiments.
muscle with kinetics and a location that suggest expression by

activated satellite cells.
differentiating cultures (Yoshida et al., 1998). MyoD inhibits

. ) ) the cell cycle independently of its myogenic activity (Crescenzi
Stringent growth control in synchronized C2C12 et al, 1990), but as it is not detected in GO myoblasts,
myoblasts suspension-arrest may be independent of this MRF. Indeed,
In non-tumorigenic cells, loss of adhesion triggers arrestbsence of MyoD in GO may be necessary for arrest to be
despite the presence of mitogens (Benecke et al., 1978; Dikeversible (Yoshida et al., 1998), and absence of the cyclin-
and Farmer, 1988; Milasincic et al., 1996). Anchoragedependent kinase inhibitor p21, a target of MyoD during
dependence of proliferation is the best in vitro correlate ofrreversible arrest (Halevy et al., 1995; Guo et al., 1995), in GO
strict growth control (Freedman and Shin, 1974). Thereforearrested cells supports this hypothesis (J.D., unpublished).
we used adhesion-dependent subclones of C2C12 myoblastsinlike resting SC in vivo, C2C12 myoblasts induced to enter
analyze synchronous cell cycle activation. Two lines 0iGO continue to express desmin, perhaps reflecting the greater
evidence suggest that cells arrest in GO. Firstly, FACS analysisability of this cytoskeletal protein relative to the labile
shows that >90% of cells arrest with a 2 N DNA contenttranscription factors MyoD and Myf5.
Secondly, the kinetics of return to S phase are consistent with

the correspondence of the lag period to the GO-G1 transition.
Cell cycle dependent expression of candidate SC

regulators in synchronized C2C12 myoblasts

MRF expression is suppressed in GO Several genes detected in SC have been implicated in muscle
Differentiation is accompanied by MRF expression andegeneration (reviewed by Seale and Rudnicki, 2000).
irreversible cell cycle exit (Andres and Walsh, 1996). ByConceivably, genes involved in SC activation may be cell cycle
contrast, in quiescent SC, neither MyoD nor Myf5 areregulated, but genes specifying SC identity may not. Consistent
expressed (Grounds et al., 1992; Cornelison and Wold, 199With this idea, MyoD is induced during SC activation in vivo
Cooper et al., 1999), suggesting that MRF expression i&Grounds et al., 1992; Cornelison and Wold, 1997) and is cell
incompatible with reversible arrest. Similarly, we find thatcycle responsive in culture (Kitzmann et al., 1998). By
expression of MyoD and Myf5 proteins is extinguished incontrast, both resting and activated SC express Pax7 (Seale et
suspension-arrested C2C12 myoblasts as in ‘reserve’ cells af.,, 2000), suggesting that this specification factor may not be
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Fig. 8.LIX and TTP transcripts are
distributed in a pattern similar to MyoD in
injured skeletal muscle. RNA in situ
hybridization to frozen sections (2@n) of
injured TA muscle using digoxigenin-labeled
antisense probes to LIX, MyoD and TTP
transcripts (A, B and C, respectively).

Absence of staining in the myofiber interior -.-5,‘ ,‘ i ey
suggests sequestration of the transcripts in LM |
mononuclear cells at the myofiber periphery. =+

The same probes show no hybridization to ¥

uninjured muscle (a, b and c). LIX and MyoD ﬂLF N B, o
were detected 6 hours post injury and TTP at '!_.-{w
3 hours post injury. (D) shows TTP-positive —
cells located in the lesion; an adjacent
uninjured area is devoid of TTP transcripts.
Data are representative of three independent
experiments each involving multiple
cryosections from two mice.

cell cycle regulated. Myf5 expression during GO in C2C12Tatsumi et al., 1998). Immunodepletion of HGF from crushed
myoblasts (Kitzmann et al., 1998; Yoshida et al., 1998), in S@uscle extracts results in a loss of SC mitogenic activity
on single fibers (Beauchamp et al., 2000; Cornelison and Wol{Tatsumi et al., 1998). Thus, it is thought that HGF sequestered
1997; Cornelison et al., 2000) and quiescent SC in vivin the ECM is released by damage and stimulates resting SC
(Cooper et al, 1999; Beauchamp et al.,, 2000) remains a paracrine fashion. HGF mRNA is not detected in SC until
controversial. In adhesion-dependent arrest, we find Myf5 tafter their activation (Jennische et al., 1993; Cornelison et al.,
be absent in GO, but activated during, Gonsistent with
previous observations (Yoshida et al., 1998; Cornelison an '
Wold, 1997; Cooper et al., 1999).

The regulation of other genes implicated in SC function ha
not been previously analyzed in synchronized myoblasts. Ot
data show that HGF, PEA-3, M-Cad and CD34, are all cel
cycle dependent in culture.

The c-met receptor and its ligand HGF play a key role ir
SC activation. In uninjured muscle, whereas c-met has bee
detected on SC, HGF is found at the myofiber peripher

Fig. 10.TTP is expressed in mononucleated cells that lie beneath the
myofiber basal lamina. Co-detection of laminin with Pax7 (A,C,E) or
Fig. 9. TTP transcripts colocalize with a subset of nuclei in injured TTP (B,D,F) transcripts in cryosections of TA muscle 1 hour after

muscle. TTP transcripts were visualized by RNA in situ injury using combined immunofluorescence (E,F) and in situ
hybridization at 2 hours post injury (A) and nuclei counter-stained hybridization (A,B); nuclei are counterstained with Hoechst 33342
with Hoechst 33342 (B). There is a close correlation of TTP (C,D). Pax 7 RNA (A) and TTP RNA (B) are associated with nuclei

transcripts with a small proportion of the nuclei in the damaged areahat lie below a laminin sheath (arrowheads in E,F). The same sub-
(arrowheads). The arrow indicates the occasional intense digoxigeniaminar cell (A,C,E or B,D,F, respectively) is indicated by arrows.
signal that quenched the Hoechst fluorescence of the underlying  Interstitial cells that do not express Pax7 or TTP RNA are indicated
nucleus. by ‘v’ arrowhead.
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2000) and may serve to amplify the activating signal. Both cmRNAs (reviewed by Chen and Shyu, 1995). Such transcripts
met and HGF transcripts were detected in asynchronous G2e stabilized by the inhibition of translation, and indeed both
myoblasts, suggesting that autocrine activation may also pldyX and TTP mRNAs are stable in cycloheximide-treated cells
arole (Anastasi et al., 1997). In synchronized cultures, we fin(C.S., unpublished). The pronounced suppression of protein
that c-met transcripts are maintained in GO as well, raising th&ynthesis accompanying quiescence (Benecke et al., 1980) may
possibility that quiescent cells retain responsiveness to a ligamdcount for their induction in suspension. Since stable ARE-
whose expression/activity is regulated. Strikingly, HGFpositive mRNAs are often not translated (Chen and Shyu,
transcripts are only detected during GO and early G1. Although995), LIX and TTP proteins may not be synthesized in
we have not assessed the levels of HGF protein, it must laerested cells despite the presence of their mRNAs. As
absent or inactive in arrested myoblasts, as autocrine/paracrittanslation is dramatically stimulated during the GO-G1
effects would be readily detected as BrdU-positive cells. transition (J. Dhawan, PhD thesis, Boston University, 1991), a
The transcription factor PEA3 is expressed by activated SBurst of synthesis of LIX and TTP proteins may precede the
but not by resting SC (Taylor et al., 1997). The rapid inductiomlecay of both transcripts after activation into G1.
of PEA3 during cell cycle re-entry of GO C2C12 myoblasts
suggests that the activation process in vivo and in culture show . )
some similarities in gene expression. LIX and TTP are induced in response to muscle damage
M-Cad expression by SC in vivo is heterogeneous: 20% df VIVO
SC in uninjured muscle do not express either M-cad or CD3Regeneration of damaged muscle is a complex process
and are proposed to comprise a minor stem-cell-likénvolving many cell types and the interplay of a number of
compartment that gives rise to the lineage-restricted markegrowth factors, cytokines, chemokines, extracellular matrix
positive majority (Beauchamp et al., 2000). Further, whereasomponents and signaling molecules (reviewed by Grounds,
<20% of SC on freshly isolated single fibers are M-cadl991; Seale and Rudnicki, 2000). Uninjured muscle containing
positive, 100% are positive after 96 hours, consistent with aguiescent SC is devoid of LIX transcripts, in contrast to
induction of M-cad in activated SC (Cornelison and Wold,quiescent C2C12 myoblasts in culture. 6 hours after injury, LIX
1997). In this context, it is interesting that we find suppressiomRNA is strongly induced and peaks at 48 hours, prior to the
of M-cad mRNA in GO myoblasts and its reactivation duringpeak of proliferation in SC (and infiltrating cells). LIX was first
G1 in culture. Heterogeneity of M-Cad expression in vivo maysolated in a screen for LPS-inducible glucocorticoid-attenuated
also reflect cell cycle position. genes in fibroblasts (Smith and Herschman, 1995). This small,
CD34, a marker of hematopoeitic progenitors is routinelysecreted protein contains a CXC motif preceded by an ELR
used for their clinical isolation for transplantation (reviewed bysequence characteristic of chemokines with neutrophil-
Krause et al., 1996). Although the function of this cell surfacattracting activity (Wuyts et al., 1998). LIX is also induced
glycoprotein is obscure, its presence on dermal (Nickoloffduring injury of the spinal cord (McTigue et al., 1998) and
1991), liver (Omori et al.,, 1997) and muscle precursorénjury of cardiac myocytes in vivo and is a potent neutrophil
(Beauchamp et al., 2000) in the adult strongly suggests a rothemoattractant (Chandrasekhar et al., 2001). In muscle,
in regeneration. Our data demonstrate that expression of CD8&utrophils enter a lesion 1 to 3 hours after damage (Orimo et
mRNA is high in GO and downregulated in activated C2C1al., 1991), before LIX is detected, but this chemokine could
myoblasts, supporting the suggestion (Beauchamp et al., 200)ntribute to the massive inflammatory influx seen 6 to 24 hours
that it is regulated at the GO/G1 transition. PI. The presence of LIX mMRNA at 3 days, after neutrophils have
withdrawn from the site of injury (Orimo et al., 1991), may
) o suggest that LIX plays additional roles. CXC R2, a receptor
Differential display PCR reveals genes expressed of ELR-positive chemokines has been found on endothelial
specifically in synchronized C2C12 myoblasts cells (Addison et al., 2000), implicating these proteins in
Since reversible arrest is at the core of SC function, we usethgiogenesis and raising the possibility that LIX promotes re-
synchronized cultures to search for cDNAs expressed duringascularization during tissue repair. Cytokines released by
arrest and activation but not in differentiated cells.inflammatory leukocytes have been proposed to activate SC
Interestingly, all four transcripts identified (LIX, TTP, Matrilin- (Jesse et al., 1998). Conversely, regulators of inflammation such
2 and Znf216) are further induced during activation of arresteds LIX and TTP expressed by activated SC may affect the
myoblasts, but as with other early response genes, tHenction of infiltrating and resident cells in regenerating muscle.
induction is short lived. The lack of expression of these genes As with LIX, TTP RNA is not detected in uninjured muscle.
at early times in suspension suggests that they are inducedAdthough uninjured muscle may contain rare activated SC,
a consequence of cell cycle synchrony caused by prolongéde transient expression of these early response genes may
suspension culture and not as a stress response to non-adhepeetliude their detection. Injury induces a dramatic increase of
conditions. Our screen was not designed to isolate muscléhis transcript within 30 minutes, but the induction is transient
specific factors but cell cycle dependent genes, and those \aad TTP is undetectable by 6 hours after damage. In situ
identified show a wide tissue distribution, but are rapidlyhybridization shows that TTP transcripts are closely associated
induced in response to a number of growth-activating stimulivith a few nuclei at the myofiber margin and not with the
(Varnum et al., 1989; Smith and Herschman, 1995). Such genesyofibre interior. This sequestration is consistent with a barrier
might also be expected to display cell cycle dependerib diffusion such as the presence of a membrane and suggests
expression during SC activation in vivo. that TTP transcripts are harbored in mononucleated cells at
Both LIX and TTP transcripts contain multiple instability the myofiber periphery, thereby distinguishing them from
elements (ARESs), hallmarks of labile cytokine and oncogenmyonuclei. Further, the visualization of TTP-positive cells
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beneath the basal lamina in a location similar to Pax7-positivBeauchamp, J. R., Heslop, L., Yu, D. S., Tajpakhsh, S., Kelly, R. G.,
cells distinguishes these cells from interstitial cells. In addition, Wermig, A., Buckingham, M. E., Partridge, T. A. and Zammit, P. S.

it e cimi (2000). Expression of CD34 and Myf5 defines the majority of quiescent
the frequency of TTP positive cells at 3 hours is similar to that adult skeletal muscle satellite cells.Cell Biol.151, 1221-1234.

of MyoD p0§|t|ve.c_:ells_, at 6 hours. T"’_‘Ken together, these da@enecke, B. J., Ben-Ze'ev, A. and Penman, @978). The control of mMRNA

support the identification of TTP positive cells as SC. production, translation and turnover in suspended and reattached anchorage-
The acute expression kinetics of TTP suggest that this zincdependent fibroblast€ell 14, 931-939.

finger protein may perform a critical function in muscle Benecke, B. J., Ben-Ze'ev, A. and Penman, @980). The regulation of RNA

. h e - : metabolism in suspended and reattached anchorage-dependent 3T6
immediately after injury. The lack of expression by myofibers . “* " =~ Physiol 103 247-254.

suggests a specific early response of SC to muscle trauma. Tdkchoft, R. (1986). Prolieration of muscle satellite cells on intact myofibers
is known to bind mRNAs encoding tumor necrosis factor in culture.Dev. Biol.115 129-139.
(TNFa) and granulocyte-macrophage colony stimulatingBischoff, R. (1994). The satellite cell and muscle regeneratiorMyology

factor (GM-CSF), triggering their decay. TTPmice develop l(\jdéA- GH-,”EI”QE' and C. Franzini-Armstrong), pp. 97-133. New York:
. . . . cGraw Hill Inc.
severe inflammation and cachexia (mUSCIe WaStmg) (Taylor %‘iadt, F., Riethmacher, D., Isenmann, S., Aguzzi, A. and Birchmeier, C.

al., 1996),_ symptoms that are largely attenuated by antibody(1995). Essential role for the c-met receptor in the migration of myogenic
neutralization of TNE. The increased TNFlevels detected precursor cells into the limb bubature376, 768-771.
24 hours after muscle injury (Collins and Grounds, 2001Blau, H. M., Chiu, C. P. and Webster, C(1983). Cytoplasmic activation of

; S : human nuclear genes in stable heterocary©e8.32, 1171-1180.
Zador et al, 2001) have been attributed to IanItra““mgBraun, T., Buschhausen-Denker, G., Bober, E., Tannich, E. and Arnold,

phagocytes. TTP's early induction in SC may involve "'}, (1989). A novel human muscle factor related to but distinct from
regulatlon of TN expression, but it is also conceivable that MyoD1 induces myogenic conversion in 10T1/2 fibrobla&&BO J.8,

as TTP binds to ARE instability motifs in other transcripts 701-709.

(Carballo et al., 2000)' its targets may vary in different celfarballo, E., Lai, W. S. and Blackshear, P. J(1998). Feedback inhibition

: of macrophage tumor necrosis factor-alpha production by tristetraprolin.
types. Thus, TTP could play a novel role in SC. Taken togetherSCienCQSL 1001-1005.

with its |0calizati_0n1 the in_dUCtion of TTP expression by injerCarballo, E., Lai, W. S. and Blackshear, P. J.(2000). Evidence that
suggests that this transcript may serve as a marker for activatedtistetraprolin is a physiological regulator of granulocyte-macrophage
SC and could allow quantitative analyses of the extent of colony-stimulating factor messenger RNA deadenylation and stability.

damage and/or repair. Blood 95, 1891-1899.
= 9 b P ti blast activati . it di Chandrasekar, B., Smith, J. B. and Freeman, G. L(2001). Ischemia-
rom our observations, myoblast activation In vitro and in reperfusion of rat myocardium activates nuclear factor-KappaB and induces

Vivo appear to involve S_im”a_r early event_s such as the_ ir}dUCtion neutrophil infiltration via lipopolysaccharide-induced CXC chemokine.
of TTP and LIX. Identification of TTP in muscle within 30  Circulation 103 2296-2302. _ _
minutes of damage suggests that SC respond to injury Ve%hen, C. Y. and Shyu, A. B(1994). Selective degradation of early-response-

. . e o gene mRNAs: functional analysis of the AU-rich elemelitsl. Cell Biol.
rapidly. Thus, identification of the factors that control 12 8471.8482.

expression of TTP may lead to an understanding of acUigen, c. v. and Shyu, A. B(1995). AU-rich elements: characterization and
signals released in muscle in response to injury. Further, as TTRmportance in mRNA degradatiofirends Biochem. S0, 465-470.

is known to regulate the half-life of cytokine mRNAs, SC mayClegg, C. H., Linkhart, T. A, Olwin, B. B. and Hauschka, S. D(1987).

be involved not only in the generation of new myoblasts but Growth factor control of skeletal muscle differentiation: commitment to

. . . : . . terminal differentiation occurs in G1 phase and is repressed by fibroblast
also in cell-cell signaling during injury and repair. growth factorJ. Cell Biol. 105, 949-956.

. Collins, R. A. and Grounds, M. D.(2001). The role of tumor necrosis factor-
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