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RESEARCH  C O M M U N IC A T IO N

Pax3:Fkhr interferes with 
embryonic Pax3 and Pax7 
function: implications for 
alveolar rhabdomyosarcoma 
cell of origin
Charles Keller,1 Mark S. Hansen ,1 
Cheryl M. Coffin,2 and Mario R. Capecchi3,4

'D iv ision  of Pediatric  H em atology-O ncology, D ep artm en t of 
Pediatrics, ’D ivision  of Ped iatric  Pathology, D ep artm en t of 
Pathology, and '’H ow ard H ughes M edical In s titu te  and 
D ep artm en t of H um an  G enetics , U n iversity  of U tah ,
Salt Lake C ity , U ta h  84112, USA

To investigate the role of the translocation-associated 
gene Pax3:Fkhr in alveolar rhabdomyosarcomas, we 
generated a Cre-mediated conditional knock-in of 
Pax3:Fkhr into the mouse Pax3 locus. Exploring embry­
onic tumor cell origins, we replaced a Pax3 allele with 
Pax3:Fkhr throughout its expression domain, causing 
dominant-negative effects on Pax3 and paradoxical acti­
vation of the Pax3 target gene, c-Met. Ectopic neuropro­
genitor cell proliferation also occurs. In contrast, activa­
tion later in embryogenesis in cells that express Pax7 
results in viable animals with a postnatal growth defect 
and a moderately decreased Pax7+ muscle satellite cell 
pool, phenocopying Pax7 deficiency but remarkably not 
leading to tumors.

Supplem ental m ateria l is available at http://w w w .genesdev.org.

R eceived July 26, 2004; revised version accepted Septem ber 3, 
2004.

A  t(2 ; 13) t r a n s lo c a tio n  fo rm s th e  P ax3:F khr  fu s io n  gene  
in  5 5 % -7 5 %  of cases fo r th e  ch ild h o o d  m u s c le  cancer, 
a lv eo la r rh ab d o m y o sa rco m a  (S orensen  e t al. 2002). T h is  
n o v e l ch im e ric  g ene  en co d es for a tr a n sc r ip tio n  fac to r 
p o ssess in g  th e  p a ired  bo x  an d  h o m e o d o m a in  D N A -b in d ­
in g  d o m a in s  fro m  th e  tra n s c r ip tio n  fac to r P ax3  fu sed  to  
th e  p o te n t t r a n sa c t iv a tio n  d o m a in  of th e  F kh r  tra n sc r ip ­
t io n  fac to r (S orensen  e t al. 2002). P ax3:F khr  is  b e liev ed  
to  re s u lt in  a m o le c u la r  g a in  of fu n c tio n  th a t  m ay  in i t ia te  
a d e reg u la ted  m u s c le  d e v e lo p m e n t p ro g ram  in  th e  af­
fec ted  cells.

T h e  ro le s  of P ax3  an d  P ax7  a re  b e s t defined  in  em b ry o ­
genesis, w h e re  th e y  a re  im p o r ta n t tra n s c r ip tio n  reg u la ­
to ry  fac to rs  in  n e u ra l tu b e  an d  m y o g en ic  d ev e lo p m en t 
(Jostes e t al. 1990; G o u ld in g  e t al. 1991). S tu d ies  of Pax3- 
d e fec tiv e  S p lo tc h  (A uerbach  1954) m ic e  h a v e  revea led  
th a t  P ax3  is  an  im p o r ta n t d e te rm in a n t of p 5 3 -d ep en d en t 
do rsa l n e u ra l tu b e  c lo su re  (Pan i e t al. 2002) a n d  a n  es-
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s e n t ia l fa c to r for p ro life ra tio n  a n d  m ig ra tio n  of m u sc le  
p recu rso rs  fro m  th e  p re s o m itic  m e so d e rm  (T rem b lay  e t 
al. 1998). P ax7  is  m o s t c lo se ly  re la te d  to  Pax3, and  in  
gen era l p a ra lle ls  th e  ex p re ss io n  p a tte rn  of P ax3  w ith  a 
s lig h t de lay  in  ex p re ss io n  o n se t (Jostes e t  al. 1990). 
W h ereas P<ix3-defective m ic e  fa il to  fo rm  e m b ry o n ic  
h y p a x ia l an d  ep ax ia l m u sc le s  (T rem b lay  e t al. 1998), 
P<jx7-deficient m ice  h av e  g rossly  n o rm a l e m b ry o n ic  
m u sc le  m ass  b u t  a re  im p a ired  in  th e  a b il ity  fo rm  m u sc le  
s te m  ce ll (sa te llite  cell)-derived  p o s tn a ta l  m u sc le  
(O u s ta n in a  e t al. 2004), w h ic h  n o rm a lly  a c c o u n ts  for a 
su b s ta n tia l  p ro p o r tio n  of a d u lt m u s c le  m ass.

In  a n  acco m p an y in g  p ap e r (K eller e t al. 2004), w e  d e m ­
o n s tra te  th a t  a c tiv a tio n  of P ax3:F khr  in  a ta rg e t p o o l of 
M yf6+ d if fe re n tia tin g  m u sc le  p ro d u ces  a lv eo la r rh ab d o ­
m yo sa rco m a . In  th i s  paper, w e  d e te rm in e  m o le c u la r  a c ­
t io n s  of P ax3 :F kh r by  s tu d y in g  i ts  p e r tu rb a t io n  of w ell- 
c h a rac te riz ed  p rocesses: n o rm a l m o u se  em bryogenesis , 
e m b ry o n ic  m y o g en esis , an d  p o s tn a ta l  s a te ll ite  ce ll-d e­
r ived  m yogenesis. T h e  in  v ivo  fu n c tio n s  of P ax3 :F kh r 
d u rin g  em b ry o g en esis  a lso  p ro v id e  im p o rta n t in s ig h t 
in to  th e  p o te n t ia l  t im in g  an d  cell(s) of o rig in  for th is  
tu m o r. M o s t im p o rta n tly , w e  d e m o n s tra te  th e  su rp ris in g  
re s u lt th a t  P ax3:F khr  ex p re ss io n  in  Pax7+ sa te ll i te  cells 
does n o t lead  to  rh ab d o m y o sa rco m as.

Results and Discussion
T h e  c o n d itio n a l P ax3:F khr  (P3Fm ) k n o c k -in  a lle le , 
w h ic h  a llo w s n o rm a l P ax3  ex p re ss io n  of th a t  a lle le  u n t i l  
C re  is  p re sen t, is  described  in  th e  a c c o m p an y in g  p ap er 
(K eller e t al. 2004) an d  S u p p lem en ta ry  F igure  S I A. T h e  
c o m p le m e n ta ry  P<ix7-driven C re  a lle le  w as  designed  
to  a llo w  Cre ex p re ss io n  in  th e  P ax7  ex p re ss io n  d o m a in  
w ith o u t  in te rfe r in g  w ith  th e  n o rm a l P ax7  fu n c tio n  
(see M a te r ia ls  an d  M ethods,- S u p p lem en ta ry  Fig. SIB). 
P<jx7"i;N," /" 'f an d  p a x 7,UNin/,UNin m ic e  a re  p h e n o ty p i­
ca lly  n o rm a l an d  fe rtile . T o d e te rm in e  w h e th e r  th i s  C re  
w as  exp ressed  in  th e  ex p ec ted  P ax7  ex p re ss io n  d om ain , 
lin eag e  a n a ly s is  w as  p e rfo rm ed  b y  c ro ss in g  p a x j i (-:N’r'/wt 
m ice  to  R O S A 2 6 L acZ  re p o r te r  m ic e  (Sorriano 1999). 
D o u b ly  h e te ro zy g o u s  P a x7 ,CNin/wt G tro sa 2 h tn" s<-'T/wt 
em b ry o s  w e re  h a rv e s te d  a t em b ry o n ic  days 10 an d  12 
(E10 an d  E12) (S u p p lem en ta ry  Fig. S1C ,D , respective ly ). 
L acZ  ex p re ss io n  re c a p itu la te s  th e  p rev io u sly  described  
p a tte rn  of P ax7  ex p re ss io n  (M ansou ri e t al. 1996) in  th e  
so m ite s , m id face , an d  n e u ra l tu b e -d e riv ed  s tru c tu re s .

P ed ia tric  c an ce rs  a re  fre q u e n tly  a sso c ia te d  w ith  c h ro ­
m o so m a l tra n s lo c a tio n s , an d  th e s e  tra n s lo c a tio n s  a re  of­
te n  a sy m p to m a tic a lly  p re se n t a t  b ir th  (G reaves an d  W i- 
e m e ls  2003). T o  re p lic a te  a p re n a ta l P ax3:F khr  tr a n s lo ­
c a tio n  for a lv eo la r rh ab d o m y o sa rco m as, w e  triggered  
P ax3:F khr  in  th e  P ax3  ex p re ss io n  d o m a in  fro m  th e  e a r­
l ie s t t im e  p o in t of P ax3  p ro m o te r  a c tiv a tio n  b y  b reed in g  
c o n d itio n a l P ax3 l>3l'inhvt m ic e  to  tra n sg e n ic  m ic e  ex ­
p re ss in g  Cre u b iq u ito u s ly  fro m  early  g e s ta tio n  (S chw enk  
e t al. 1995) (w e d e n o te  th is  tra n sg e n e  lo c u s  as R a jC reT g ). 
T h e  P ax3:F khr  t r a n sc r ip t w as  co n firm e d  b y  seq u en c in g  
th e  R T -P C R  p ro d u c t of P a x3 p3,'a/wt R a jC re T g ^ 'e/"rt 
E 10.5 em b ry o s  (see S u p p lem en ta ry  Fig. S2). P ax3 i>3l'ahvt 
R a jC reT g CT€/wt m ice  w e re  b o rn  in  n o rm a l M e n d e lia n  ra ­
tio s  b u t  d isp layed  sev e re  b ir th  defec ts (see Fig. 1A -D  and  
i ts  legend). E le m e n ts  of th i s  p h e n o ty p e  a re  re m in isc e n t 
of th e  S p lo tch  (A uerbach  1954) an d  S p lo tc h -d e la y e d
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C o n d it io n a l  e m b ry o n ic  Pax3:Fkhr

Figure 1. Early embryonic activation of Pax3:Fkhr. {A,B) Whole- 
m ount and sagittal section of an unaffected El 8.5 embryo harboring 
a single Pax3:Fkhr allele {Pax3P3FmJwt) that had no t been activated 
by Cre. (C,D) W hole-mount and sagittal section of a m u tan t E l8.5 
embryo harboring a single Pax3:Fkhr allele that has been activated 
by the Rajewsky Cre driver jpax3P3Fa/wt RajCreTgCre/wl). Note cra- 
nioschisis, exencephaly, anophthalmia; omphalocoele (open arrow­
head), foreshortened snout, and slightly foreshortened limbs. In the 
m utant, the forebrain (fb) is hypoplastic and laterally displaced by 
the midbrain. Note absence of the cerebellum (cb) and olfactory lobe 
(olf), as well as overproliferation and anteriorization of the midbrain 
(mb).

(T rem b lay  e t  al. 1998) h o m o zy g o u s  m u ta n t  p h e n o ty p es . 
T h is  p a r t ia l  p h e n o c o p y  of P ax3  d e fic ien cy  in c lu d e s  cra- 
n io sc h is is , ex en cep h a ly , an d  m id face  a b n o rm a litie s  
(T rem b lay  e t al. 1.998) a n d  c h a ra c te r is tic  sk e le ta l d ysp la ­
s ia  (see S u p p lem en ta l M ate ria l; S u p p le m e n ta ry  Fig. S3). 
T h e  h y p o p la s tic  d o rsa l ro o t gang lia , n o rm a lly  o rg an ized  
b u t  h y p o p la s tic  lim b  m u sc le , an d  th in n e d  d iap h rag m  of 
P a x3 PSFa' wt R a jC reT g Cre/wt m ic e  a re  s im ila r  b u t  do n o t 
fu lly  p h e n o c o p y  th e  a b se n t d o rsa l ro o t gang lia , a b se n t 
h y p a x ia l (lim b) m u sc le , an d  a b se n t d iap h rag m  rep o r te d  
for S p lo tch  m ic e  (see S u p p le m e n ta ry  Fig. S4). P ax3FSFa/wt 
R a]C reT gCre/wt m ic e  h a d  n o rm a l re s p ira to ry  c o m p e te n c y  
for sev e ra l h o u rs  u n d e r  is o th e rm a l co n d itio n s . P h en o ­
ty p es  of S p lo tc h  m ic e  n o t  p re s e n t in  P ax3PSFa/wt 
R a jC reT g Cre/wt m ic e  in c lu d e  sp in a  b ifid a  of in c o m p le te  
p e n e tra n c e  an d  ca rd iac  c o n o tru n c a l d e fec ts  ( tru n cu s  a r­
te r io su s , v e n tr ic u la r  sep ta l defects), w h e rea s  P ax3P3Fa/wt 
R a]C reT gCre/wt m ic e  h a v e  d is tin c tiv e  p h e n o ty p e s  su ch  
a s  fo reb ra in  h y p o p las ia , a n o p h th a lm ia , d iso rg an ized  
m id b ra in  o v e rg ro w th , an d  o m p h a lo co e le .

W e co n c lu d e d  th a t  P a x3 PSFa/wt R a jC reT g CreMt m ic e  
p a r t ia l ly  p h e n o c o p y  th e  S p lo tch  a n d  S p lo tc h -d e la y e d  
p h e n o ty p e s  for P ax3  d efic iency , su g g es tin g  th e  a c tiv ­
i ty  of th e  s in g le  w ild - ty p e  a lle le  of P ax3  in  P a x3 P3Fn/wt 
R a jC reT g Cre/wt m ic e  is  a t  le a s t  p a r t ia l ly  su p p re ssed  by  
th e  d o m in a n t-n e g a tiv e  a c tio n  of P ax3:F khr ; h o w ev er, 
n o v e l fe a tu re s  of o u r  m ice  su g g ested  th a t  P ax3:F khr  h as  
a d d itio n a l em b ry o n ic  ta rg e ts  as w ell.

W e exp lo red  th e  m id b ra in  o v e rg ro w th  of n ew b o rn  
P a x3 PSF t  R a j C re TgCrs/wt m ic e  to  d e te rm in e  w h e th e r  
th e s e  ce lls  h a d  u n d e rg o n e  h a m a r to m a to u s  o r n e o p la s tic

tra n s fo rm a tio n . By h is to lo g y  (Fig. 2A,B), th e  m id b ra in  
an d  co rtex  w as h ig h ly  d iso rgan ized . P se u d o ro se tte s  w ith  
a h ig h  m i to t ic  in d ex  w e re  p re s e n t in  an  in c re a s in g  cau- 
d a l- to -ro s tra l g rad ien t w ith in  th e  m id b ra in  (Fig. 2C -F). 
Im m u n o h is to c h e m is try  to  d e te rm in e  th e  lin eag e  of th e  
p se u d o ro se tt in g  ce lls  rev ea led  th a t  th e y  express n e u ro n - 
sp ec ific  en o la se  (Fig. 2E) b u t  n o t  th e  m a rk e rs  of m a tu re  
n e u ro n a l (sy n ap to p h y sin , P G P9.5 , SI 00, 6 8 -k D a n e u ro ­
f i la m e n t, p -3 -tu b u lin ), g lia l (GFAP), ep en d y m a l (AE1.3), 
o r m e se n c h y m a l (m yogen in , des m in , v im e n tin j d iffe ren ­
tia t io n  (data n o t  show n). E lec tro n  m ic ro sco p y  rev ea led  
ce lls  w ith  h ig h  n u c le a r- to -c y to p la sm ic  ra t io s  w ith o u t  
n e u ro f ila m e n ts  o r o th e r  d is tin g u ish in g  fea tu re s  (data  n o t 
show n). B ecause of th e  a p p a re n t u n d if fe re n tia te d  s ta te  of 
th e s e  ce lls , w e  te s te d  th e m  for th e  ex p ressio n  of S o x l 
(Fig. 2F), a m a rk e r  of p r im itiv e  em b ry o n ic  n e u ra l s te m  
ce lls  (A ubert e t al. 2003), w h ic h  w as  p o s itiv e . W e th e r e ­
fore  su g g est th a t  th e s e  ec top ic , m ito t ic a l ly  a c tiv e  cells 
re p re se n t re ta in e d  p r im itiv e  n e u ro e c to d e rm a l p re c u r­
sors. T h e  m ito g e n ic  effec t P ax3:F khr  h a s  on  Sox-1-ex- 
p re ss in g  n e u ra l s te m  ce lls  in  th e  m id b ra in  is  e sp ec ia lly  
in te re s t in g  from  th e  p o in t  of v iew  th a t  th e re  m a y  be 
tissu e -sp ec if ic  co fac to rs  th a t  a llo w  P ax3 :F kh r to  in d u c e  
p ro life ra tio n  in  th e s e  ce lls  b u t  n o t  o th e rs . T h is  r e s u lt  
a lso  ra ise s  th e  in te re s t in g  p o s s ib il ity  th a t  m e c h a n ism s  
u n d e rly in g  th is  P a x3 :F khr-m ed ia te d  n e u ra l s te m  ce ll 
p ro lifera tion  cou ld  be e luc ida ted  an d  u sed  for expansion  of 
p r im itiv e  em bryon ic  n eu ra l s te m  cells in  o th e r  con tex ts.

I t  is  e sp ec ia lly  in te re s t in g  th a t  P ax3 :F kh r appears  to
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Figure 2, Overproliferation of prim itive neuroectodermal cells for 
early embryonic activation of Pax3:Fkhr. Histological (HnE) brain 
sections of a pax3P3Fm/wt E l8.5 embryo (A J and a m utan t pax3P3Fa/wt 
RafCieTgCre/wt E l8.5 embryo {B-F). {A,B) Coronal section showing a 
global disorganization of the cortex, (ctx.) and overgrowth of the m id­
brain (mb) for m utan t embryos. (C) More anterior coronal section of 
the m utan t showing m ultiple zones of proliferation characterized by 
pseudorosettes (black arrowheads). (D) High-power view of pseudo­
rosettes (asterisks) dem onstrating m ultiple m ito tic  figures (open ar­
rowheads and inset). (£) Positive im m unohistochem ical staining of 
pseudorosetting cells for neuron-specific enolase (NSE). (i7) Positive 
Soxl im m unohistochem ical staining of pseudorosetting cells from 
the anterior-m ost region of the m utan t midbrain.
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K e lle r  e t  a l .

h a v e  th e s e  p re v io u s ly  u n su s p e c te d  g a in -o f-fu n c tio n  
p ro p e r tie s  in  t is su e s  of th e  o p tic  p laco d e  a n d  m id b ra in  
w h o se  p a tte rn in g  a n d  d ev e lo p m e n t a re  k n o w n  to  b e  a f­
fec ted  by  o th e r  P ax  fam ily  m e m b e rs . A lth o u g h  Pax2  a n d  
Pax6  ex p ress io n  w as p re se rv ed  (see S u p p le m e n ta l M a te ­
ria l; S u p p lem en ta ry  Fig. S6), i t  re m a in s  p o ss ib le  th a t  
P ax 3 :F k h r a lte rs  ex p ressio n  of d o w n stre a m  E ya, S ix , 
D a ch ,  a n d  G ro u ch o  genes th a t  n o rm a lly  in te ra c t  w ith  
th e s e  P a x  genes d u rin g  d ev e lo p m en t. I t  w ill  b e  u se fu l to  
ta k e  in to  a c c o u n t th e  re c e n t re p o r t of tra n s fe c tio n  ex­
p e r im e n ts  (Xia a n d  B arr 2004) fo r w h ic h  o n co g en ic  o r 
g ro w th  su p p re ss iv e  e ffec ts  of P ax3:F khr  w e re  co rre la ted  
w ith  lo w  v e rsu s  h ig h  ex p ress io n  leve ls, re sp ec tiv e ly .

Because of th e  sim ilarity  of ouxP ox3P3Fa/wt RajC reTgCre/wt 
p h e n o ty p e  to  th e  S p lo tc h  p h e n o ty p e  of h o m o zy g o u s 
P ax3  d e fic iency , w e  te s te d  w h e th e r  P ax3:F khr  w as ex­
p re sse d  in  th e  ex p ec ted  P ax3  d o m a in  o r ec to p ica lly  in  a 
p a tte rn  in f lu e n c e d  by  3 ' F k h r  g en o m ic  reg u la to ry  e le ­
m e n ts , a n d  w h e th e r  ex p ressio n  of th e  n o rm a l a lle le  of 
P ax3  w as affec ted . T h e  eYFP m a rk e r  fo r P ax3:F khr  w as 
ex p ressed  s tro n g ly  in  a  p a tte rn  c o n s is te n t w ith  n o rm a l 
P ax3  p ro m o te r  a c tiv ity  (see Fig. 3A ,B  a n d  its  legend). 
R N A  in  s i tu  h y b rid iz a tio n  u s in g  a  rib o p ro b e  sp ec ific  for 
th e  w ild -ty p e  a lle le  of P ax3  rev ea led  c o m p le te  ab sen ce  of 
w ild - ty p e  P ax3  ex p ress io n  (Fig. 3C ) in  th e  P ax3P3Fa/vn 
R a jC m T g Cre/vn E l 0.5 m u ta n t  em bryo , e s ta b lish in g  
th a t  P ax3:F khr  su p p resses  P ax3  tr a n sc r ip t leve ls. 
Im m u n o h is to c h e m is try  u s in g  a n  an tib o d y  sp ec ific  to  
th e  C  te rm in u s  of w ild - ty p e  Pax3 p ro te in  co n firm e d  
th e  n ea r-c o m p le te  ab sen ce  of Pax3 in  th e  P ax3F3Fa/vn 
R  a j C m  TgCre/wt m u ta n t  (Fig. 3D ). T h is  ab sen ce  of P ax3  
tra n sc r ip ts  a n d  p ro te in  a c c o u n ts  fo r th e  s im ila r i tie s  to  
th e  S p lo tc h  p h e n o ty p e .

T h e  m e c h a n ism  for th e  d ecreased  P ax3  tra n s c r ip t  lev e l 
re m a in s  to  b e  d e te rm in ed ; ho w ev er, in  Pax3:Fkh.r-ex- 
p re ss in g  h u m a n  tu m o r  ce ll lin e s , th e  lev e l of P ax3  
m R N A  is fivefo ld  lo w e r th a n  th e  lev e l of P ax3:F khr  
m R N A  (D avis a n d  B arr 1997) d e sp ite  s im ila r  R N A  s ta ­
b il it ie s , su g g es tin g  a  tra n sc r ip tio n a l lev e l of a c tio n . Be­
cau se  P ax3  t r a n sc r ip tio n  is p o s itiv e ly  a u to re g u la te d  by  
i t s  o w n  p ro te in  p ro d u c t (R idgew ay an d  S kerjanc  2001), a 
re a so n ab le  m o d e l fo r su p p re ss io n  of P ax3  t r a n sc r ip tio n  
b y  P ax3 :F kh r is th a t  th e  fu s io n  p ro te in  n e g a tiv e ly  reg u ­
la te s  P ax3  tra n sc r ip tio n  th ro u g h  th e  P ax3  c is -au to reg u - 
la to ry  e le m e n t.

T o  a c c o u n t fo r th e  d iffe rences b e tw e e n  th e  P ax3P3Fa/vn 
R a jC m T g Cre/wt p h e n o ty p e  a n d  S p lo tch , w e  e x am in ed  ex­
p re s s io n  of th e  P tfx3 -re la ted  gene, P ax7 , a n d  d o w n ­
s tre a m  ta rg e ts  of Pax3. For P a x7  ex p ressio n , w e  g en e r­
a te d  m u ta n t  an d  n o rm a l E l 1.5 e m b ry o s  ca rry in g  a 
ta rg e te d  re p la c e m e n t of P a x7  w ith  L a c Z  (M ansouri 
e t  a l. 1996). P ax 7 -L acZ  ex p ressio n  w as p re s e n t in  th e  
psFa/wtRa jC m T g Cre/wt m u ta n t,  b u t  P ax 3 -P ax 7 -d e riv ed  
s tru c tu re s  su c h  as th e  n e u ra l tu b e , d o rsa l ro o t ganglia, 
a n d  d e rm o m y o to m e  w ere  p e r tu rb e d  (Fig. 3E,F). T o  d e te r­
m in e  w h e th e r  P ax3 :F kh r m ay  p a r t ia l ly  c o m p e n sa te  for 
Pax3 lo ss in  h y p ax ia l m u sc le , w e  e x a m in e d  ex p ressio n  of 
a  Pax3 d o w n stre a m  ta rg e t gene, c -M et, in  c e lls  of th e  
d e rm o m y o to m e  th a t  m ig ra te  in to  th e  fo re lim b  a t  E l 0.5 
(Fig. 3G ,H ). D esp ite  th e  absence  of Pax3 in  th e  P ax3P3Fa/wt 
R a jC m T g Cre/vn m u ta n t  em bryo , c -M et ex p ressio n  w as 
in c re a se d  an d  fo u n d  to  b e  co ex p ressed  w ith  th e  
P a x3 :F kh i m a rk e r, eYFP. T h is  re s u lt  d e m o n s tra te s  th a t  
P ax3 :F kh r m ay  p a r tia l ly  c o m p e n sa te  fo r Pax3 lo ss  by  
tra n sc r ip tio n a l a c tiv a tio n  of so m e  Pax3 ta rg e t genes in  
d ev e lo p in g  h y p ax ia l m u sc le . T h is  re s u lt  is a lso  consis-

Figure 3. Pax3:Fkhr, Pax3i7, and target gene expression w ith early 
embryonic activation of Pax3:Fkhr. {A) Expression of the Pax3:Fkhr 
m arker, eYFP, in som ites {so), branchial arches {ba), and anterior 
forebrain (fb) of an E8.75 embryo. {B) eYFP m arker of Pax3:Fkhr 
expression in a transverse section of the forelimb of an E10.5 
Pax3FSFa/wt RajCreTgCre/wt embryo, (nt) Neural tube; {dm) dermo- 
m yotome; {mm) migrating m yoblasts. {G) W hole-mount RNA in 
situ  hybridization using a probe specific for only wild-type Pax3. 
{Right) Neural tube signal is absent for the m utan t Pax3FSFa/wt 
RafCreTgCre/wt embryo. {D) Im m unohistochem istry demonstrates 
near complete absence of w ild-type Pax3 protein in the m utan t 
Pax3FSFa/wt RafCreTgCre/wt embryo in an axial section of the fore­
limb. {E,F} Expression of Pax7 using a LacZ reporter reveals pre­
served Pax7 expression in the unaffected Pax3FSFm/wt (F) and the 
m utan t Pax3FSPa/wt RafCreTgCre/wt (F) embryo. However, the neural 
tube {F, upper left, inset), dorsal root ganglia, and dermomyotome {F, 
lower left, inset, open and black arrowheads, respectively) were se­
verely perturbed. {G) Im m unohistochem istry for c-Met in an axial 
cross-section of the unaffected p ax3P3Fin/wt embryo a t the level of 
the forelimb. {H ) c-Met im m unohistochem istry in an axial section 
of the m utan t Pax3FSFa/wt RaiCreTgCre/wt embryo, demonstrating 
m aintenance of c-Met expression despite Pax3 absence. {Inset) The 
eYFP m arker of Pax3:Fkhr expression is coexpressed in e-Met-ex- 
pressing cells of the dermom ytome {yellow).

te n t  w ith  in  v itro  d a ta  d e m o n s tra tin g  th a t  c -M et is a 
ta rg e t of P ax3 :F kh r (G insberg  e t  a l. 1998). In te re s tin g ly , 
b ro ad  a c tiv a tio n  of th e  c -M et s ig n a lin g  p a th w a y  in  c o n ­
ju n c tio n  w ith  in a c t iv a t io n  of th e  In k 4 a /A R F  lo c u s  re ­
su lts  in  n o n -a lv eo la r rh a b d o m y o sa rco m as in  m ic e  a t  
h ig h  freq u en cy  (Sharp e t  a l. 2002).

T o  s tu d y  th e  c o n seq u en ces  of la te r  em b ry o n ic  a c tiv a ­
tio n  of P ax3:F khr  in  th e  overlap  of P ax3  a n d  P a x7  ex­
p re s s io n  d o m ain s , w e  b red  c o n d itio n a l P ax3:F khr  m ice  
to  P a x 7 -C m  m ice . P a x3 P3Fa/wt P ax7 ICNlJl/vvt p u p s  w ere  
re p re se n te d  a t  n o rm a l M en d e lian  ra tio s  a n d  d isp layed  
th e  m ild  b ir th  defec ts of a  n a rro w e d  n o se  (Fig. 4A). A l­
th o u g h  in i t ia lly  eq u a l in  s ize  to  P a x3 P 3 F P a x7 vn/vn 
l i t te rm a te s , th e  P o x3 P3Fa/wt p ax 7 ICNlTl/vvt p u p s  sh o w ed  
ev id en c e  of sev e re  p o s tn a ta l  g ro w th  re ta rd a tio n  by  age 3
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C o n d it io n a l  e m b ry o n ic  Pax3:Fkhr

Figure 4. Phenotype caused by later embryonic activation of 
Pax3:Fkhr in the Pax7 expression domain, (A ) PO m ouse pups har­
boring a single Pax3:Fkhr allele no t activated by Cre [Pax3PSFinM't 
Pax7wt/vft, left) or a single Pax3:Fkhr allele that had been activated 
by Pax7~Cre jPax3F3Fa/wt Pax7ICNm/wt, right). N ote pointed nose of 
the m utan t (black arrowhead), jB) Severe runting at P21 of the m u­
tan t {right, w eight 3 g) compared w ith  the unaffected pup [left, 10,5 
g), jC) Reduced m asseter m uscle m ass (flanked by black arrowheads) 
of the pointed-nose m utan t {right) in comparison to the unaffected 
control {left). (D ) Electron microscopy (12,838x5 dem onstrating the 
presence of satellite cells, SC, in Pax3FSFa/wt Pax7ICHin/wt mice, 
(MN) Myofiber nucleus; (mf) adjacent myofibrils, {£) Pax7 imm uno- 
h istochem istry dem onstrating lower satellite cell frequency and 
one-third sm aller myofiber cross-sectional diam eter in vastus lat­
eralis skeletal m uscle of Pax3F3Fa/wt Pax7ICNiu/wt m u tan t mice 
[right) compared w ith  Pax3F3Fin/wt Pax7wt/wt control m ice {left). (jF) 
Im m unohistochem istry for NCAM , dem onstrating cell surface ex­
pression in myofibers of Pax3FSFm/wt Pax7wt/wt control m ice {left) 
bu t no t m u tan t Pax3F3Fa/wt Pax7ICNm/wt m ice {right). NCAM expres­
sion is present in satellite cells (black arrowheads) from both ani­
mals, (G,H) Com puted tomography 46-p.m3 resolution scans of the 
unaffected (G) and m utan t (H ) P21 pup skulls. N ote absence of the 
rostral portion of the premaxilla (pm), hypoplasia of the lacrimal 
bones (open arrows), and hypoplasia of the nasal turbinates [insets).

w k , a t  w h ic h  t im e  th e y  w e ig h ed  le s s  th a n  o n e -th ird  of 
th e i r  u n a ffec ted  l i t te rm a te s  (Fig. 4B). T h e  red u ced  w e ig h t 
of th e  p o s tn a ta l  d ay  21 (P21) n e o n a te s  is  p r im a r i ly  th e  
r e s u l t  of e x tre m e  re d u c tio n  of m u s c le  m ass  (Fig. 4C), 
w ith  an  a c c o m p an y in g  m ild  re d u c tio n  in  m y o fib e r d ia m ­
e te r  b y  h is to lo g y  (data  n o t  show n). T o  d e te rm in e  
w h e th e r  th is  re d u c tio n  in  m u s c le  m a ss  w as a c o n se ­
q u e n c e  of red u ced  s a te ll i te  ce lls  (O u s ta n in a  e t  a l. 2004), 
e le c tro n  m ic ro sco p y  w as p e rfo rm ed , rev e a lin g  th a t  s a t ­
e l l i te  ce lls  w e re  p re s e n t in  n o rm a l w e ig h t P a x3 P3Fa/vn 
P a x7 lCMni/wt m u ta n t  P0 p u p s  (Fig. 4D ), b u t  in  few er 
n u m b e rs  th a n  c o n tro l li t te rm a te s .  T o  d e te rm in e  m o re  
p re c ise ly  w h e th e r  th e  n u m b e r  of s a te ll i te  ce lls  w as  r e ­

duced  in  P a x3 P3Fa/wt P ax7 ICNm/wt m ic e  p o s tn a ta lly , w e  
h a rv e s te d  th e  v a s tu s  la te ra lis  m u s c le  of P 9 m o u s e  p u p s  
an d  p e rfo rm ed  Pax7 im m u n o h is to c h e m is try  to  d e te c t 
s a te ll i te  ce lls , c o u n te rs ta in in g  m y o fib e r n u c le i  w ith  
D A PI (Fig. 4E). W e fo u n d  a s ig n if ic a n t re d u c tio n  in  th e  
p e rc e n ta g e  of s a te ll i te  ce lls  fo r m u ta n t  m u s c le  co m p ared  
w ith  n o rm a l (10%  vs. 15 .2% , p  < 0 .001, n  = 11,805 n o n ­
v esse l n u c le i  co u n ted ). M yofiber d e n s ity  w as  s ig n ifi­
c a n tly  h ig h e r  in  m u ta n ts  as co m p ared  w ith  n o rm a ls  (515 
v s. 349  ce lls  p e r  fie ld , p  < 0 .00 l j  as a r e s u l t  of red u ced  
c ro ss -sec tio n a l a rea  of in d iv id u a l m y o fib e rs  (affected 
m y o fib e r c ro ss -sec tio n a l a rea  w as  68%  of co n tro l), w h ic h  
is  s im ila r  to  f in d in g s  fo r Pax7_/“ m ic e  (O u s ta n in a  e t  a l. 
2004). T h e  p ro p o r tio n  of a c tiv a te d  m y o b la s ts  co ex p ress­
in g  Pax7  an d  M y ogen in  in  m u ta n t  and  c o n tro l m ic e  ap ­
p e a r c o m p arab le  (data  n o t  show n); h o w ev er, im m u n o h is -  
to c h e m ic a l s ta in in g  fo r N C A M , a ce ll su rface  m a rk e r  of 
m y o fib e rs  th a t  h a v e  u n d e rg o n e  fu s io n  w ith  a s a te ll i te ­
ce ll-d eriv ed  m y o b la s t (C o v au lt e t  a l. 1986), sh o w ed  se ­
v e re ly  red u ced  N C A M  ex p ressio n  a t  th e  su rface  of m a ­
tu r e  m y o fib e rs  fro m  P a x3 P3Fa/vn P ax7 ICNm/wt m u ta n t  
m ic e  (Fig. 4F). T a k e n  to g e th e r, th e s e  re s u lts  su g g est th a t  
th e  sm a ll m y o fib e r d ia m e te r  a t P21 is  a r e s u l t  of th e  
sm a lle r  s a te ll i te  ce ll p o o l th a t  is  im p a ire d  in  se lf-renew al 
c ap ac ity  as a re  Pax7~l~ m ic e  (O u s ta n in a  e t  al. 2004), r e ­
su ltin g  in  few e r sa te llite -ce ll-d e riv ed  a c tiv a te d  m y o ­
b la s ts  b e in g  av a ilab le  to  fu se  w ith  e x is tin g  m a tu re  m y o ­
fibers. T h is  fu n c tio n a l defect appears to  h av e  been  p re sen t 
a t b ir th  b u t w as sign ifican tly  exacerbated  p o stn a ta lly .

For th e  m id face  d efec ts , c o m p u te d  to m o g rap h y  scan  a t 
P21 d e m o n s tra te d  m a x illa ry  an d  la c r im a l b o n e  h y p o p la ­
sia, ag en esis  of th e  ro s tra l  p re m a x illa , and  sev e re ly  u n ­
d e rdeve loped  n a sa l tu rb in a te s  re la tiv e  to  c o n tro l l i t t e r ­
m a te s  (Fig. 4G ,H ). B ecause  of th e  in c re a se d  w o rk  of 
b re a th in g  a sso c ia te d  w ith  a c o llap s ib le  n a sa l a irw ay , 
o n ly  a lim ite d  n u m b e r  of P ax3FSFa/vvt P ax7 lCNni/wt m ice  
h a v e  su rv iv ed  to  3 .5  m o  of age ( le th a lity  w a s  in  p a r t  
a m e lio ra te d  b y  se r ia l fo s te r in g  fo llo w ed  b y  w e a n in g  to  a 
gel-based  so u rce  of h y d ra tio n ). N o n e  of th e s e  an im a ls  
h a v in g  u b iq u ito u s  P ax3:F khr  re a rra n g e m e n ts  in  th e ir  
Pax7+ sa te ll i te  ce lls  d eve loped  a lv eo la r rh ab d o m y o sa r­
com a; th is  is  a re m a rk a b le  o b se rv a tio n , b ecau se  i t  is  
w id e ly  th o u g h t th a t  a lv eo la r rh ab d o m y o sa rco m as  arise  
fro m  sa te ll i te  ce lls .

C o lle c tiv e ly , th e  red u ced  m u s c le  m ass , m a x illa ry  and  
la c r im a l b o n e  h y p o p las ia , an d  n a sa l tu rb in a te  a b n o rm a li­
tie s  of P a x3 P3Fa/vn P ax7 ICMni/vn m ice  s tro n g ly  su g g est a 
p h e n o c o p y  of th e  P a x7  d e fic ien cy  (M an so u ri e t  a l. 1996; 
O u s ta n in a  e t  a l. 2004). T o  d e te rm in e  w h e th e r  th e  
P ax3:F khr  a lle le  w as d ire c tly  su p p re ss in g  P a x7  tra n sc r ip ­
tio n , w e  b red  a R O S A 2 6  L acZ  re p o r te r  g en e  (Sorriano 
1999) in to  P ax3P3Fa/vn P a x7 ic W w t  m u ta n t  m ic e  and  
c o n tro ls  to  a c t as a re a d o u t of P a x7  p ro m o te r  a c tiv ity  and  
c e ll su rv iv a l in  E10.5 and  E l 1.5 em b ry o s  (Fig. 5A -D ). W e 
e n c o u n te re d  a ran g e  of L acZ  re p o r te r  a c tiv ity  fo r w h ic h  
th e  P a x7  p ro m o te r  a c tiv ity  of P a x3 P3FaMt p aX 7iCNni/vn 
m ic e  w as  e ith e r  e q u iv a le n t o r in c re a se d  as co m p ared  
w ith  P a x 3 ^ t/vn p ax 7 lCMrn/vn c o n tro l m ice . A n  ex am p le  
of in c re a se d  a c tiv ity  is  sh o w n  in  F igure 5 A -D . T h e  in ­
creased  ex p ressio n  of P a x7  in  P a x3 P3Fa/vn p ax 7 lCMn2/wt 
m ic e  m a y  b e  u n d e rs to o d  in  te rm s  of P a x3 :F kh r-m ed ia ted  
su p p re ss io n  of P ax3  ex p ressio n , b ecau se  Pax3 is  n o r ­
m a lly  a rep re sso r of P a x7  ex p ressio n  (B orycki e t  a l. 1999) 
(in o th e r  w o rd s, Pax7 ex p ressio n  in c re a se s  b ecau se  Pax3 
n o  lo n g er su p p resses  P a x7  tra n sc rip tio n ). A t  th e  p ro te in  
leve l, Pax7 w as  also  fo u n d  to  b e  in c re a se d  in  th e  n e u ra l
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K e lle r  e t  a l .

Figure 5. Pax7 and c-Met expression w ith embryonic activation of 
Pax3:Fkhr in  the  Pax? expression domain. [AtB) Rosa26 LacZ re­
porter activity in  E l0.5 embryos harboring a targeted Pax7~Cre al­
lele alone {Pax7ICNm/wt, le ft) or a targeted Pax7-Cre  allele and a 
single, activated Pax3:Fkhr allele {Pax3P3Fa/wl Pax7ICNm/wt, right). 
Reporter activity suggests m aintenance or increased level of Pax7 
prom oter activity in th e  neural tube and somites, as well as new  
Pax7 prom oter activity in  the  m axillary and m andibular branches of 
branchial arch 1. \CfD) Unaffected {€) and affected (D) E12.5 em ­
bryos dem onstrating sustained Pax7 prom oter activity. \E,F) Pax7 
im m unohistochem istry in  an axial cross-section a t th e  level of the  
forelimb of the  unaffected and affected embryos, demonstrating 
m aintenance of Pax7 protein expression. {G,H) c-Met im m unohis­
tochem istry in  an axial cross-section at th e  level of the  forelimb of 
th e  unaffected and affected embryos, dem onstrating increased ex­
pression of c-Met in  th e  affected embryo [H).

tu b e  an d  d e rm o m y o to m e  of P o x3 P3Fa/wt P ax7ICNm/wt 
E l 0.5 em b ry o s (Fig. 5E,Fj. A s befo re  fo r sev e re ly  a ffec ted  
P ax3P3FaMt R a jC ie T g Cre/vn m u ta n t  em bryos, th e  s tru c ­
tu ra lly  le s s  p e r tu rb e d  P o x3 P3Fa/wt P ax7ICNzn/vn E10.5 
e m b ry o s  d e m o n s tra te d  in c re a se d  ex p ress io n  of th e  Pax3 
d o w n s tre a m  ta rg e t, c -M et (Fig. 5G ,H ). T h is  P ax7  k n o c k ­
o u t p h en o co p y , d e sp ite  in c rea sed  Pax7  ex p ressio n , co u ld  
b e  ex p la in ed  by  d o m in a n t-n e g a tiv e  e ffec ts of P ax3 :F khr 
on  P ax 7 ta rg e ts , r a th e r  th a n  effec ts on  ex p ressio n  of P ax?  
itse lf . U n fo rtu n a te ly , a t  p re s e n t d o w n stre a m  ta rg e ts  
u n iq u e  to  Pax7 b u t  n o t sh a red  by  Pax3 re m a in  to  be 
id en tif ied . A  w o rk in g  m o d e l fo r h o w  P ax3 :F kh r m o d u ­
la te s  Pax3, Pax7, an d  o th e r  d o w n stre a m  ta rg e ts  is  sh o w n  
in  S u p p le m e n ta ry  F igure S7.

R e c e n t tra n s fe c tio n  s tu d ie s  h a v e  sh o w n  th a t  in  e m ­
b ry o n a l rh ab d o m y o sa rco m a  ce lls  fo rced  to  exp ress  th e  
a lv eo la r rh ab d o m y o sa rco m a  o n co g en e  Pax3:F khr, Pax3 
lev e ls  a re  in c re a se d  a n d  P ax 7 lev e ls  a re  d ecreased  (To- 
m e sc u  e t  al. 2004). W e h a v e  no  c lea r e x p la n a tio n  fo r th e  
d iffe ren ces b e tw e e n  th is  s tu d y  an d  ou rs , ex cep t to  sug­

g es t th a t  em b ry o n a l rh ab d o m y o sa rco m as  m a y  n o t  b e  th e  
s ta r tin g  p o in t  o r an  e q u iv a le n t c e llu la r  c o n te x t fo r a lv eo ­
la r  rh ab d o m y o sa rco m as.

In im p o r ta n t p rev io u s  s tu d ie s , g e rm -lin e  ex p ressio n  of 
th e  P ax3:F khr  fu s io n  g en e  u n d e r  th e  c o n tro l of th e  P ax3  
p ro m o te r  h a s  re s u lte d  in  em b ry o n ic  le th a li ty  w i th ­
o u t m id b ra in  o v e rp ro life ra tio n , a n o p h th a lm ia , o r fo re­
b ra in  a b n o rm a litie s  (for re fe ren ces an d  co m p ariso n s , see 
S u p p lem en ta ry  T a b le  1). In  severa l in s ta n c e s , th e  o th e r  
m o d e ls  re p re se n t h y p o m o rp h s  of th e  early  em b ry o n ic  ac ­
tiv a tio n  of o u r  c o n d itio n a l m o d e l. H o w ever, each  of 
th e s e  P ax3:F khr  a lle le s  h a d  design  d iffe rences su c h  as 
b e in g  a tra n sg e n e  o r b e ing  c o n s tru c te d  fro m  an  in c o m ­
p le te  c D N A  in s te a d  of g en o m ic  D N A  th a t  m a y  h a v e  af­
fe c te d  th e  sp e c tru m  of P ax3:F khr  a c tiv it ie s  in  sep a ra te  
tis su e s . In  o u r  c o n d itio n a l k n o c k -in  m o d e l, w e  c lo se ly  
r e c a p itu la te  th e  c is -reg u la to ry  ch an g es cau sed  by th e  rea l 
tra n s lo c a tio n  in  h u m a n  tu m o rs . A t th e  t im e  of C re  ex ­
p ressio n , w e  rem o v e  th e  3 k b  of P ax3  c o n ta in in g  exons 
8 -1 0  an d  ju x tap o se  a p re v io u s ly  s i le n t 9 .3 -kb  g en o m ic  
f ra g m e n t of F kh r  c o n ta in in g  ex o n s 2  a n d  3  a n d  th e  fu ll 
3 ' -u n tra n s la te d  reg ion . By u s in g  m u r in e  g e n o m ic  D N A  
from  b o th  P ax3  an d  F khr , w e  av o id ed  p o te n t ia l  co m p li­
c a tio n s  of sp ec ies-spec ific  reg u la to ry  e le m e n t sequence . 
T h e  v a lu e  of th is  ap p roach  is  d e m o n s tra te d  by  th e  m a rk ­
ed ly  d iffe ren t p h e n o ty p e s  w e  see  in  o u r  m ic e  w ith  ea rly  
em b ry o n ic  a c tiv a tio n  of Pax3:F khr. F u rth e rm o re , w ith  
th is  c o n d itio n a l m o d e l w e  h a v e  th e  ad d ed  ad v an ta g e  of 
s tu d y in g  th e  e ffec ts of P ax3:F khr  a t  m id g e s ta tio n , 
th e re b y  b y p ass in g  th e  e a r lie r  P ax3:F khr  ex p ressio n  th a t  
w e  sh o w  re s u lts  in  m a ss iv e  p e r tu rb a t io n  of th e  cen tra l 
n e rv o u s  sy s te m . T h e  la te r , le ss  sev ere  (yet in trig u in g ) 
p h en o co p y  of P ax7  d e fic ien cy  w e  re p o r t h e re  a llo w s fo r 
c lo se r co m p a riso n s  of g en e  ex p ressio n  lev e ls  in  tis su e s  
w h o se  s tru c tu re s  a re  n o t so sev e re ly  p e rtu rb ed .

W ith  regard  to  th e  tim in g  an d  ce ll of o rig in  fo r h u m a n  
tu m o rs  p o sse ss in g  P ax3:F khr  tra n s lo c a tio n s , th e  se ­
v e rity  of b ir th  d efec ts  in  P a x3 P3Fa/wt R a jC reT g Cre/wt o r 
P ax3P3FaMt P ax7ICNlJlMt m ic e  an d  a sso c ia te d  le th a li ty  
su g g es ts  th a t  th e  tra n s lo c a tio n  e v e n t in  h u m a n s  is  u n ­
l ik e ly  to  o c c u r  e ith e r  as a g e rm -lin e  m u ta tio n  o r as a 
m o sa ic  in  a b ro ad  range  of em b ry o n ic  m y o g en ic  p re c u r­
sors. O n e  co u ld  sp e c u la te  th a t  a sm a ll su b s e t of em bry - 
o n ica lly  o r p o s tn a ta l ly  derived  P ax3 /P ax7 -coexp ress ing  
sa te llite  cells cou ld  give rise  to  an  alveo lar rhabdom yosar­
coma,* how ever, o u r re su lts  d em o n s tra te  th a t  P ax3P3Fa/wt 
p a x 7ICNlJl/wt m ic e  ca rry in g  th e  a c tiv a te d  P ax3:F khr  a l­
le le  in  th e  e n tire  Pax7+ s u b c o m p a rtm e n t of th e  s a te ll ite  
ce ll poo l do n o t develop  tu m o rs  even  up  to  3 .5  m o  of age, 
w e ll in to  th e  y o u n g  a d u lth o o d  of th e s e  m ic e . T h is  u n e x ­
p e c te d  re s u lt  th a t  Pax7+ sa te ll ite  ce lls  do n o t  g ive  r is e  to  
a lveo la r rh ab d o m y o sa rco m as  is  m ad e  m o re  re m a rk a b le  
by  th e  o b se rv a tio n  in  th e  a c c o m p an y in g  p a p e r  (K eller e t 
al. 2004) th a t  Pax3:F khr  a c tiv a tio n  in  a ta rg e t p o o l of 
M yf6+ d if fe re n tia tin g  m y o fib e rs  lead s to  a lv eo la r rh a b ­
d o m y o sa rco m a  tu m o rs . T h e se  p ro v o c a tiv e  fin d in g s, th a t  
m a tu re  d if fe re n tia tin g  sk e le ta l m u s c le  an d  n o t  s a te l­
l i te  ce lls  g ives r ise  to  a lv eo la r rh ab d o m y o sa rco m as, a sk s  
u s  to  re c o n s id e r th e  w id e ly  h e ld  a s s u m p tio n  th a t  o n ly  
m u s c le  s te m  ce lls  g ive  rise  to  rh ab d o m y o sa rco m as.

Materials and methods
Isolation of genomic clones
A 21-kb genomic clone spanning exon 8 to the 3 '-untranslated region of 
Pax7 was isolated from a A bacteriophage library of mouse strain SvJ-129 
(Stratagene),
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Production of gene-targeted mouse- lines
Generation of the Pax3:Fkhr conditional allele is described in the accom­
panying paper (Keller et al, 2004). For the Pax7~~Cre mouse line, a target­
ing vector was constructed that placed an ires-Cre-FRT-Neo-FRTcassette 
in the ClaI site within the 3 '-untranslated region of the Pax7 gene fol­
lowing the stop codon in exon 10. This targeting vector was electropor­
ated into R1 embryonic stem cells that were then subjected to positive 
and negative selection. Three of 144 clones were identified as positive by 
screening with EcoRI genomic DNA digests with Southern hybridization 
using a 3' external probe. Germ-line mice were generated as described in 
our accompanying paper (Keller et al. 2004). For genotyping by PCR, see 
Supplemental Material.

Pax7~~Cre and Pax7~~LacZ expression analysis
Whole-mount detection of the tissue-specific CRE expression for the 
Pax7-Cre mouse line was performed by crossing that line to ROSA26 
LacZ reporter mice (Sorriano 1999). Embryos were harvested at E10, 
E10.5, E12, or E12.5 and as described in our accompanying paper (Keller 
et al. 2004). Whole-mount LacZ expression in Pax7-LacZ El 1.5 embryos 
was detected similarly (Mansouri et al. 1996).

Immunohistochemistry and fluorescence
Immunohistochemistry of sections was performed as described in our 
accompanying paper (Keller et al. 2004), and as detailed in Supplemental 
Material. For whole-mount eYfp fluorescence detection, E8.75 embryos 
placed in LabTek Chamber Slides (Nunc) and visualized by epifluores- 
cence microscopy on a Zeiss Axiovert 200M microscope (Intelligent Im­
aging Innovations) using a YFP filter and Slidebook integration and de­
convolution software (Intelligent Imaging Innovations).

RNA in situ hybridization
RNA in situ hybridization was performed as previously described (Lufkin 
2003) using an 843-bp probe unique to native Pax3 only (GenBank ac­
cession no. 6679210: nucleotides 1464-2214) that was derived from a 
reverse-transcriptase-amplified cDNA from wild-type E ll  mouse em­
bryo total RNA, which had been subcloned into the pCRII-TOPO plas­
mid (Invitrogen Life Technologies).

Acknowledgments
The monoclonal antibodies developed by Atsushi Kawakami and Miyuki 
Yamamoto were obtained from the Developmental Studies Hybridoma 
Bank (University of Iowa, Iowa City, IA). We appreciate a C-terminal- 
specific Pax3 antibody from Jonathan Epstein, We thank Mary Blandford, 
Kristin Deatherage, Jennifer Edwards, Misha S. Capecchi, Nichole Sand­
erson, Nathan Marsala, Fred Clayton, Lyn Pedone, and Daniel Fults for 
technical assistance and advice. This work was supported by a Scott 
Carter Foundation Fellowship to C.K. and by a K08 award from the Na­
tional Cancer Institute (1K08 CA90438-01) to C.K.

References
Aubert, J., Stavridis, M.P., Tweedie, S., O'Reilly, M,, Vierlinger, K., Li, 

M,, Ghazal, P., Pratt, T,, Mason, J.O., Roy, D,, et al, 2003, Screening 
for mammalian neural genes via fluorescence-activated cell sorter 
purification of neural precursors from Soxl-gfp knock-in mice, Proc. 
Natl. Acad. Sci. 100 Suppl 1: 11836-11841,

Auerbach, R, 1954, Analysis of the developmental defects of a lethal 
mutation in the house mouse, J. Exper. Zool. 127: 305-329,

Borycki, A,G,, Li, J,, Jin, F,, Emerson, C,P,, and Epstein, J,A, 1999, Pax3 func­
tions in cell survival and in pax7 regulation. Development 126:1665-1674. 

Covault, J,, Merlie, J,P,, Goridis, C,, and Sanes, J,R, 1986, Molecular 
forms of N-CAM and its RNA in developing and denervated skeletal 
muscle, J. Cell Biol. 102: 731-739,

Davis, R,J, and Barr, F,G, 1997, Fusion genes resulting from alternative chro­
mosomal translocations are overexpressed by gene-specific mechanisms 
in alveolar rhabdomyosarcoma, Proc. Natl. Acad. Sci. 94: 8047-8051, 

Ginsberg, J,P,, Davis, R.J., Bennicelli, J,L,, Nauta, L,E,, and Barr, F,G,
1998, Up-regulation of MET but not neural cell adhesion molecule 
expression by the PAX3-FKHR fusion protein in alveolar rhabdomyo­
sarcoma. Cancer Res. 58: 3542-3546.

Goulding, M.D., Chalepakis, G,, Deutsch, U,, Erselius, J.R., and Gruss, P. 
1991. Pax3, a novel murine DNA binding protein expressed during

early neurogenesis, EM.BO J. 10: 1135-1147,
Greaves, M,F, and Wiemels, J, 2003, Origins of chromosome transloca­

tions in childhood leukaemia, Nat. Rev. Cancer 3: 639-649,
Jostes, B,, Walther, C,, and Gruss, P, 1990, The murine paired box gene, 

Pax7, is expressed specifically during the development of the nervous 
and muscular system, Me-c-h. Dev. 33: 27-37,

Keller, C,, Arenkiel, B,R,, Coffin, C,M,, El-Bardeesy, N,, DePinho, R,A,, 
and Capecchi, M,R, 2004, Alveolar rhabdomyosarcomas in condi­
tional Pax3:Fkhr mice: Cooperativity of Ink4a/ARF and Trp53 loss of 
function. Genes &. Dev. (this issue),

Lufkin, T, 2003, In situ hybridization of whole mount embryos with 
RNA probes. In Manipulating the mouse embryo (eds, M,G, Andras 
Nagy et al,), pp. 670-682, Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, NY.

Mansouri, A., Stoykova, A., Torres, M,, and Gruss, P. 1996, Dysgenesis of 
cephalic neural crest derivatives in Pax7_/_ m utant mice. Develop­
m ent 122: 831-838,

Oustanina, S., Hause, G,, and Braun, T, 2004, Pax7 directs postnatal 
renewal and propagation of myogenic satellite cells but not their 
specification. EMBO J. 23: 3430-3439.

Pani, L,, Horal, M,, and Loeken, M.R. 2002. Rescue of neural tube defects in 
Pax-3-deficient embryos by p53 loss of function: Implications for Pax-3- 
dependent development and tumorigenesis. Genes & Dev. 16: 676-680, 

Ridgeway, A,G, and Skerjanc, I,A, 2001, Pax3 is essential for skeletal myogen- 
esis and the expression of Sixl and Eya2, J. Biol. Chem. 276:19033-19039, 

Schwenk, F,, Baron, U,, and Rajewsky, K, 1995, A Cre-transgenic mouse 
strain for the ubiquitous deletion of loxP-flanked gene segments in­
cluding deletion in germ cells. Nucleic Acids Res. 23: 5080-5081, 

Sharp, R,, Recio, J,A,, Jhappan, C,, Otsuka, T,, Liu, S., Yu, Y,, Liu, W,, 
Anver, M,, Navid, F,, Helman, L.J., et al. 2002. Synergism between 
INK4a/ARF inactivation and aberrant HGF/SF signaling in rhabdo- 
myosarcomagenesis, Nat. Med. 8: 1276-1280,

Sorensen, P,H,, Lynch, J,C,, Qualman, S,J,, Tirabosco, R,, Lim, J,F,, Mau­
rer, H,M,, Bridge, J,A,, Crist, W,M,, Triche, T,J,, and Barr, F,G, 2002, 
PAX3-FKHR and PAX7-FKHR gene fusions are prognostic indicators 
in alveolar rhabdomyosarcoma: A report from the children's oncology 
group, f. Clin. Oncol. 20: 2672-2679,

Sorriano, P, 1999, Generalized lacZ expression with the ROSA26 Cre 
reporter strain, N a t Genet. 21: 70-71,

Tomescu, O,, Xia, S,J,, Strezlecki, D,, Bennicelli, J,L,, Ginsberg, J,, Pawel, B,, 
and Barr, F,G, 2004, Inducible short-term and stable long-term cell cul­
ture systems reveal that the PAX3-FKHR fusion oncoprotein regulates 
CXCR4, PAX3, and PAX7 expression, Lab. Invest. 84: 1060-1070, 

Tremblay, P., Dietrich, S., Mericskay, M,, Schubert, F.R., Li, Z,, and 
Paulin, D. 1998. A crucial role for Pax3 in the development of the 
hypaxial musculature and the long-range migration of muscle pre­
cursors. Dev. Biol. (Orlando} 203: 49-61.

Xia, S.J. and Barr, F.G. 2004, Analysis of the transforming and growth 
suppressive activities of the PAX3-FKHR oncoprotein. Oncogene 
2004 Aug 2 [Epub ahead of print].

G E N E S &  D E V E L O P M E N T  2613

http://www.genesdev.org

