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2. Methods 

!"#$%&'("$$
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G%A"*BC$ C,%'.C$ *D$ A.'-$ 2"&/$ %&'$ *A%&H.;$ Q*$ '.,1'A%(.$+BC@0.$ C.@("*&C-$ C0"'.C$).A.$
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0#..,2,/1#61,0&78-A&,H42,--#/$&5/:3&1+,&K35(&;62N,2A&@6-&/51&0#..,2,/1&9,1@,,/&@#:0&

134,&6/0&(%)*+,-.-&.#9,2-&!"#$%&M8)%&&
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!"#$%&'(&&%)*#

3,45"6787!$%&'!()*'!+'',!-'*').'/!)!01,/)$',2).!$3/'.!03-!2('!1,/'-42),/%,5!30!2('!

6)2(3$3.'&1.)-!$14&.'!/'0'&24! &)14'/!+7! .)&8!30!93.:;! ),/! 03-! 2('! %/',2%0%&)2%3,!30!

,3*'.! 2('-)6'12%&! 3663-21,%2%'4! 03-! (1$),!<=!),/!>9=?!6)2%',24@! ;,/''/A! 421/%'4!

&)--%'/! 312! %,! 93.:;! ,1..! $%&'! -'*').'/! )! 463,2),'314! )636234%4! )443&%)2'/! 23!

$%23&(3,/-%).!/7401,&2%3,! %,!$730%+'-4!),/!$14&.'B/'-%*'/!&'..4A!/'0'&24! 2()2!&31./!

+'! ,3-$).%C'/! +7! )//%2%3,! 30! 93.:;! 3-! 2-')2$',2! D%2(! &7&.3463-%,! E! F;-D%,! '2! ).@A!

"GGHI@! =3-'3*'-A! 2('! $3.'&1.)-! $'&(),%4$4! 1,/'-.7%,5! 2('! )&&1$1.)2%3,! 30!

)+,3-$).!$%23&(3,/-%)!),/!2('!',41%,5!&'..!/')2(!%,!3,45"6787!$14&.'4!D'-'!-'&',2.7!

'.1&%/)2'/A! 4(3D%,5! )! .%,8! +'2D'',! %$6)%-'/! )1236()5%&! 4%5,).%,5! ),/! 2('!

/'*'.36$',2! 30! 2('! $736)2(%&! 6(',3276'! FJ-1$)2%! '2! ).@A! "GKGI@! L'$)-8)+.7A! 2('!

6)2(35',%&!$'&(),%4$4!%/',2%0%'/!%,!3,45"6787!$%&'!D'-'!).43!&3,0%-$'/!%,!>9=?!),/!

<=! 6)2%',24! FE,5'.%,%! '2! ).@A! "GGMN! J-1$)2%! '2! ).@A! "GKGI@! ;,! )//%2%3,A! 2('!

/'$3,42-)2%3,!30!2('!2('-)6'12%&!'00%&)&7!30!&7&.3463-%,!E!%,!3,45"6787!$%&'A! .'/!23!)!

6-3$%4%,5! &.%,%&).! 2-%).!D%2(! &7&.3463-%,!E! %,!>9=?! ),/!<=!6)2%',24A! 36',%,5! ,'D!

2('-)6'12%&!6'-46'&2%*'4@! ;,2'-'42%,5.7A! &7&.3463-%,!E! 2-')2$',2!,32!3,.7!D)4! 031,/!

23! +'! )+.'! 23! -'&3*'-! )636234%4! ),/!$%23&(3,/-%).! /7401,&2%3,A! +12! ).43! 6-3$32'/!

$14&.'!-'5','-)2%3,!%,!>9=?!6'/%)2-%&!6)2%',24!F='-.%,%!'2!).@A!"GGO)I@!!!

;,!43$'!$14&1.)-!/742-36(%'4A!2('!6)2(35',%&!$12)2%3,!,32!3,.7!-'41.24!%,!$730%+'-!

D)42%,5A! +12! ).43! /%-'&2.7! %$6)%-4! P9! 01,&2%3,! 2(14! &3$6-3$%4%,5! 2('! '00%&%',2!

$)%,2',),&'! ),/! -'6)%-! 30! $730%+'-4! FQ)$$%2! '2! ).@A! "GKGI@! 93.:;! %4! )+1,/),2.7!

6-'4',2! %,! 2('! R9=! .3&)2'/! %,! 2('! &.34'! 6'-%6('-7! 30! $730%+'-4A! 2(14! %4! &),! +'!

(7632('4%C'/!2()2!93.:;!$)7!%,0.1',&'!2('!+'()*%31-!30!'%2('-!$730%+'-4!),/S3-!P94@!

93,4%/'-%,5! 2('! -'$)-8)+.'! )636232%&! 6(',3276'! /%46.)7'/! +7!3,45"6787! ),/! >9=?!

$73+.)424A! ),/! 6'-41)/'/! +7! 2('! -'5','-)2%*'! '00'&2! 30! &7&.3463-%,! E! 2-')2$',2! %,!

>9=?!6)2%',24A!/1-%,5!2('!4'&3,/!().0!30!$7!T(?!D3-8!;!42)-2'/!%,*'42%5)2%,5!$14&.'!

-'5','-)2%3,!),/!P9!)&2%*%27!%,!2('!3,45"6787!$314'!$3/'.@!!

;! 031,/! 2()2! 1,/'-! 6(74%3.35%&).! &3,/%2%3,4! UE! ),/! R?V! $14&.'4! 30! WB$3,2(B3./!

3,45"6787!$%&'!/%46.)7!)&2%*)2%3,!30!+)4'.%,'!-'5','-)2%3,A!D%2(!%,&-')4'/!%,&%/',&'!30!

&',2-)..7!,1&.')2'/!$730%+'-4!),/!30!T)XMB634%2%*'!&'..4!-)2%34@!U(%4! %4! %,!)5-''$',2!

D%2(! 2('! $736)2(%&! 6(',3276'! 30! 2('4'! $%&'A! D(%&(! D)4! /'$3,42-)2'/! 23! &)14'!
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!"#!

$%&'()!*)+)',&!-.*!$/0+12)3!*)4).)3-,10.!560.-(*0!),!-(78!9:;;<! =3>1.!),!-(78!?##"@7!!

A(,B0%4B! ').,3-((/! .%'()-,)*! $/0+12)3&! -3)! ,/C1'-((/! '0.&1*)3)*! -! &14.! 0+! $%&'()!

3)4).)3-,10.8! ,B)/! -3)! -(&0! 3)C3)&).,-,1D)! 0+! -! */&,30CB1'! '0.*1,10.8! &1.')! $%&'()!

3)4).)3-,10.! 1&!0+,).!-!'0.&)E%).')!0+!$%&'()!*-$-4)!*%)!,0!-!*/&,30CB1'!C30')&&7!

F03! ,B)&)! 3)-&0.&8! 1,! >-&! .0,! &%3C31&1.4! ,0! +1.*! -.! 1.'3)-&)! 0+! ').,3-((/! .%'()-,)*!

$/0+12)3&!1.!G0(H=!.%((!$%&'()&7!=.!-43))$).,!>1,B!,B)!.))*!+03!$%&'()!3)4).)3-,10.8!

IG&!>)3)!+0%.*!1.'3)-&)*!1.!.%$2)3!1.!3,45"6787!$1')7!I1$1(-3!+)-,%3)&!>)3)!02&)3D)*!

1.!,B)!*/&,30CB1'!CB-&)!0+!(9:!$1')8!>B)3)!,B)!-2&).')!0+!*/&,30CB1.!C30,)1.!()-*&!

,0!)J,).&1D)!-.*!'/'(1.4!)D).,&!0+!$%&'()!*)4).)3-,10.!-.*!3)4).)3-,10.8!-&&0'1-,)*!

>1,B!1.'3)-&)*!-',1D1,/!0+!IG&!5K034-.!-.*!L-$$1,8!?#9#@7!=.,)3)&,1.4(/8!,B)&)!)D).,&!

>)3)!$03)!3-3)!1.!3,45"6787!$%&'()&8!>B)3)!').,3-((/!.%'()-,)*!$/0+12)3&!-.*!M-JNO

C0&1,1D)!')((&!>)3)!3)&C)',1D)(/!+0%3O!-.*!,>0O+0(*! 1.'3)-&)*!'0$C-3)*!,0!>1(*O,/C)!

$%&'()&7!F%3,B)3$03)8!M-JNOC0&1,1D)!')((&!*),)',)*!1.!3,45"6787!$%&'()&!&))$)*!,0!2)!

1.!-! ,/C1'-(! P&-,)((1,)Q!C0&1,10.8!%.*)3.)-,B! ,B)!2-&-(! (-$1.-8!20,B! 1.!$%&'()&! )*% ;);,!

-.*! 1.!$/0+12)3&! .:% ;);,! 5*-,-! .0,! &B0>.@7! RB)! 1.'3)-&)*! .%$2)3! 0+! -',1D-,)*! IG&!

&B0%(*! 4).)3-,)! $03)! *1++)3).,1-,)*! $/04).1'! ')((&! -2()! ,0! +%&)! >1,B! C3)O)J1&,1.4!

$/0+12)3&8!()-*1.4!,0!1.'3)-&)*!$/0+12)3!&1S)7!=.&,)-*8!3,45"6787!RA!-.*!TUV!$%&'()&!

&B0>)*! -! (0>)3! $)-.! '30&&O&)',10.! -3)-! 5GIA@! '0$C-3)*! ,0! >1(*O,/C)! $%&'()&8!

&%44)&,1.4!-(,)3-,10.! 1.!IG!-',1D1,/7! F%3,B)3!)JC)31$).,&! -3)!.))*)*! ,0!4),! -!2),,)3!

%.*)3&,-.*1.4! 0+! 3,45"6787! IG! &,-,)! %.*)3! CB/&10(041'-(! '0.*1,10.&8! 1.! ,)3$&! 0+!

E%1)&').')8!-',1D-,10.!-.*!C30(1+)3-,10.7!TJC)31$).,&!1.!,B1&!C)3&C)',1D)!-3)!-(3)-*/!

0.401.48! >B)3)! 3,45"6787! $1')! -3)! ,3)-,)*! )*% ;);,! >1,B! T*W! 5XO),B/./(O?YO

*)0J/%31*1.)@8! -!$0*1+1)*! .%'()0&1*)! ,B-,! 1&! 1.'03C03-,)*! *%31.4! UZA! &/.,B)&1&! 1.!

C30(1+)3-,1.4!')((&7!RB1&!-CC30-'B!>1((! -((0>!%&! ,0!4),!*),-1()*! 1.+03$-,10.!-20%,!IG!

C30(1+)3-,10.!%.*)3!CB/&10(041'-(!'0.*1,10.&!1.!3,45"6787!$1')7!!!

A(,)3)*! -',1D-,10.! 0+! IG&! 3)C3)&).,&! 0.)! 0+! ,B)! C0&&12()! '-%&)&! 0+! ,B)13! 1.'3)-&)*!

.%$2)3! 1.! 3,45"6787! $%&'()&7! =.! -**1,10.8! $0*1+1)*! *),)3$1.-,10.! 0+! ,B)! IG! C00(!

*%31.4! $0%&)! *)D)(0C$).,! '0%(*! -(&0! )JC(-1.! ,B)! CB).0,/C)! 02&)3D)*! 1.! -*%(,!

3,45"6787!$1')7!=.!03*)3!,0!,)&,!,B1&!C0&&121(1,/8!=!C)3+03$)*!IG!-.-(/&1&!1.!/0%.4!5,>0O

>))[O0(*@!>1(*O,/C)!-.*!G0(H=!.%((!RA!$%&'()&7!=,!>-&!C3)D10%&(/!*)$0.&,3-,)*!,B-,!

,>0O>))[O0(*! $0%&)! $%&'()&! *1&C(-/! -.! 1.'3)-&)*! 1.'1*).')! 0+! IG&! '0$C-3)*! ,0!

-*%(,8! -.*! ,B)/! 3)-'B!IG!-*%(,! ()D)(&! -+,)3! ,B3))!>))[&8!>1,B!.0! &14.1+1'-.,! 'B-.4)&!
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$%&'&()$&'!*+%,$&!&$!(-./!01#12.!34!$%&!5(6&!$%&!786&'9&:!,45'&(6&:!,45,:&45&!7)!;<6!,4!

<7-=3! 4>--! ?>65-&6! ,6! 7)! &?8'@7-7A,5(-! 7',A,4/! ,$! ?(@! 8&! ('A>&:! $%($! $B7CB&&DC7-:!

?,5&!6%7>-:!%(9&!(!?7'&!&9,:&4$! ,45'&(6&!7)!E(FGCH76,$,9&!5&--6!B%&4!57?H('&:! $7!

B,-:C$@H&! ?,5&! 7)! $%&! 6(?&! (A&.! I,))&'&4$-@/! 3! :,:! 47$! 786&'9&:! (4@! 6,A4,),5(4$!

:,))&'&45&!8&$B&&4!B,-:C$@H&! (4:!3,45"6787! $B7CB&&DC7-:!?>65-&6/! 87$%! ,4! $&'?6!7)!

5&4$'(--@! 4>5-&($&:!?@7),8&'6! (4:! 7)! ;<! '($,76.! J%&6&! ),4:,4A6! 6&&?! $7! &F5->:&! (4!

,497-9&?&4$!7)!;<!&?8'@74,5!:&$&'?,4($,74!,4!$%&!,45'&(6&:!;<!'($,7!786&'9&:!,4!KC

?74$%C7-:!3,45"6787!?,5&/!(4:!6>AA&6$! $%($! $%,6!(-$&'($,74!8&57?&6!(HH('&4$!74-@! ,4!

(:>-$!?,5&.!!!

34!7':&'! $7! ,49&6$,A($&! )>'$%&'!?>65-&!'&A&4&'($,74!5(H(8,-,$@/! 3! 6>8L&5$&:!KC?74$%C

7-:! B,-:C$@H&! (4:! <7-=3! 4>--! ?,5&! $7! (5>$&! ?>65-&! ,4L>'@! 8@! 5(':,7$7F,4! ,4L&5$,74.!

M,6$7-7A,5(-! (4(-@6,6! ($! G! :(@6! )'7?! ,4L>'@! 6%7B&:! (! 6-,A%$! :&-(@! 7)! 4&B!?@7),8&'%

)7'?($,74!,4!3,45"6787!?>65-&6.!34!(::,$,74/!(4:!($!:,))&'&45&!)'7?!$%&!57''&6H74:,4A!

B,-:C$@H&!6(?H-&6/!?@7),8&'6!>4:&'A7,4A!:&A'(:($,74!B&'&!6$,--!H'&6&4$!($!$%,6!$,?&!

H7,4$! ,4! ,4L>'&:!3,45"6787!?>65-&6.!J%&! ,?H7'$(45&!7)! $%&!'&5'>,$?&4$!7)!5&--6!7)! $%&!

,??>4&!6@6$&?!)7'!$%&!&-,?,4($,74!7)!:&(:!?@7),8&'6!(4:!)7'!$%&!(5$,9($,74!7)!&('-@!

&9&4$6!7)!?>65-&!'&A&4&'($,74!B(6!:&?746$'($&:!,4!(!4>?8&'!7)!6$>:,&6!*N&65(>:'7?!

&$! (-./! #OOOP! Q5<->4A! &$! (-./! 011G2.! J%>6/! (! H766,8-&! :&-(@! 7'! :&5'&(6&! 7)! ,??>4&!

6@6$&?! '&5'>,$?&4$! ?(@! &FH-(,4! $%&! '&$(':&:! ?>65-&! '&A&4&'($,74! 7)! 3,45"6787!

?>65-&6.!I&$&5$,74!7)!(5$,9&!?7475@$&6!(4:!?(5'7H%(A&6!($!R!:(@6!)'7?!5(':,7$7F,4!

,4L>'@/!8@!,??>47)->7'&65&45&!B,$%!$%&!QSQT0!?('D&'/!:,:!47$!'&9&(-!(4@!789,7>6!

:,))&'&45&! 8&$B&&4! B,-:C$@H&! (4:! <7-=3! 4>--! ?>65-&6/! 6>AA&6$,4A! $%($! 7$%&'!

?&5%(4,6?6! 6%7>-:! 8&! '&6H746,8-&! )7'! $%&! ,457?H-&$&! &-,?,4($,74! 7)! :(?(A&:!

?@7),8&'6! ,4! 3,45"6787! ?,5&.! S4&! H766,8,-,$@! ,6! $%&! ,?H(,'&:! (5$,9($,74! 7)! $%&!

(>$7H%(A,5! :&A'(:($,9&! H'75&66/! (! ?(L7'! :&)&5$! '&5&4$-@! )7>4:! ,4! <7-=3! 4>--! ?,5&!

*U'>?($,!&$!(-./!01#12!(4:!B%,5%!?(@!&FH-(,4!($!-&(6$!,4!H('$!$%&6&!)&($>'&6.!!

T-$%7>A%! $%&! %,6$7-7A,5(-! (4(-@6,6! ()$&'! "1! :(@6! )'7?! 5(':,7$7F,4C,4:>5&:! ,4L>'@!

6>AA&6$6! (! '&65>&! 7)!3,45"6787!?>65-&! 6$'>5$>'&/! 7$%&'! H('(?&$&'6! '&9&(-! (4! (-$&'&:!

H'7A'&66,74!7)!?>65-&!'&A&4&'($,74.!34:&&:/!(4(-@6,6!7)!$%&!,45,:&45&!7)!E(FGCH76,$,9&!

5&--6!'($,7!($!"1!:(@6!)'7?!,4L>'@!6%7B&:!6$'74A!:,))&'&45&6!8&$B&&4!$%&!'&6H746&6!7)!

B,-:C$@H&!(4:!3,45"6787!4>--!JT!?>65-&6.!I&6H,$&!$%&!6$'74A!,45'&(6&!7)!E(FGCH76,$,9&!

5&--6!,4!,4L>'&:!B,-:C$@H&!?>65-&6/!(-67!'&H7'$&:!,4!(47$%&'!B7'D!*;%&(!&$!(-./!01#12/!
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!"#!

$%&'()*+,-,./! 0/11+! 2/3/! 3/450/4! ,6! ,6753/4! 3,45"6787! 85+01/+9! +5::/+-,6:! -;%-! -;/!

%<,1,-=!*>!?@+!-*!8%,6-%,6!-;/,3!)**1!%>-/3!%6!%05-/!,6753=!2%+!0*8)3*8,+/4!,6!3,45"67

87!8,0/A! B6-/3/+-,6:1=9!%1-;*5:;!@*1CB!6511!8=*>,</3+!+;*2/4!%6! ,603/%+/4!8/%6!@?D!

%>-/3!"E!4%=+!>3*8!,6753=9!-;/!2/,:;-!*>!FD!85+01/+!2%+!4/03/%+/4!2;/6!0*8)%3/4!-*!

-;/!0*33/+)*64,6:!2,14(-=)/!+%8)1/+A!F;/+/!3/+51-+!+5::/+-!-;%-!3/:/6/3%-/4!3,45"67

87! 85+01/+! 2/3/! 0*8)*+/4! <=! %! 1*2/3! 658</3! *>! 1%3:/3! 8=*>,</3+! 0*8)%3/4! -*!

3/:/6/3%-/4! 2,14(-=)/! 85+01/+9! ;,:;1,:;-,6:! %! 4/03/%+/4! 3/:/6/3%-,./! 0%)%<,1,-=! *>!

@*1CB! 6511! 8,0/A! F;/! *<+/3.%-,*6! -;%-! 3/:/6/3%-/4! 3,45"6787! 85+01/+! 4,+)1%=! %6!

,603/%+/4!8/%6!@?D!,64,0%-/!-;%-!?@+!%3/!%<1/!-*!0*33/0-1=!4,>>/3/6-,%-/!,6!8=*<1%+-+!

%64!>5+/!2,-;!8=*>,</3+A!D1-*:/-;/39!-;/+/!>,64,6:+!+-3*6:1=!+5::/+-!-;%-!,6!3,45"6787!

85+01/+!?@+!%3/!%<1/!-*!0*8)1/-/!85+01/!3/:/6/3%-,*69!<5-!%3/!56%<1/!-*!/&)%64!%64!

8%,6-%,6!-;/,3!)**1!1,G/!,6!2,14(-=)/!85+01/+!%>-/3!,6753=A!!!

H/8%3G%<1=9!+,8,1%3!3/+51-+!2/3/!*<-%,6/4!<=!%6%1=I,6:!2,14(-=)/!%64!3,45"6787!8,0/!

+5<7/0-/4!-*!muscle training by voluntary exercise on running wheels. It was previously 

shown that %6! ,603/%+/4! 1/./1! *>! );=+,0%1! %0-,.,-=9! +50;! %+! 3566,6:! *3! 3/+,+-%60/!

-3%,6,6:9! 0%6! %1+*! +-,851%-/! ?@!8,-*-,0! %0-,.,-=! JK0@*38,0G! %64!F;*8%+9! LMM#N! %64!

3/+51-+! ,6! /1/.%-/4! ?@! 658</3+! JO%4,! %64! F;*36/119! #EEENA! P&/30,+/! -3%,6,6:! <=!

)3*:3/++,./! -3/%48,11! 3566,6:! 3/+51-+! ,6! ?@! %0-,.%-,*6! -*:/-;/3!2,-;!8*3);*1*:,0%1!

0;%6:/+! ,64,0%-,./! *>! *6:*,6:! 85+01/! >,<3/! ,6753=! %64! 3/)%,3! JK0@*38,0G! %64!

F;*8%+9! LMM#NA! Q53! 4%-%! +;*2! -;%-9! ,6! %44,-,*6! -*! 4/03/%+/4! 85+01/! %0-,.,-=! %64!

,603/%+/4!8=*>,</3! %)*)-*+,+9! -;3//!8*6-;+! *>! 3566,6:!2;//1! /&/30,+/! 3/+51-+! ,6! %!

+-3*6:!3/450-,*6!*>!$%&'()*+,-,./!0/11+! ,6!3,45"6787!85+01/+9!2;/6!0*8)%3/4!-*!<*-;!

/&/30,+/4! 2,14(-=)/! 8,0/! %64! 6*6(/&/30,+/4! 3,45"6787! 8,0/A! D-! 4,>>/3/60/! >3*8!
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We studied a family affected by myosclerosis myopathy (MIM 255600), a rare muscle 

inherited disorder characterised by slender muscles with firm “woody” consistency and 

severe restriction of movement of all joints. In the two affected siblings, we found that a 

homozygous nonsense COL6A2 mutation lead to a peculiar pattern of defects on collagen 

VI synthesis, assembly, secretion and extracellular organization. These studies indicate, for 

the first time, that myosclerosis myopathy should be considered a collagen VI disorder 

allelic to UCMD and BM. 

 

Autosomal recessive myosclerosis
myopathy is a collagen VI disorder

L. Merlini, MD
E. Martoni, BS*
P. Grumati, BS*
P. Sabatelli, BS*
S. Squarzoni, MD
A. Urciuolo, BS
A. Ferlini, MD, PhD
F. Gualandi, MD, PhD
P. Bonaldo, PhD

ABSTRACT

Objective: To determine the clinical and molecular features of a new phenotype related to collagen
VI myopathies.

Methods: We examined two patients belonging to a consanguineous family affected by myoscle-
rosis myopathy, screened for mutations of collagen VI genes, and performed a detailed biochem-
ical and morphologic analysis of the muscle biopsy and cultured fibroblasts.

Results: The patients had a novel homozygous nonsense COL6A2 mutation (Q819X); the mutated
messenger RNA escaped nonsense-mediated decay and was translated into a truncated !2(VI)
chain, lacking the sole C2 domain. The truncated chain associated with the other two chains,
giving rise to secreted collagen VI. Monomers containing the truncated chain were assembled into
dimers, but tetramers were almost absent; secreted collagen VI was quantitatively reduced and
structurally abnormal in cultured fibroblasts. Mutated collagen did not correctly localize in the
basement membrane of muscle fibers and was absent in the capillary wall. Ultrastructural analy-
sis of muscle showed an unusual combination of basement membrane thickening and duplication,
and increased number of pericytes.

Conclusions: This familial case has the characteristic features of myosclerosis myopathy and carries
a homozygous COL6A2 mutation responsible for a peculiar pattern of collagen VI defects. Our study
demonstrates that myosclerosis myopathy should be considered a collagen VI disorder allelic to Ull-
rich congenital muscular dystrophy and Bethlem myopathy. Neurology® 2008;71:1245–1253

GLOSSARY
BM ! Bethlem myopathy; cDNA ! complementary DNA; ECM ! extracellular matrix; mRNA ! messenger RNA; NMD !
nonsense-mediated decay; UCMD ! Ullrich congenital muscular dystrophy.

The term myosclerosis was first introduced by Duchenne. Observation of the needle muscle
biopsies obtained from his original case led him to hypothesize that the fundamental anatomic
lesion was hyperplasia of the interstitial connective tissue, which prompted him to propose the
term paralysie myosclérosique as an alternative to paralysie musculaire pseudohypertrophique.1

Myosclerosis was first considered a new familial degenerative illness of the intermysial connective
tissue (myosclerosis, congenital, of Lowenthal; MIM 255600) in a report of six patients in two
families presenting a restriction of articular mobility.2,3 Under the name “syndrome of myosclero-
sis,” a new condition was described in two siblings of a nonconsanguineous family.4 Difficulty in
walking was noted in early childhood, together with toe walking and progressive calf contractures.
The clinical picture in the early 30s was characterized by slender muscles with firm “woody” consis-
tency and restriction of movement of many joints because of muscle contractures.

Collagen VI is an extracellular matrix (ECM) protein with a broad distribution and essential for
skeletal muscle integrity and function. The protein consists of three distinct !1(VI), !2(VI), and
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!3(VI) chains encoded by separate genes
(COL6A1, COL6A2, and COL6A3). Mutations
of collagen VI genes cause two major pheno-
types: Bethlem myopathy (BM; MIM 158810)
and Ullrich congenital muscular dystrophy
(UCMD; MIM 254090).5-8 BM is a relatively
mild, dominantly inherited disorder and is char-
acterized by proximal muscle weakness with
joint contractures mainly involving the fingers,
elbows, and ankles.9 The “scleroatonic” UCMD
is a recessive/dominant condition characterized
by severe muscle weakness, resulting in limited
ability or inability to walk independently, proxi-

mal joint contractures and striking hypermobil-
ity of distal joints, and early respiratory failure.10

A pure limb-girdle presentation with absent or
mild/late contractures was also recognized in
three unrelated families with missense muta-
tions in COL6A1 and COL6A2.11

Here we report a family with autosomal reces-
sive myosclerosis myopathy due to COL6A2 mu-
tation, expanding the spectrum of collagen VI
myopathies. The mutation is a novel pathogenic
variation of the COL6A2 gene and represents the
first truncating mutation occurring in homozygos-
ity in the C1 domain of the !2(VI) chain.

METHODS Patients. The index case presented at age 21 years
for correction of equinus of the feet. Born to consanguineous parents,
the patient had one affected and three unaffected siblings. Developmen-
tal motor milestones were normal. Slight difficulty in running and
climbing stairs and Achilles tendon contractures were noted during
early childhood, followed by progressive contractures of all joints, in-
cluding jaws, spine, shoulders, elbows, wrists, fingers, hips, and knees.
Distal joint hypermobility was never noticed. He underwent surgical
elongation of Achilles tendons at 5 years and then for relapse at 16 years.

On neurologic examination, he was short with mild thoraco-
lumbar scoliosis and accentuated lumbar lordosis. He had mild fa-
cial weakness with inability to completely bury the eyelashes, and a
nasal voice. His muscles were thin and “sclerotic” on palpation.
There was mild girdle and proximal limb weakness (grade 4/5 upper
and 4/5 lower) and moderate distal weakness (grade 3/5 upper and
lower). The most striking finding was the diffuse restriction of
movements of all joints (figure 1A). Opening of the mouth was only
1.5 cm. Mobility of the cervical spine was limited in all planes and
particularly in flexion. Elbows were bent to 120° and limited in
further flexion to 30°. Shoulders were limited in abduction and in
extrarotation and intrarotation. Hand fingers were flexed and lim-
ited in both extension and further flexion, and the wrist was also
rigid. The thoracolumbar spine was rigid in both flexion and exten-
sion. The patient had flexion of the hips with limitation of passive
extension. Knees were bent and restricted in both flexion and exten-
sion. He was severely and progressively limited by the contractures,
whereas muscle weakness remained relatively mild. He was able to
slowly walk and climb stairs. He showed moderate restriction on
pulmonary function testing (forced vital capacity 1,820 mL, 44%
predicted). Creatine kinase was twice the upper limit of normal.

The 17-year-old affected sibling had normal motor milestones,
developed progressive contractures after age 4 years, and had Achil-
les tendons release bilaterally at 11 years and on the right feet at 17
years. She had stiff walking and climbed stairs slowly with the aid of
railing. Contractures were diffuse and severe, involving the jaw,
spine with marked limitation in neck flexion and rigid lumbar hy-
perlordosis, upper and lower girdles, and proximal and distal limb
joints. Muscles were thin and of woody consistency on palpation.
Forced vital capacity was 52% of predicted. Creatine kinase was 1.5
times the upper limit of normal.

In this family, the disease was linked with COL6A1–
COL6A2 cluster, whereas rigid spine muscular dystrophy 1 in
1p35–36 and COL6A3 locus were excluded.12

The study was approved by the local ethics committee.

Muscle biopsy. Biopsies (tibialis anterior of index case and
two age-matched healthy donors; quadriceps of affected sibling)

Figure 1 Clinical features

(A) Patient shows diffuse muscle wasting, flexion contractures of both elbows, forward ab-
duction of shoulders, and flexion of fingers. There is fixed flexion of the trunk with lumbar
hyperlordosis and marked flexion contractures of the knee and ankle joints in the left lower
limb. (B) Transverse section of muscle biopsy from the index case (P1, left) and the affected
sibling (P2, right), showing endomysial fibrosis, increased fatty connective tissue, variability
of fiber size, and several internal nuclei. Hematoxylin and eosin staining. Bar, 200 "m.
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were snap frozen and stored in liquid nitrogen. Unfixed 7-!m
frozen sections were incubated with antibodies for laminin "1
(Chemicon), fibronectin, or collagen IV (both Sigma); double
labeling with anti–collagen VI and perlecan (Chemicon) was
performed as described.13 Samples were observed with a Nikon
fluorescence microscope. For ultrastructural analysis, biopsies
were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
for 3 hours and embedded in Epon E812.14 Ultrathin sections
were observed in a Philips EM 400 transmission electron micro-
scope, operated at 100 kV.

Genomic sequence analysis. Genomic DNA was extracted
from whole blood by standard methods. Exon 27 of COL6A2
gene was amplified, including 3= and 5= intronic boundaries, and
sequenced according to standard procedures. Oligonucleotide
sequences were 5=-cagccgctgtctagcgtgag-3= (A2.27 forward) and
5=-gccatctccctaaggagcagc-3= (A2.27 reverse).

RNA purification and reverse transcriptase PCR. Total
RNA was isolated from cultured fibroblasts and muscle biopsy

by RNeasy (Qiagen) following manufacturer instructions.
DNase treatment and complementary DNA (cDNA) synthesis
were performed as previously described.15 The 3= RNA splicing
isoforms of COL6A2 (2C2 NM_001849, 2C2a NM_058174,
2C2a= NM_058175) were analyzed by using a single forward
primer (26F: 5=-gccctcaagtttgcctacgacc-3=) and different
isoform-specific reverse primers (2C2R: 5=-ctcgtgcagactgtcgtt-
gcc-3=; 2C2aR: 5=-catgggaagaggctgggagct-3=; 2C2a=R: 5=-
cgagtcggtagaggaaatgcag-3=) according to standard PCR and
sequencing procedures. To exclude the occurrence of exon 27
skipping, seminested PCR was performed on amplification
product of primers 25F (5=-gtcatcgacagctccgagagc-3=) and
2C2R, using 26F as an internal primer.

Real-time PCR. Commercially available TaqMan expression as-
says (Applied Biosystems) were used for COL6 genes (COL6A1:
Hs00242448_m1; COL6A2: Hs00365167_m1; COL6A3:
Hs00915111_m1) and for actin as a reference gene (ACTB Endog-
enous Control). Real-time PCR was performed in triplicate on the

Figure 2 DNA sequencing and mutation analysis

(A) Patient’s chromatogram showing a homozygous C !T transition creating a TAA premature termination codon in exon 27 of
the COL6A2 gene. The sequence substitution is located seven nucleotides upstream of the donor splice site of intron 27. (B)
Predicted effect of the identified mutation on COL6A2 protein product. Top: Wild-type #2(VI) chain with N-terminal (N1), triple
helical, and C-terminal (C1, C2) domains. Bottom: Truncated #2(VI) chain completely lacking the C2 domain. (C) Position of the
identified mutation within exon 27, which represents the last common exon of the three 3= alternatively spliced isoforms of
COL6A2 messenger RNA (mRNA). (D) Real-time PCR expression analysis in cultured fibroblasts from the patient, showing the
absence of nonsense-mediated decay of the mutated COL6A2 mRNA. The relative ratios of COL6A2/COL6A1 (A2/A1),
COL6A1/COL6A3 (A1/A3), and COL6A2/COL6A3 (A2/A3) mRNAs from control fibroblasts were normalized to 1. (E) Real-time
PCR expression analysis in cultured fibroblasts and muscle tissue showing a global reduction of COL6 transcripts in the patient,
more marked in fibroblasts. The relative ratios of COL6/actin mRNAs in control tissues were normalized to 1.
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Applied Biosystems Prism 7300, using 10 ng fibroblast cDNA and
default parameters. Evaluation of COL6 cDNAs compared with
actin and relative quantification of the three COL6 cDNAs were
performed by the comparative CT method (!!CT Method; Ap-
plied Biosystems User Bulletin #2). cDNAs from control muscle
and fibroblasts were used as calibrators.

Immunoblotting and immunoprecipitation of collagen
VI. Twenty-micrometer frozen sections were prepared from bi-
opsies and dissolved in a buffer containing protease inhibitors
(lysis solution). Dermal fibroblasts were grown until confluence,
incubated 24 hours in OPTI-MEM (Invitrogen) containing
0.25 mM L-ascorbic acid, and cell layer solubilized in lysis solu-
tion. Western blot was performed under reducing conditions
(5% !-mercaptoethanol) by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis onto 3% to 8% (wt/vol) gradient poly-
acrylamide gels, followed by transfer to Immobilon membrane
(Millipore). Collagen VI was pulled down using a polyclonal
antibody (H-200, Santa Cruz) conjugated to protein
A-Sepharose, and the immunoprecipitated material was sub-
jected to electrophoresis onto composite 2.4% acrylamide, 0.5%
(wt/vol) agarose gels under nonreducing conditions. Collagen VI
was detected with a polyclonal antibody recognizing all three
chains (70-XR95, Fitzgerald Industries).

Immunoelectron microscopy and rotary shadowing.
Fibroblasts were grown onto coverslips until 2 days after conflu-
ence in the presence of 0.25 mM L-ascorbic acid. Cells were
incubated with a monoclonal anti– collagen VI antibody
(Chemicon) diluted 1:25 with Dulbecco’s modified Eagle me-
dium and with 5-nm colloidal gold-labeled immunoglobulin G
(Amersham). Rotary shadowing electron microscopy was per-
formed as described.16

RESULTS Identification of a homozygous nonsense
COL6A2 mutation. Sequence analysis of the index
case revealed a homozygous C "T variation in
COL6A2 exon 27 (nucleotide 2537 of COL6A2 mes-
senger RNA [mRNA]; NM_001849), lying seven
nucleotides upstream of the exon 27–intron 27 junc-
tion (figure 2A). This variation introduces a prema-
ture termination codon (Q819X) downstream of the
C1 domain of the "2(VI) chain (figure 2B). The
identified mutation is expected to affect all COL6A2
splicing isoforms (figure 2C). Sequence analysis of
proband family members revealed that the Q819X
mutation was present in homozygosity in the affected
sibling and in heterozygosity in the consanguineous
healthy parents and in the three unaffected siblings.

Transcription analysis, performed on RNA iso-
lated from muscle and fibroblasts of the proband,
ruled out an effect of the C "T variation on incorpo-
ration of exon 27 into the mRNA and revealed cor-
rect amplification of "2C2, "2C2a, and "2C2a=
(data not shown).

Real-time PCR on fibroblast mRNA showed that
the mutated COL6A2 transcript did not undergo
nonsense-mediated decay (NMD). When mRNA ra-
tios of control fibroblasts were normalized to 1.0, the
COL6A2/COL6A1, COL6A2/COL6A3, and COL6A1/
COL6A3 mRNA ratios of patient fibroblasts were 1.13,

Figure 3 Immunostaining and Western blot of muscle biopsies

(A) Immunofluorescence of muscle sections from control donor (a) and patients (b, index case; c,
affected sister). Collagen VI immunolabeling appears reduced and unevenly distributed in muscle of
both patients when compared with control. Bar, 200 #m. (B) Labeling of collagen VI (a, d, g, and l),
perlecan (b, e, h, and m), and overlaid images (c, f, i, and n) of control (a–c), index case (d–i), and af-
fected sibling (l–n) muscle biopsies. In normal control, collagen VI and perlecan colocalize at the
basement membrane of muscle fibers (arrowheads) and capillary (arrows), as demonstrated by yel-
low fluorescence in merge (c). In muscle biopsy of both patients, collagen VI labeling is reduced and
discontinuous at basal lamina of muscle fibers (d and l, arrowheads) and absent at the basement
membrane of capillaries (g and l, arrows), whereas perlecan immunostaining shows an intense and
continuous labeling (e, h, and m), as in normal control (b). In overlaid images of the patients (f, i, and n),
collagen and perlecan do not colocalize (red fluorescence) in some areas of myofiber basement
membrane (f and n, arrowheads) and around capillary vessels (i and n, arrows). Bar, 40 #m. (C) West-
ern blot analysis for collagen VI in muscle biopsies from control (CTRL), index case (P1), and affected
sister (P2). Samples (10 #g total protein) were separated by electrophoresis under reducing condi-
tion on a 4% to 12% polyacrylamide gradient gel, and immunoblot was performed with an antibody
recognizing the three chains. The migration and size in kilodaltons of the protein molecular weight
markers are shown on the left. The migration positions of the collagen VI chains are indicated on the
right: the "1(VI) and "2(VI) chains comigrate at approximately 140 kd, whereas the "3(VI) chain
migrates with multiple bands at approximately 220 to 300 kd. Migration of the "3(VI) chain in mus-
cle samples is distorted by the large amount of myosin heavy chains (asterisk). Control for loading
was performed by immunoblot with an antibody for actin.
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1.35, and 1.19 (figure 2D). Analysis of the global
amount of COL6 transcripts revealed decreased COL6
mRNA levels in patient samples (figure 2E).

Collagen VI deficiency in muscle biopsy. Muscle of
both patients showed a myopathic pattern character-
ized by fibrosis, with proliferation of endomysial and

perimysial connective tissue, variation of myofiber
diameter, and internal nuclei (figure 1B). Laminin
!1 was reduced in the extrajunctional basal lamina of
myofibers, and fibronectin was increased around the
capillary wall, whereas collagen IV showed a normal
pattern (figure e-1 on the Neurology® Web site at
www.neurology.org). Collagen VI showed a discon-
tinuous distribution at the basal lamina of myofibers
(figure 3A), but it was absent at the basal lamina of
most endomysial and perimysial capillaries (figure
3B). Western blot confirmed decreased amounts of
collagen VI in the muscle of patients (figure 3C).

At the ultrastructural level, defects were found in
the basement membrane of muscle fibers and vessels.
In approximately 6% of myofibers, focal areas of
lamina reticulata showed a reduced density and were
devoid of fibrillar and microfibrillar collagen,
whereas lamina densa and plasma membrane ap-
peared normal (figure 4A). Blood vessels showed in-
creased thickness of the basement membrane (figure
4B). In some areas, basement membrane was com-
posed of several layers enclosing pericytes. The num-
ber of pericytes was increased, and most of them
displayed a phenotype resembling smooth muscle
cells, consisting of extended contractile apparatus
and long cytoplasmic processes (figure 4B).

Q819X mutation causes defects of collagen VI synthe-
sis in cultured fibroblasts. Immunofluorescence of
cultured fibroblasts from the index case revealed a
decreased amount of collagen VI deposited in the
ECM. The microfibrillar network appeared poorly
organized, and abnormal aggregates were detected in
the pericellular ECM. Collagen VI secreted by con-
trol fibroblasts developed an extensive three-
dimensional network, and abnormal aggregates were
never detected (figure 5A). Western blot of cell layer
and medium samples confirmed a quantitative defi-
ciency of collagen VI in patient cells. Moreover, a
band migrating slightly faster than the normal
"1(VI)/"2(VI) chains was detected in the patient
cell layer. This abnormal band likely corresponded to
the mutated "2(VI) chain, thus reflecting the trun-
cating C-terminal mutation, as also confirmed by
normal migration of the "1(VI) chain (figure 5B).

Collagen VI monomers and dimers were found in
the cell layer of both control and patient cultures. On
the contrary, tetramers were abundant in cell layer
and medium from control, but they were barely de-
tectable in patient samples. Moreover, monomers
and dimers were abnormally detected in the medium
of patient fibroblasts, albeit at low levels (figure 5C).

Electron microscope analysis of rotary shadowed
fibroblasts revealed the presence of collagen VI mi-
crofilaments containing scarcely interconnected tet-
ramers and displaying irregularly shaped globular

Figure 4 Ultrastructural analysis

(A) Electron microscopy of muscle biopsy. In unaffected control (a), lamina reticulata (aster-
isk), made of microfibrils and fibrillar collagen, leans against lamina densa (arrow) of myofi-
bers. In the muscle of patient (b), the lamina reticulata (asterisk) shows focal areas devoid of
microfibrillar and fibrillar components, which appear as electron transparent areas (arrow-
heads). On the contrary, the lamina densa looks normal (arrow). Bar, 400 nm. (B) Electron
microscope examination of capillaries in muscle of control (a and b) and patient (c–f). In
normal control, capillary wall appears constituted by a single layer of endothelial cells and
rare pericytes (asterisk); basement membrane (thickness range: 40 –100 nm) is present at
the abluminal side of the endothelial cells (b, arrow). Capillary vessels of the patient (c–f)
appear encircled by several superimposed layers of basement membrane (arrows) of abnor-
mal thickness (50 –300 nm), which enclose several pericytes (asterisks). Bar, 400 nm.
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Figure 5 Analysis of collagen VI in fibroblast cultures

(A) Immunofluorescence of collagen VI on cultured fibroblasts from unaffected control (a) and patient (b) treated for 5 days with 0.25
mM ascorbic acid after confluence. Collagen VI secreted by control fibroblasts develops an extensive three-dimensional network. In
the patient, secreted collagen VI appears reduced and abnormally organized with a dotlike appearance. Bar, 20 !m. (B) Electro-
phoretic analysis of collagen VI produced by cultured fibroblasts from control (CTRL) and patient (P1). Samples corresponding to cell
layer (left panel, 10 !g) and culture medium (right panel, 20 !g) were separated by electrophoresis under reducing conditions on a 3%
to 8% polyacrylamide gradient gel. Immunoblot was performed with an antibody recognizing the three chains (left and right panels) or
with an antibody specific for the "1(VI) chain (middle left panel). The migration and size in kilodaltons of the protein molecular weight
markers are shown on the left. The migration positions of the collagen VI chains are indicated on the right. Control for loading in cell
extracts was performed by immunoblot with an antibody for actin (lower left panel). (C) Electrophoretic analysis of collagen VI assem-
bly products in cultured fibroblasts from unaffected control (CTRL) and patient (P1). Cell layers and culture media were immunopre-
cipitated with an antibody against the "1(VI) chain. Samples were resolved by electrophoresis on a composite 0.5% agarose, 2.4%
polyacrylamide gel under nonreducing conditions, and analyzed by immunoblot with an antibody recognizing the three chains. The
migration and size in kilodaltons of the unreduced forms of fibronectin and laminin are shown on the left. The migration position of
disulfide-bonded collagen VI monomers, dimers, and tetramers is indicated on the right. (D) Electron microscope analysis of replicas
obtained by rotary shadowed cultured fibroblasts from control (a and c) and patient (b and d). Collagen VI microfilaments produced by
patient cells appear constituted by several tetramers scarcely interconnected among themselves. Globular domains (arrows) display
an irregular shape when compared with normal control. An abnormal disorganized aggregate of collagen VI microfilaments is shown in
the inset of b. Panels a, b and c, d are at the same magnification. Bar, 400 nm.
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regions. Typical hexagonal-like structures were ab-
sent, and fibrils composed by parallel-aligned micro-
filaments were barely detected. Additionally, some
microfilaments showed an abnormal arrangement
into circular arrays (not shown), and numerous dis-
organized aggregates were found beneath the cell
membrane (figure 5D).

DISCUSSION We described two patients from a con-
sanguineous family affected by myosclerosis myopathy
due to a novel pathogenic COL6A2 mutation. Myoscle-
rosis myopathy is the fourth phenotype affecting skele-
tal muscles and connected with mutations of collagen
VI genes. Type and distribution of contractures are dis-
tinguishing features of the four disorders. The
“scleroatonic” UCMD is characterized by proximal
contractures and distal laxity,12 BM is characterized by
distal contractures,17 limb-girdle phenotype is charac-
terized by late or no contractures,11 and myosclerosis
myopathy is characterized by early, diffuse, and progres-
sive contractures resulting in severe limitation of move-
ment of axial, proximal, and distal joints.

The Q819X substitution represents the first trun-
cating mutation occurring in homozygosity in the
C1 domain of the !2(VI) chain. Nonsense or frame-
shift mutations within COL6A2 exons 24 through
28, encoding the C-terminal region of the !2(VI)
chain, were previously described in UCMD patients,
but they were either associated with a nontruncating
mutation of the partnering allele (see also http://
www.dmd.nl)18 or predicted to cause a largely abnor-
mal but only slightly shorter C2 domain.19 In
particular, mutations involving the small exon 27
were previously identified in two unrelated UCMD
cases, in compound heterozygosity with truncating
mutations within other exons.18 Differently from the
myosclerosis family, in both cases the mutation was
associated with exon 27 skipping, causing an in-
frame deletion of the C1 domain but leaving the C2
domain of the !2(VI) chain unaffected.

Moreover, and at a difference with more proximal
mutations, the position of Q819X within exon 27
predicts that the aberrant COL6A2 transcript is able
to escape the NMD pathway, a surveillance mecha-
nism that typically degrades transcripts containing
premature termination codons. In fact, the mamma-
lian NMD system cannot distinguish premature ter-
mination codons in the penultimate exon and
located less than 55 bp from the last intron, as hap-
pens for the Q819X mutation.20 Indeed, we have
shown that the Q819X transcript is stable in patient
fibroblasts and is translated into a truncated !2(VI)
chain, lacking the sole C2 domain.

Exon 27, in which the Q819X mutation lies, rep-
resents the last common exon of the 3= splicing iso-

forms of COL6A2 generated by recognition of
alternative splice sites within intron 27 and using dif-
ferent polyadenylation sites.21 Thus, the Q819X mu-
tation is expected to abolish this 3= variability.
Protein data showed that !2C2 is the only isoform
detectable in tissue extracts,21 and the significance of
the C-terminal !2(VI) variability, as well as the pres-
ence of !2C2a and !2C2a= isoforms within collagen
VI molecules, remains unknown.

The Q819X mutation provided a unique oppor-
tunity to investigate the effects of selective loss of
!2(VI) C2 domain on collagen VI biosynthesis and
assembly. In normal conditions, collagen VI chains
associate into triple-helical monomers that are fur-
ther assembled into disulfide-bonded dimers and tet-
ramers. After secretion, tetramers link together,
forming a characteristic network of beaded
microfilaments.22-24 Studies to date indicate that as-
sembly and secretion of collagen VI is possible only if
all three chains are present.22,24,25 The truncated
!2(VI) chain of our patient was able to associate with
!1(VI) and !3(VI) and form collagen VI molecules,
thus implying that the !2(VI) C2 domain is not es-
sential for monomer formation. This is in agreement
with previous studies using recombinant constructs,
where !2(VI) polypeptides containing the C1 but
not the C2 domain were fully capable of forming
monomers.26,27

Our nonreduced electrophoresis analysis indi-
cates that assembly of collagen VI molecules into
higher order structures is impaired in patient cells,
with a markedly decreased amount of tetramers
matched by an unusual accumulation of dimers.
These findings may be the consequence of a defec-
tive assembly of dimers into tetramers or a struc-
tural instability of tetramers lacking the !2(VI)
C2 domain. Electron microscopy confirmed that
patient cells secrete structurally abnormal collagen
VI products also affecting the three-dimensional
organization of microfilaments, which appear
scarcely interconnected and have a decreased abil-
ity to form extensive networks.

These findings suggest that the !2(VI) C2 do-
main contributes to supermolecular assembly and or-
ganization of collagen VI. Studies on collagen VI
biosynthesis in UCMD patients with COL6A2 mu-
tations revealed different scenarios.16,28,29 A UCMD
patient was described who carried two homozygous
missense mutations in the !2(VI) C2 domain and
had complete absence of collagen VI in the ECM.28

Another UCMD patient had two compound het-
erozygous mutations in COL6A2 that caused loss of
the entire C-terminal region and part of the triple
helical domain of the !2(VI) chain.16 His mutant
!2(VI) chains formed monomers with the other
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chains, but further assembly into dimers and tetram-
ers was severely impaired.16 Interestingly, in this lat-
ter UCMD patient, mutated collagen VI did not
correctly localize at the myofiber basement mem-
brane.6 However, this mislocalization is not re-
stricted to COL6A2 mutations,29 suggesting that
different collagen VI chains contribute to the base-
ment membrane–interstitium anchorage.30,31

In both myosclerosis patients, muscle biopsy
showed a partial collagen VI deficiency at the myofi-
ber basement membrane, as described in some
UCMD cases.13,32 However, collagen VI was absent
around most endomysial/perimysial capillaries. This
represents a peculiarity of these patients and is con-
sistent with the ultrastructural alterations detected in
the biopsy. Electron microscopy showed a peculiar
combination of basement membrane and pericyte al-
terations, with thickening and duplication of capil-
lary basement membrane and proliferation of
pericytes. Thickening of capillary basement mem-
brane was reported in UCMD patients with com-
plete lack of collagen VI, whereas alterations of
pericytes were never reported in UCMD.33 Capillary
basement membrane thickening was observed in
Duchenne muscular dystrophy34 and inflammatory
myopathies,35 being considered an aspect of vascular
regeneration occurring during microcirculation re-
modelling.34 Unlike in our patients, in those condi-
tions pericytes appeared relatively unaffected.
Pericytes lie in close contact with endothelial cells,
contributing to ECM synthesis including basement
membrane components, and they may increase the
endothelial barrier function, as suggested by in vitro
coculture experiments.36 In the myosclerosis patients,
the combination of basement membrane thickening
and abnormal pericyte proliferation may affect me-
tabolite and oxygen delivery, thus contributing to
myofiber degeneration.

Our results demonstrate that the affected siblings
of this consanguineous family have characteristic fea-
tures of myosclerosis myopathy and carry a homozy-
gous COL6A2 mutation responsible for a peculiar
pattern of collagen VI defects. Based on these find-
ings, myosclerosis myopathy should be considered a
collagen VI disorder allelic to UCMD and BM.
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E663    Uncommon Splicing Mutations in UCMD

!"#$#%&'( ")*!"+,(-),."#/#%$(01(&%-(2314(567/,#,()+(&'89(:;;<=(3&>&.?!(@&%)$&,()+(&'89(ABB:C9(>!")( +?&%(:BB(

*&+?!$)%#.( D&"#&+#!%,( ?&D)( /))%( -),."#/)-( #%( 3EF<( $)%),9( ?#$?'#$?+#%$( &( $")&+( &'')'#.( ?)+)"!$)%)#+G( &%-(

-)'#%)&+#%$( ,!>)( ").H"")%+(>H+&+#!%&'(>).?&%#,>,8(1#,,)%,)( ,H/,+#+H+#!%,(-#,"H*+#%$( +?)(I'GJK&&JL&&(>!+#M( !M(

+?)(?#$?'G(.!%,)"D)-( +"#*')(?)'#.&'(-!>&#%( ")*"),)%+(&(M")NH)%+(*&+?!$)%#.(>).?&%#,>(M!"(/!+?(2314(&%-(01(

*&+#)%+,(5F&>*)()+(&'89(ABBO&9(ABBO/=(P&.)()+(&'89(ABBQC8(0),#-),(+?#,9(,*'#.)(,#+)(>H+&+#!%,(.&H,#%$()R!%(,S#**#%$(

?&D)()>)"$)-(&,(*&"+#.H'&"'G(.!>>!%(#%(3EF<($)%),8(TS#**#%$(!M()R!%(:U(#%(+?)(3EF<V!($)%)(&%-(!M()R!%(:<(#%(

+?)( 3EF<V"( $)%)( W)")( ")*!"+)-( &,( +?)( >!,+( .!>>!%( >H+&+#!%&'( >).?&%#,>,( #%( 01( &%-( 2314( *&+#)%+,9(

"),*).+#D)'G(5F&>*)()+(&'89(ABBQC8(

T*'#.#%$J")')D&%+( /&,)( *&#"( ,H/,+#+H+#!%,( .!%,+#+H+)( &/!H+( ;8OX( !M( &''( >H+&+#!%,( .&H,#%$( ?H>&%( #%?)"#+)-(

-#,)&,),( 5YH>&%( I)%)( 1H+&+#!%( 4&+&/&,)( &+( WWW8?$>-8!"$=( T+)%,!%( )+( &'89( ABBZC8( @&"#&+#!%,( &MM).+#%$( +?)(

!/'#$&+)(I[(&%-(VI(-#%H.')!+#-),(&")(!/D#!H,'G(*&+?!$)%#.(&%-(.!>*"#,)(<UX(!M(>H+&+#!%,(&+(-!%!"(,*'#.)J,#+),(

&%-(\\8UX(!M(>H+&+#!%,(&+(&..)*+!"(,*'#.)J,#+),8(1H+&+#!%,(&MM).+#%$(+?)(.!%,)%,H,(,)NH)%.),(M'&%S#%$(+?)(&'>!,+(

#%D&"#&%+(I[( &%-(VI( -#%H.')!+#-),( &")( )NH&''G( M")NH)%+9( /H+(>H.?( '),,( !/D#!H,( #%( +)">( !M( &,,!.#&+)-( ,*'#.#%$(

#>*&#">)%+( 5]"&W.^&S( )+( &'89( ABB\C8( _%( M&.+9( +?),)( #%+"!%#.( .#,( )')>)%+,( &")( W)&S'G( .!%,)"D)-( &%-( +?)#"(

-)$)%)"&+)-(%&+H")(#>*'#),(+?&+(+?)(-#,+#%.+#!%(/)+W))%(T`P,(&%-(-#,)&,)J&,,!.#&+)-(>H+&+#!%,(.&%(/)(.?&'')%$#%$9(

),*).#&''G(M!"(?#$?'G(*!'G>!"*?#.($)%),(50&"&'')(&%-(0&"&'')9(ABBOC8(

_%(+?)(").)%+(G)&",9(?#$?J+?"!H$?*H+($)%!>#.(,)NH)%.#%$(W&,(*)"M!">)-(/G(-#MM)")%+($"!H*,(M!"(&''(+?"))(3EF<(

$)%),(&%-( #%( '&"$)(.!?!"+,(!M(01(&%-(2314(*&+#)%+,( 5F&>*)()+(&'89(ABBO&9(ABBO/=(ES&-&()+(&'89(ABB\C8([?),)(

)R+)%,#D)(&**"!&.?),(?&D)(")D)&')-(+?)()R+")>)'G(?#$?(M")NH)%.G(!M(*!'G>!"*?#.(.?&%$),(/!+?(W#+?#%()R!%,(&%-(

#%(+?)(#%+"!%#.(")$#!%,(!M(3EF<($)%),8(T+"#%$)%+(."#+)"#&(M!"(+?)(-)M#%#+#!%(!M(*&+?!$)%#.#+G(?&D)(/))%(&-!*+)-(&%-(

#%+"!%#.( D&"#&+#!%,( '!.&+)-( &+( *!,#+#!%( abJU( !"( >!")( %H.')!+#-),( &W&G( M"!>( +?)( ,*'#.)( ,#+),( W)")( *"!D#,#!%&''G(

.'&,,#M#)-(&,(*"!/&/')(*!'G>!"*?#,>,(5F&>*)()+(&'89(ABBO/C8((

c)(?&D)(#-)%+#M#)-(&%-(M#%)'G(.?&"&.+)"#^)-(M!H"(%!%J.&%!%#.&'(>H+&+#!%,(!M(3EF<($)%),9(!..H""#%$(#%(2314(

*&+#)%+,( &%-( &MM).+#%$( ,*'#.#%$8( _%( +?"))( .&,),( +?)(>H+&+#!%,( !..H"")-( #%( +?)( 3EF<VA( $)%)( &%-(W)")( '!.&'#^)-(

W#+?#%(-)$)%)"&+)-(,)NH)%.),( M'&%S#%$( +?)(!/'#$&+)(I[JVI(-#%H.')!+#-),8( _%( +?)( M!H"+?(.&,)(&($)%!>#.(-)')+#!%(

!..H"")-9()R&.+'G(")>!D#%$(+?)()R!%QJ#%+"!%Q(,*'#.#%$(/!"-)"(!M(+?)(3EF<V:($)%)8(

MATERIALS AND METHODS 

Genomic analysis 

I)%!>#.(4`V(M"!>(2314(*&+#)%+,(&%-(H%&MM).+)-(*&")%+,(W&,()R+"&.+)-(M"!>(*)"#*?)"&'('G>*?!.G+),(&M+)"(

#%M!">)-( .!%,)%+( /G( ,+&%-&"-(>)+?!-,8( P3d( *"#>)",( 5,)NH)%.),( &")( &D&#'&/')( H*!%( ")NH),+C( W)")( -),#$%)-( +!(

&>*'#MG(&''( +?)(:B\()R!%,(!M(3EF<($)%),(&%-(+?)#"(M'&%S#%$(#%+"!%#.(")$#!%,8(V>*'#M#)-(M"&$>)%+,(W)")(-#").+'G(

,)NH)%.)-( H,#%$(0#$4G)( [)">#%&+!"( DZ8:(3G.')( ,)NH)%.#%$( ,G,+)>( !%(V0_( Z:ZB( &H+!>&+)-(I)%)+#.(V%&'G^)"(

5V**'#)-(0#!,G,+)>,9(e!,+)"(3#+G9(3VC8(0#!#%M!">&+#.(&%&'G,#,(!M(>H+&+)-(,*'#.)(,#+),(W&,(*)"M!">)-(/G(-#MM)")%+(

+!!',f( 04IP( &D&#'&/')( &+( ?++*8bbWWW8M"H#+M'G8!"$b,)Ng+!!',b,*'#.)8?+>'=( 1&R)%+( &D&#'&/')( &+(

?++*8bb$)%),8>#+8)-Hb/H"$)'&/b>&R)%+bK>&R)%+,.&%g,.!"),)N8?+>'(&%-(VTTV(&D&#'&/')(&+(?++*,fbb,*'#.)8HW!8.&8(

RNA analysis 

[!+&'( d`V(W&, #,!'&+)-( M"!>( .!%M'H)%+( M#/"!/'&,+,( /G( H,#%$( d`)&,G( ]#+( 5h_VIi`9( 3?&+,W!"+?9( 3VC( &%-(

")D)",)( +"&%,."#/)-( /G( H,#%$(Y#$?(3&*&.#+G( .4`V(d)D)",)(["&%,."#*+#!%(]#+( 5V**'#)-(0#!,G,+)>9( e!,+)"(3#+G9(

3VC8(d[JP3d(W&,(*)"M!">)-(&,(*")D#!H,'G(-),."#/)-(51)"'#%#()+(&'89(ABBQC8(T)NH)%.)(!M(*"#>)",(#,(&D&#'&/')(H*!%(

")NH),+8(V''(d[JP3d(*"!-H.+,9(.!""),*!%-#%$( +!(W#'-J+G*)(&%-(&/)""&%+(,*'#.#%$(*"!-H.+,9(W)")($)'(*H"#M#)-(&%-(

,)NH)%.)-()#+?)"(-#").+'G(!"(&M+)"(.'!%#%$(#%+!(*3d__(J[EPE(D).+!"(5_%D#+"!$)%C8(

_%( !"-)"( +!( NH&%+#MG( +?)( ,+)&-G( ,+&+)( ')D)'( !M( +"&%,."#*+,9( .!>>)".#&''G( &D&#'&/')( [&N1&%( )R*"),,#!%( &,,&G,(

5V**'#)-( 0#!,G,+)>,C( W)")( H,)-( M!"( 3EF<( $)%),( 5COL6A1f( Y,BBAUAUUQg>:( iRABbA:=( COL6A2f(

Y,BBAUAUQUg>:( 5)R( A\JAQC( &%-( M!"( /)+&( &.+#%( 5ACTB( i%-!$)%!H,(3!%+"!'C8(d)&'J+#>)(P3d(W&,( *)"M!">)-( #%(

+"#*'#.&+)(!%(+?)(V**'#)-(0#!,G,+)>,(P"#,>(\ZBB(,G,+)>9(H,#%$(:B(%$(!M(.4`V(&%-(-)M&H'+(*&"&>)+)",8(e!"(")'&+#D)(

NH&%+#M#.&+#!%( +?)( ##3[( 1)+?!-( 5V**'#)-( 0#!,G,+)>,( 2,)"( 0H'')++#%( jAC( W&,( H+#'#^)-8( .4`V,( M"!>( .!%+"!'(

M#/"!/'&,+,(,)"D)-(&,(.&'#/"&+!"8((

[?)(")'&+#D)(*"!*!"+#!%(&>!%$(-#MM)")%+(,*'#.#%$(D&"#&%+,(#%-H.)-(/G(+?)(#-)%+#M#)-(>H+&+#!%,(W&,(&,,),,)-(/G(

M'H!"),.)%+(d[JP3d(5*"#>)"(,)NH)%.),(&")(&D&#'&/')(H*!%(")NH),+C(!%(&%(V0_(Z:ZB(-)%&+H"#%$(.&*#''&"G(,G,+)>(
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"#$$%&'(!)&*+,+-'.+/0!12'!3456.'7-+!+&8'9!:5%;'+!*3!$'5<!2'&62-!57(!54'5!='4'!('-'4.&7'(!>,!;+&76!-2'!?'7'@A57!

+*3-=54'0!!

Immunostaining of fibroblasts 

@<&7!3&>4*>%5+-+!34*.!BCDE!$5-&'7-+!57(!A*7-4*%!='4'!64*=7!*7-*!A*:'4+%&$+!&7!E;%>'AA*F+!.*(&3&'(!G56%'+!

.'(&;.!+;$$%'.'7-'(!=&-2!HIJ!3'-5%!A5%3!+'4;.!57(!57-&>&*-&A+0!K2'7!A*73%;'7-9!-2'!.'(&;.!=5+!'74&A2'(!=&-2!

I0HL!.D!MN5+A*4>&A!5A&(!"@O?D#/!57(!A2576'(!':'4,!-=*!(5,+0!#3-'4!PQ2!57(!RI!(5,+!*3!5+A*4>&A!5A&(!-4'5-.'7-9!

A*:'4+%&$+! ='4'! &7A;>5-'(! =&-2! 5! .*;+'! .*7*A%*75%! 57-&NA*%%56'7! SO! 57-&>*(,! "D#)RTPP9! C2'.&A*7/0! 12'!

&..;7*4'5A-&*7! =5+! ('-'A-'(! >,! &7A;>5-&*7! 3*4! R! 2! =&-2! 5! +'A*7(54,! UO1CNA*7V;65-'(! 57-&N.*;+'! 57-&>*(,!

"E#WX/0!#%%!+5.$%'+!='4'!(*;>%'N%5>'%'(!=&-2!5!45-!57-&N$'4%'A57!57-&>*(,!"C2'.&A*7/9!3*%%*='(!>,!&7A;>5-&*7!

=&-2!5!1YO1CNA*7V;65-'(!57-&N45-!57-&>*(,!"@O?D#/0!!

Protein analysis by western blot 

E'4.5%!3&>4*>%5+-+!='4'!64*=7!-*!A*73%;'7A'!57(!&7A;>5-'(!HP!2!&7!XZ1ONDGD!"O7:&-4*6'7/!&7!-2'!$4'+'7A'!*3!

I0HL!.D!MN5+A*4>&A!5A&(!"@&6.5/0!D'(&;.!=5+!A*%%'A-'([!A'%%!%5,'4!=5+!+*%;>&%&8'(!&7!5!%,+&+!+*%;-&*7!A*7-5&7&76!

$4*-'5+'! &72&>&-*4+! 57(! A*%%'A-'(!=&-2! 5! +A45$'40! 12'! A'%%! %5,'4! 57(!.'(&5! 345A-&*7+!='4'! \;57-&3&'(!=&-2!)C#!

Z4*-'&7!#++5,!W&-! "Z&'4A'/0!K'+-'47! >%*-!=5+! $'43*4.'(! ;7('4! 4'(;A&76! A*7(&-&*7+! "LJ!!N.'4A5$-*'-257*%/! >,!

@E@NZ#?G!*7-*!]J!$*%,5A4,%5.&('!6'%+9!3*%%*='(!>,!-457+3'4!-*!O..*>&%*7!.'.>457'!"D&%%&$*4'/0!C*%%56'7!SO!

=5+!('-'A-'(!=&-2!5!$*%,A%*75%!57-&>*(,!4'A*67&8&76!5%%!-24''!A25&7+!"^IN_YTL9!U&-86'45%(!O7(;+-4&'+/0!!

RESULTS 

12'!3*;4!'74*%%'(!$5-&'7-+!3;%3&%%'(!A%&7&A5%!A4&-'4&5!3*4!-2'!(&567*+&+!*3!BCDE!"Z'$'!'-!5%09!HIIH/0!C%&7&A5%!57(!

.*%'A;%54!(5-5!54'!+;..54&8'(!&7!15>%'!R0!!

UCMD1 carries a heterozygous de novo A>C  variation at position +3 of COL6A2 intron 5 

)&*&73*4.5-&A!575%,+&+!&7(&A5-'(!57!'33'A-!*3!-2'!`a!&7-4*7&A!CXM]#H!:54&5-&*7!&7!='5<'7&76!-2'!&7-4*7!L!(*7*4!

+$%&A'!+&-'!"=&%(N-,$'b!)E?Z!+A*4'!I0TT9!D5c'7-!+A*4'!RI0L^9!#@@#!Y&!RI0L[!.;-5-'(b!)E?Z!+A*4'!I0QH9!D5c'7-!

+A*4'!]0QI9!#@@#!Y&!L0^/0!AEd#!+'\;'7A&76!4':'5%'(!-2'!*AA;44'7A'!*3!-2'!&7N345.'!'c*7!L!+<&$$&76!&7!$54-!*3!

CXM]#H!-457+A4&$-0!!ZCY!5.$%&3&A5-&*7!=&-2!5!3*4=54(!$4&.'4!=&-2&7!'c*7!L!57(!5!4':'4+'!$4&.'4!=&-2&7!'c*7!R]9!

3*%%*='(!>,! +'\;'7A&769! +2*='(! 5!.*7*5%%'%&A! 'c$4'++&*7!*3! 57! 'c*7!RP! A*..*7!$*%,.*4$2&+.! "@'4aTT#+7/9!

3*;7(!-*!>'!2'-'4*8,6*;+!5-!-2'!6'7*.&A!%':'%0!12&+!4'+;%-!&.$%&'+!-25-!-457+A4&$-+!&7A%;(&76!'c*7!L!*4&6&75-'!*7%,!

34*.! -2'! =&%(N-,$'! 5%%'%'! 57(! -25-! .Yd#+! *4&6&75-&76! 34*.! -2'! `a! .;-5-'(! 5%%'%'! &7:54&5>%,! +<&$+! 'c*7! L0!

U456.'7-!575%,+&+!+2*='(!-25-!-2'!-=*!5%%'%'+!54'!;7'\;5%%,!4'$4'+'7-'(!=&-2!5!H0LbR!45-&*!>'-=''7!-2'!=&%(!-,$'!

-457+A4&$-!57(!-2'!*7'!=&-2!'c*7!L!+<&$$&76!"U&6!R#/0!!

UCMD 2 is a compound heterozygous for a G>A variation at position +5 of COL6A2 intron 8 and the nonsense 
mutation R366X in COL6A2 exon 12  

)&*&73*4.5-&A!575%,+&+!+2*='(!-25-! -2'!CXM]#H!&7-4*7!Q!`L!?e#!+;>+-&-;-&*7!'&-2'4!5>*%&+2'(!-2'!A57*7&A5%!

(*7*4!+&-'! ")E?Z!$4*645./!*4!+-4*76%,!4'(;A'(! -2'!+&-'!+A*4'!"D5c'7-!+A*4'!34*.!T0R]! -*!L0^a[!#@@#!Y&!34*.!

RI0^!-*!^0H/0!1=*!CXM]#H!-457+A4&$-+!='4'!('-'A-'(!>,!Y1NZCY!57(!+'\;'7A&769!*7'!=&-2!7*4.5%!'c*7!QN'c*7!T!

+$%&A'!V;7A-&*7!57(!-2'!*-2'4!=&-2!4'-'7-&*7!*3!-2'!'7-&4'!&7-4*7!Q!57(!A*7-5&7&76!57!&7N345.'!$4'.5-;4'!+-*$!A*(*7!

5-! 7;A%'*-&('! A0TH^`R]0! AEd#! +'\;'7A&76! +2*='(! $+';(*N2*.*8,6*+&-,! 3*4! -2'! =&%(N-,$'! 'c*7! RH! +'\;'7A'9!

&7(&A5-&76!-25-!-2'!#46a]]_!.;-5-'(!-457+A4&$-!"A0!RIT]!Ce1/!;7('46*'+!7*7N+'7+'!.'(&5-'(!('A5,0!C*7+'\;'7-%,9!

>*-2!CXM]#H!+$%&A&76!:54&57-+9!=&-2!A*44'A-!'c*7QN'c*7T!V;7A-&*7!57(!=&-2!&7-4*7!Q!4'-'7-&*79!*4&6&75-'!34*.!-2'!

`L!.;-5-'(! 5%%'%'0! U456.'7-! 575%,+&+! +2*='(! 5! L0^bR! 45-&*! >'-=''7! -2'! A*44'A-%,! V*&7'(! -457+A4&$-! 57(! -2'! *7'!

4'-5&7&76!&7-4*7!Q!"U&6!R#/0!!

!
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!

UCMD 3 carries a heterozygous de novo 15 nucleotides deletion involving COL6A1 exon 8-intron 8 junction 

"#$! %&'()*! +$,$-./0! .+$0-.1.$+! .0! 2%34! 5! 67-.$0-! .08/,8$9! :! $;/0.<! 70+! =! .0->/0.<! 0?<,$/-.+$9@! <4A)!

9$B?$0<.0C!9#/D$+!-#$!.0E1>7F$!+$,$-./0!/1!$;/0!=!.0!67>-!/1!%&'()*!->709<>.6-@!"#$!>$,7-.8$!7F/?0-!/1!D.,+E-G6$!

70+!+$,$-$+!->709<>.6-!D79!*H*@IJ!7-!1>7CF$0-!707,G9.9!KL.C!*)M@!!

UCMD 4 carries a homozygous G>A variation at position -9 of COL6A2 intron 25, inherited from healthy heterozygous 
parents 

N./.01/>F7-.<!707,G9.9!9#/D$+!7!+$<>$79$+!9</>$!/1!-#$!.0->/0!OP!<70/0.<7,!7<<$6-/>!9.-$!.0!-#$!6>$9$0<$!/1!-#$!

.0->/0.<!%&'()O!87>.7-./0!KD.,+E-G6$H!N4QR!9</>$!I@:(S!37;$0-!9</>$!(@(IS!)TT)!U.!P@*V!F?-7-$+H!N4QR!9</>$!

I@(PS!37;$0-! 9</>$! EI@I*S!)TT)!U.! J@=M@!L?>-#$>F/>$S! -#$!QW)!87>.7-./0! <>$7-$9! 70!)Q!+.0?<,$/-.+$!D#.<#! .9!

>$</C0.X$+!Y/-#!YG!37;$0-!KJ@(*!9</>$M!70+!)TT)!-//,9!K1.07,!U.!*@5M@!"#.9!0/8$,!9.-$!.9!6>$+.<-$+!KYG!)TT)!-//,M!

79!F?<#!D$7Z$>! -#70! -#$! 07-?>7,! 9.-$@! A$8$>-#$,$99S! 9$B?$0<$! 707,G9.9! /1! %&'()O! ->709<>.6-! >$8$7,$+! -#7-! -#$!

96,.<.0C!F7<#.0$>G! .0+$$+!67>-.7,,G! >$</C0.X$! -#.9! 7<<$6-/>! 9.-$S!D.-#! -#$! .09$>-./0!/1!:! .0->/0.<!0?<,$/-.+$9!70+!

1>7F$9#.1-.0C@!R7>-!/1!-#$!->709<>.6-!>$-7.09!7!</>>$<-!$;/0!OP!E$;/0!O(![?0<-./0@!L>7CF$0-!707,G9.9!9#/D$+!7!P@PH*!

>7-./!Y$-D$$0!-#$!0/>F7,,G!96,.<$+!->709<>.6-!70+!-#$!7Y$>>70-!/?-E/1E1>7F$!F$99$0C$>!KL.C!*)M@ 

Effects of non-canonical splicing mutations on the steady state levels of COL6A1 and COL6A2 mRNAs 

"#$! >7-./! Y$-D$$0! 9-$7+G! 9-7-$! ,$8$,9! /1! %&'()O! 70+! %&'()*!F$99$0C$>9! .0! -#$! 1/?>! 2%34! 67-.$0-9! .9!

>$6/>-$+! .0!L.C!*N@!%&'()O! ->709<>.6-!D79! >$+?<$+! -/!(P\!/1!%&'()*! .0!2%34*S! -/!(\!.0!2%34O!70+! -/!

OI\! .0!2%34J@! ]0!2%34!5S! <7>>G.0C! 7! C$0/F.<! +$,$-./0! .09-$7+!/1! 7! >$C?,7-/>G! 96,.<.0C!F?-7-./0S! -#$! >7-./!

Y$-D$$0!-#$!,$8$,9!/1!%&'()O!70+!%&'()*!->709<>.6-9!.0!1.Y>/Y,79-9!D79!9.F.,7>!-/!</0->/,!K*H*@I(M@!

Immunofluorescence analysis of collagen VI in fibroblast cultures 

)1-$>!J=#!/1!->$7-F$0-!D.-#!79</>Y.<!7<.+S!-#$!7F/?0-!/1!</,,7C$0!^]!9$<>$-$+!70+!799$FY,$+!.0!-#$!$;->7<$,,?,7>!

F7->.;!D79!87>.7Y,$S!>70C.0C!1>/F!F.,+,G!>$+?<$+!.0!67-.$0-9!2%34*!70+!2%345S!-/!9.C0.1.<70-,G!+$<>$79$+!.0!

2%34J!70+!9$8$>$,G!>$+?<$+!.0!2%34O!KL.C!O)M@!]0!7,,!1/?>!2%34!<?,-?>$9S!-#$!/>C70.X7-./0!/1!</,,7C$0!^]!

0$-D/>Z! 766$7>$+! </7>9$! 70+! 9$8$>7,! 96/-E,.Z$! </,,7C$0! ^]! 7Y0/>F7,! 7CC>$C7-$9! </?,+! Y$! +$-$<-$+! .0! -#$!

$;->7<$,,?,7>!F7->.;@!3/>$/8$>S!.0!2%34*!70+!2%345!<?,-?>$9S!9$8$>7,!1.Y>/Y,79-9!9#/D$+!.0->7<$,,?,7>!,7Y$,.0CS!

9?CC$9-.0C! 7! 6/99.Y,$! .F67.>F$0-! /1! </,,7C$0! ^]! 9$<>$-./0! KL.C! O)M@! "/! $;<,?+$! 7>-.17<-9! >$,7-$+! -/! <?,-?>$!

</0+.-./09! 70+! 67997C$! 0?FY$>S! <?,-?>$9! D$>$! +/?Y,$! ,7Y$,$+! 1/>! 6$>,$<70! 70+! </,,7C$0! ^]! 71-$>! *I! +7G9! /1!

79</>Y7-$! ->$7-F$0-@! R$>,$<70! ,7Y$,.0C! 9#/D$+! 7! 0/>F7,! 67--$>0! .0! 7,,! 2%34! 67-.$0-9V! </,,7C$0! ^]! 766$7>$+!

>$+?<$+!.0!2%34O!70+!2%34JS!D#.,$!2%34*!70+!2%345!9#/D$+!7!67--$>0!9.F.,7>!-/!0/>F7,!</0->/,!K+7-7!

0/-!9#/D0M@!

Western blot analysis of collagen VI in fibroblast cultures 

_$9-$>0!Y,/-!D79!6$>1/>F$+!?0+$>! >$+?<.0C!</0+.-./09! .0!+$>F7,! 1.Y>/Y,79-9!/1!2%34!67-.$0-9! 70+!</0->/,@!

%$,,!,7G$>9!</0-7.0$+!Y/-#!.0->7<$,,?,7>!70+!F7->.;!+$6/9.-$+!</,,7C$0!^]S!D#.,$!F$+.?F!97F6,$9!D$>$!707,GX$+!-/!

+$-$>F.0$! 7! 6/99.Y,$! 7,-$>7-./0! .0! </,,7C$0!^]! 9$<>$-./0@! ]0! <$,,! ,7G$>! 97F6,$9S! Y70+9! </>>$96/0+.0C! -/!!*K^]MS!

!OK^]M!70+!-#$!!5K^]M!6>/+?<-9!D$>$!+$-$<-$+!.0!</0->/,!70+!2%34!67-.$0-9!KL.C@!ON!,$1-M@!`/D$8$>S!-#$!7F/?0-9!

/1! </,,7C$0! ^]! .0! <$,,! ,7G$>! 97F6,$9! D$>$! +.11$>$0-@! ]0! 67>-.<?,7>S! 2%34O! 9#/D$+! 7! 6>/0/?0<$+! +$1.<.$0<GS!

2%34J!#7+! 9.C0.1.<70-,G! +$<>$79$+! ,$8$,9! /1! </,,7C$0!^]S!D#.,$! 7!F.0/>! +$<>$79$!D79! 1/?0+! .0!2%34*! 70+!

2%345@!3/>$/8$>S!Y/-#!2%34*!70+!2%34J!+.96,7G$+!F7>Z$+,G!+$<>$79$+!7F/?0-9!/1!!OK^]M!D#$0!</F67>$+!

-/!</0->/,@!]0!7C>$$F$0-!D.-#!-#$!<$,,!,7G$>S!-#$!F$+.?F!/1!2%34O!<$,,9!9#/D$+!7!F7>Z$+!+$1.<.$0<G!/1!</,,7C$0!

^]!9$<>$-./0@!)!9.C0.1.<70-!+$<>$79$+!7F/?0-!/1!</,,7C$0!^]!D79!7,9/!1/?0+!.0!-#$!F$+.?F!/1!2%345!<$,,9S!D#.,$!

-#.9!+$<>$79$!D79!D$7ZS!7,Y$.-!9-.,,!+$-$<-7Y,$S!.0!-#$!F$+.?F!/1!2%34*!70+!2%34J!1.Y>/Y,79-9!KL.C@!ON!>.C#-M@!!

!
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Figure 1"! Transcriptional analysis of COL6 mRNAs in UCMD patients"! #$! %&'()%! *+*,-./.! 0/12! *! 3,4567.87+1! 96/:76! ,58*17;!
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Figure 2: Immunofluorescence and Immunoblot analysis of collagen VI in control and UCMD patients.!A) "#$!%&'()*!
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The identified gene mutations show different consequences on collagen VI synthesis, secretion and extracellular 
matrix deposition. Both UCMD1 and UCMD3 have a deletion involving few residues in the junctional region 
between the N-terminal domain and the triple helix. The deletion of UCMD1 causes the loss of two highly 
conserved cysteine residues located upstream the triple helical domain of !2(VI) and suggested to be involved in 
intermolecular connections and/or in extracellular assembly processes. In both UCMD1 and UCMD3, the deleted 
portion of the triple helix includes two residues that were shown to be glycosylated and/or hydroxylated (Chu et 
al., 1988). The mutant chains contain a small deletion of the N-terminal part of the triple helical domain, therefore 
they are likely to be incorporated into monomers (Pan et al., 2003), and they may affect collagen VI secretion. 
Interestingly, UCMD1 and UCMD3 cultured fibroblasts showed intracellular protein retention, suggesting that 
mutations could impair assembly and secretion. Western blot analysis of medium samples showed that collagen VI 
secretion was more affected in UCMD3 than UCMD1. This likely reflects the different levels of the mutant 
polypeptide chains in these two patients. In UCMD1, less mRNA from the mutant allele than from the normal 
COL6A2 allele was detected, and less than 50% of the !2(VI) chain is expected to be mutant. In contrast, UCMD3 
had similar levels of normal and mutant COL6A1 mRNAs, and 50% of the !1(VI) chain is expected to be mutant.  
Considering the multi-step assembly of collagen VI occurring before secretion (S5)!:*!56B.!'HH-; $E@5+()(!:*!56B.!
'HHM2 the defects caused by a mutant chain are likely to be amplified during the assembly process and may 
severely impair collagen VI secretion, as observed in UCMD3. 

Different truncating mutations of the C-terminal part of the !2(VI) chain were previously reported in some 
patients affected by either UCMD or myosclerosis myopathy (Zhang et al., 2002; Merlini et al., 2008). 

Although the mutation of our UCMD4 patient is predicted to produce a truncated !2(VI) chain with a large 
deletion of the C-terminal region, western blot did not reveal any faster migrating band. A likely explanation is 
that the truncated chain is unstable and/or present in very low amounts. Moreover, collagen VI shows a marked 
quantitative decrease in the cell layer of UCMD4, while the medium is less affected. Taken as a whole these data 
suggest that the mutation of UCMD4 affects the deposition and organization of collagen VI in the extracellular 
matrix. 

 UCMD2 patient shows the most severe decrease of collagen VI synthesis and secretion. Both mutated 
COL6A2 transcripts undergo prevalent degradation via NMD and only the small fraction of the correctly spliced 
mRNA is probably transcribed into a stable protein, thus allowing the synthesis and secretion of low amount of 
collagen VI, as described for other UCMD patients (Giusti et al., 2005). 
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The phenotype of the four reported patients is typical for UCMD (Pepe et al., 2002). No clear 
genotype/phenotype correlations can be drawn by comparing disease severity in each patient with the mutation 
effects on both RNA level and protein amount. Motor ability is still preserved in UCMD2 patient at 8 years of age, 
whereas UCMD4 never acquired walking despite of a less severe collagen VI reduction. As discussed above, the 
UCMD1 and UCMD3 mutations affect the same protein domains, but their RNA and protein effects are 
significantly different. Nevertheless, the young age at examination of UCMD1 hampers conclusion regarding 
possible phenotypic consequences of this different molecular behavior. 

In conclusion, our results highlight the complexity and unpredictability of the transcriptional behavior of 
uncommon splicing mutations. Furthermore we propose a cis effect on the transcriptional efficiency as a possible 
modifier of the pathogenic consequences of regulatory splicing mutations.  
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ABSTRACT

Background: Bethlem myopathy is a well-defined clinical entity among collagen VI disorders, featur-
ing proximal muscle weakness and contractures of the fingers, wrists, and ankles. It is an early-onset,
slowly progressive, and relatively mild disease, invariably associated to date with heterozygous dom-
inant mutations in the 3 collagen VI genes. We have characterized the clinical, laboratory, and genetic
features of autosomal recessive Bethlem myopathy in 2 unrelated patients.

Methods: This study is based on clinical, histochemical, immunocytochemical, and electron micro-
scope evaluation of the muscle and dermal fibroblasts, CT imaging of the muscles, and biochemi-
cal and molecular analysis.

Results: Both patients carry a truncating COL6A2 mutation (Q819X; R366X) associated with
missense changes in the partnering allele lying within the C2 domain of the !2(VI) chain (D871N;
R843W-R830Q). They show decreased amounts of collagen VI in the basal lamina of muscle
fibers and in dermal fibroblast cultures and altered behavior of collagen VI tetramers. Biochemical
studies supported the pathogenic effect of identified amino acid substitutions, which involve
strictly conserved residues.

Conclusions: The reported patients illustrate the occurrence of Bethlem myopathy with a reces-
sive mode of inheritance. This observation completes the hereditary pattern in collagen VI myop-
athies with both Ullrich congenital muscular dystrophy and Bethlem myopathy underlined by
either recessive or dominant effecting mutations. This finding has relevant implications for ge-
netic counseling and molecular characterization of patients with Bethlem myopathy, as well as for
genotype-phenotype correlations in collagen VI disorders. Neurology® 2009;73:1883–1891

GLOSSARY
BM ! Bethlem myopathy; cDNA ! complementary DNA; MIM ! Mendelian Inheritance in Man; mRNA ! messenger RNA;
NMD ! nonsense mediated decay; nNOS ! neuronal nitric oxide synthase; UCMD ! Ullrich congenital muscular dystrophy.

Ullrich congenital muscular dystrophy (UCMD; Mendelian Inheritance in Man [MIM]
254090) and Bethlem myopathy (BM; MIM 158810) were originally described as separate
entities with distinct clinical hallmarks and inheritance patterns.1,2 The demonstration that
both diseases are caused by mutations in collagen VI genes3,4 has led to the concept of collagen
VI–related myopathies as a group of conditions covering a broad spectrum of clinical
severity.5-7 Classic UCMD and BM represent the 2 major clinical forms at the opposite ends of
this spectrum, which also includes limb-girdle and myosclerosis variants.8,9

UCMD is a congenital disorder characterized by severe muscle weakness resulting in the
limitation or loss of independent walking, with proximal joint contractures and striking hyper-
mobility of distal joints and early respiratory failure.1,10,11 BM is a benign myopathy with onset
in early infancy, characteristic distal contractures, and slow progression.7,12 In the original and
in genetically proven families, most of the patients exhibited weakness or contractures during the
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Ferrara; Dipartimento di Istologia, Microbiologia e Biotecnologie Mediche (A.U., P.B.), Università di Padova; IGM-CNR (P.S., S.S.), Unità di
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first 2 years of life, including diminished fetal
movements, neonatal hypotonia, congenital
contractures, and hypermobility of the wrist and
fingers slowly evolving to flexion contrac-
tures.2,12,13 In addition to the early onset and the
characteristic contractures of the fingers, the
hallmark of the disease is its benign course. Pa-
tients with BM remain ambulant in adulthood;
some affected individuals older than 50 years
need aids for mobility outdoors.13 Mild or mod-
erate respiratory involvement has been reported
in 16% of ambulatory adult patients with BM,
whereas the necessity of mechanical ventilation
at night was rarely reported and only during
later life.2,14-16

BM has been invariably associated with het-
erozygous, dominant mutations in COL6A1,
COL6A2, or COL6A3 genes, either inherited
from an affected parent or occurring de novo3,5,6

(see also http://www.dmd.nl/). Homozygous or
compound heterozygous mutations were ini-
tially found in patients with UCMD, support-
ing recessive inheritance.4,17 More recently, an
increasing number of patients with UCMD
have been found to carry heterozygous de novo
mutations, increasing the puzzle of the inheri-
tance models of collagen VI disorders.18,19

UCMD-associated heterozygous de novo muta-
tions are generally considered to have a domi-
nant negative effect, where the heterozygous
mutations interfere with collagen VI assembly.18

We have identified 2 patients with classic BM
with compound heterozygous COL6A2 muta-
tions, inherited from healthy heterozygous par-
ents. In both patients, a nonsense mutation in
COL6A2 gene (Q819X and R366X) is associ-
ated with 1 or 2 missense changes on the part-
nering allele (D871N; R830Q-R843W),
resulting in an allelic configuration not previ-
ously reported in collagen VI–related myopathies.
This finding illustrates a previously unrecognized
category of recessive BM cases.

METHODS Standard protocol approvals, registra-
tions, and patient consents. We received approval from the
institutional ethical committee on human experimentation for
genetic and clinical studies. Written informed consent was ob-
tained from all patients participating in the study. We obtained
authorization for disclosure of patient BM2’s picture.

Genomic and RNA analysis. Genomic DNA was extracted
from peripheral lymphocytes by standard methods. The coding se-
quence of all 3 collagen VI genes was sequenced (primers sequences

are available on request) on ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA). Sequence data were compared with
genomic and complementary DNA (cDNA) sequences of collagen
VI genes in Genbank databases (COL6A1: NW_927384,
NM_001848; COL6A2: NW_927384, NM_001849; COL6A3:
NW_921618, NM_004369).

Total RNA was isolated from fibroblasts using RNeasy
(QIAGEN, Chatsworth, CA) and reverse transcribed by using a
High Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). To explore nonsense mediated decay (NMD), cDNA
was used as a template for PCR amplification of the mutated
region of COL6A2 transcript, according to previously reported
cycling conditions.9 Utilized primers are available on request.
PCR products were purified and directly sequenced.

Muscle biopsy. Morphologic and histochemical analyses were
performed following standard methods. Unfixed 7-!m-thick
frozen sections were labeled with antibodies against caveolin 3
(BD-Transduction, Franklin Lakes, NJ), laminin "2 and #1
(Chemicon, now part of Millipore, Billerica, MA), telethonin,
neuronal nitric oxide synthase (nNOS; Santa Cruz, Santa Cruz,
CA), emerin, lamin A/C, dystrophin (Novocastra, Newcastle
upon Tyne, UK), and "-dystroglycan (Upstate Biotechnologies,
now part of Millipore). Double labeling with anti–collagen VI
and perlecan (both Chemicon) or nidogen (Calbiochem, Merck
Group, Darmstadt, Germany) was performed as previously de-
scribed.20,21 Samples were observed with a Nikon Eclipse 80i flu-
orescence microscope.

Western blot analysis of collagen VI produced by
skin fibroblasts. Skin fibroblasts were grown to confluence in
OPTI-MEM medium (Invitrogen, Carlsbad, CA) in the pres-
ence or absence of 0.25 mM L-ascorbic acid (Sigma, St. Louis,
MO). Medium was collected and cell layer was solubilized in
lysis solution. Western blotting was performed under reducing
conditions in 3% to 8% polyacrylamide gradient gels and trans-
ferring to Immobilon membrane (Millipore). Collagen VI was
pulled down using an antibody recognizing "1(VI) chain conju-
gated to protein A-Sepharose (Santa Cruz). Immunoprecipitated
samples were separated by electrophoresis in a composite 0.5%
agarose–2.4% polyacrylamide gel. Collagen VI was detected
with an antibody recognizing all collagen VI chains (Fitzgerald,
North Acton, MA).

Immunofluorescence and rotary shadowing analysis of
collagen VI on cultured fibroblasts. Fibroblasts were
grown on coverslips to 2 days postconfluence in the presence of 0.25
mM L-ascorbic acid. For immunofluorescence analysis, fibroblasts
were fixed with cold methanol for 7 minutes, washed with
phosphate-buffered saline, and incubated with anti–collagen VI an-
tibody (Chemicon) diluted 1/100 for 1 hour. After washing, sam-
ples were incubated with a fluorescein isothiocyanate–conjugated
secondary antibody (DAKO, Carpinteria, CA) and mounted with
antifade medium (Molecular Probes, Invitrogen).

For immunoelectron microscopy, cells were incubated with a
monoclonal anti–collagen VI antibody (Chemicon) diluted 1:25
with Dulbecco’s modified Eagle medium and with 5- or 15-nm
colloidal gold–labeled immunoglobulin G (Amersham, GE
Healthcare, Little Chalfont, UK). Rotary shadowing electron
microscopy was performed as described.22

RESULTS Patients. Patient BM1 is a 25-year-old
woman, the only child of nonconsanguineous par-
ents with a negative family history. Early motor mile-
stones were normal. From age 2 years, she showed
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toe walking and experienced difficulty getting up
from the floor and climbing stairs. She underwent
Achilles tendon release at ages 6 and 8 years. At age
25 years, she was unable to walk further than half a
mile, needed to use a rail to climb stairs, and was
unable to get up from the floor. She had mild weak-
ness in the shoulder girdle and upper limb muscles,
and moderate weakness in the axial and hip girdle
muscles. Moderate rigidity of the spine; prominent
contractures of the shoulders, elbows, finger flexors,
knees, and Achilles tendons; and hypermobility of
the distal joints were noted. Forced vital capacity was
65% of predicted. Creatine kinase was normal. Pel-
vic and lower limb muscle MRI showed mild to
moderate diffuse fibrous substitution of muscle tissue
with a nonspecific pattern. Her parents, at ages 52
and 47 years, were normal on clinical examination.

Patient BM2 had bilateral talipes equinovarus at
birth. He walked at age 14 months. At age 4 years, he
underwent bilateral Achilles tendon lengthening. At
ages 7 and 12 years, he had repeated Achilles surgery
for marked relapse. Examination at age 19 years re-
vealed a tall man with marked bilateral equinus de-
formity. He was able to walk and climb stairs
without support, but not to run. There was a mild
limb-girdle weakness together with a moderate axial
involvement, inability to fully close the eyes, and
marked digitorum extension weakness. There were
contractures at the elbows, knees, and fingers. A mild
distal joint hypermobility was present. Creatine kinase
was 2.5 times the upper value of normal. Forced vital
capacity was 64% of predicted. Muscle CT revealed a
mild to moderate diffuse hypodensity particularly in the
legs, more pronounced at the periphery of the muscle.
At age 19 years, he underwent a bilateral triple arthrod-
esis with some improvement in stance and balance. He
remained stable until age 45 years, when after a fall he
reported a femoral neck fracture and was treated with a
prosthesis. Examination at age 47 years (figure 1)
showed marked long finger flexion contractures with-
out distal hypermobility. He was no longer able to rise
from the floor and needed support to get up from a
chair. He walked slowly with the aid of a stick. His
parents, at ages 69 and 72 years, were normal on clinical
examination.

Mutational analysis. Genomic analysis showed that
patient BM1 carries a paternal heterozygous C2537T
variation within exon 27 of the COL6A2 gene result-
ing in the nonsense mutation Q819X, and 2 mater-
nally inherited heterozygous missense mutations in
exon 28 (G2571A-R830Q; C2609T- R843W). RNA
analysis from cultured fibroblasts showed biallelic ex-
pression of COL6A2 messenger RNA (mRNA), con-
firming that the Q819X nonsense mutation escapes
NMD, as previously reported9 (figure 2A). Patient

BM2 carries a maternally inherited heterozygous
C1178T variation within exon 12 of the COL6A2
gene, resulting in the nonsense mutation R366X, and a
de novo heterozygous missense variation in exon 28
(G2693A-D871N). Reverse transcription PCR analysis
on cDNA from fibroblasts showed pseudohomozygos-
ity of the G2693A variation, attesting NMD of the
R366X allele and also demonstrating that the 2 muta-
tions are in trans (figure 2A). The predicted effects of
identified mutations on !2(VI) C2 domain are re-
ported in figure 2B.

All the identified missense variations are novel.
Sequencing of 200 control chromosomes excluded
common polymorphisms. Sequence comparison by
Blast analysis shows that R830Q, R843W, and
D871N mutations involve strictly conserved residues
within the !2(VI) sequences of all species present in
the Genbank databases (figure 2C).

Muscle biopsy. In patient BM1, a muscle biopsy per-
formed at age 3 years showed a myopathic pattern
with moderate to marked fibrosis, increased variation
in fiber size, type 1 fiber predominance, and in-
creased number of type 2C fibers. Collagen VI im-

Figure 1 Clinical features

Patient BM2 at age 47 years showing marked finger con-
tractures, equinus of the feet, and mild atrophy of thigh and
leg muscles.
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munofluorescence showed a reduced staining and
only a partial colocalization with basement mem-
brane markers (data not shown). Biopsy from patient
BM2, taken at age 19 years, showed a dystrophic
pattern, with proliferation of endomysial and per-
imysial connective tissue, variation in muscle fiber
diameter, and numerous internal nuclei. Several hy-
pertrophic fibers showed splitting and abnormal dis-
tribution of oxidative enzyme activity (figure e-1 on
the Neurology® Web site at www.neurology.org). Im-
munofluorescence showed a moderate reduction of col-
lagen VI (figure 3A); several muscle fibers showed a
selective reduction of collagen VI expression at the basal
lamina, as revealed by double labeling with nidogen
(figure 3B). Laminin !1 was also reduced at the basal
lamina of muscle fibers, whereas laminin "1 and #2
chain, dystrophin, caveolin 3, #-dystroglycan, integrin
#7b, nNOS, emerin, and perlecan were normal (data
not shown).

Collagen VI in skin fibroblasts. Western blot analysis
under reducing conditions and immunofluorescence
analysis revealed a reduced amount of secreted colla-
gen VI in patient BM2 and, to a lesser extent, also in
patient BM1 (figures 4A and 5A).

A band migrating faster than the normal #1/#2
chains was detected in both cell layer and medium of
patient BM1 (figure 4A), likely corresponding to the
truncated #2(VI) chain, whose predicted molecular
weight is approximately 105 kd. To understand
whether the truncated protein may affect collagen VI
biosynthesis and assembly, we analyzed these aspects
in more detail. Western blot analysis of BM1 cul-
tures in nonreducing conditions showed absence of
tetramers in cell layer. In medium, a marked decrease
of collagen VI tetramers was observed, with increased
abundance of monomers and dimers when compared
with control (figure 4B). When analyzed under high
magnification, immunofluorescence of BM1 fibro-

Figure 2 Mutation analysis

(A) Complementary DNA sequence chromatograms demonstrating balanced transcription of Q819X and R830Q-R843W mutated alleles in BM1 and
pseudohomozygosity of D871N allele in BM2. (B) Schematic representation of the predicted effect of BM1 and BM2 mutations on the C-terminal end of
#2(VI) chain. On the left, the complete structure of #2(VI) chain produced by unaffected control (CTRL) is shown. NMD ! nonsense mediated decay; TH !

triple-helical domain. (C) Sequence alignment showing strict conservation of R830, R843, and D871 residues in the #2(VI) protein sequences of distant
species.

1886 Neurology 73 December 1, 2009



!"#$%&&'%()*+%,#-.+/$(%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%!"$)+0$(%

! ""!

!
!
!

blasts showed a filamentous arrangement of collagen
VI, and 3-dimensional networks could be also de-
tected (figure 5A, b). Electron microscope examina-
tion confirmed the presence of collagen VI
microfilaments, which appeared correctly assembled
and interconnected. Hexagonal-like structures were
frequent, whereas parallel-aligned microfilaments
were scarcely detected (figure 5B, c and d).

In BM2 cultures, Western blot analysis under
nonreducing conditions revealed that collagen VI
monomers and dimers were barely detectable in cell
layer, and tetramers were strongly decreased in the
medium (figure 4B). Immunofluorescence showed

that the protein was secreted and assembled in the
extracellular matrix, with a spotlike organization (fig-
ure 5A, c). Ultrastructural analysis confirmed the
presence of collagen VI microfilaments, which ap-
peared composed of several tetramers (ranging from
10 to 30). However, globular domains displayed an
irregular shape, and the microfilaments appeared
scarcely interconnected. Typical network and
hexagonal-like structures were absent, whereas few
parallel-aligned microfilaments could be detected in
the pericellular matrix (figure 5B, e and f).

DISCUSSION It is increasingly recognized that clini-
cal overlap exists within the spectrum of collagen VI–
related myopathies, complicating the classification of
intermediate phenotypes23; nevertheless, BM and
UCMD as originally described remain readily distin-
guishable clinical entities. The patients we described
were still ambulant at ages 25 and 47 years, with a pre-
served respiratory function and thus clearly belong to
the classic BM presentation. Both patients carried com-
pound heterozygous COL6A2 mutations.

Our observation points out the occurrence, be-
sides dominant and recessive UCMD and dominant
BM, of previously unrecognized recessive BM cases.
The finding of compound heterozygous genotypes in
patients with BM further complicates the interpreta-
tion of genotype-phenotype relationship in collagen
VI disorders. Recessive collagen VI myopathies re-
ported so far were found to be caused by the combi-
nation of 2 truncating mutations, 1 truncating and 1
in-frame deletion, 2 in-frame deletions, or 2 missense
changes (see also http://www.dmd.nl/).5,6,24 In our
patients with BM, a truncating mutation either caus-
ing NMD (R266X) or removing the !2(VI) C2 do-
main (Q819X) is partnered by missense changes
within the !2(VI) C2 region. This allelic combina-
tion (truncating plus missense) was not previously
reported in collagen VI disorders.

The identified nonsense mutations were previ-
ously described in homozygosity in a recessive myo-
sclerosis myopathy family (Q819X)9 and in
compound heterozygosity with a null allele in a pa-
tient with UCMD (R366X/K318fsX6).25 The inter-
pretation of the 3 missense changes (R830Q,
R843W, and D871N) requires caution. Neverthe-
less, their pathogenic meaning is strongly supported
by the association with bona fide recessive mutations
in affected subjects and by the strict conservation of
the involved residues in the protein sequence from
distant species, suggesting a key role in the C2 do-
main of !2(VI) chain. Moreover, we have provided
evidence of their ability to interfere with collagen VI
assembly and molecular interactions. In fact, analysis
of collagen VI synthesis, assembly, and secretion re-

Figure 3 Immunofluorescence analysis of collagen VI in muscle

(A) Collagen VI appears reduced and unevenly distributed in muscle of BM2 (b) when com-
pared with control (a). Bar, 200 "m. (B) Double labeling of collagen VI (a and d) and nidogen (b
and e) and overlaid images (c and f) of control (a– c) and BM2 (d–f) muscle biopsies. In unaf-
fected control, collagen VI and nidogen colocalize at the basement membrane of muscle
fibers as demonstrated by yellow fluorescence in merge (c). In muscle biopsy of BM2, colla-
gen VI labeling is discontinuously distributed in the basal lamina of muscle fibers (d) as
demonstrated by red staining in overlaid image (f). Some areas of the basement membrane
show a complete absence of collagen VI labeling (d, arrow), also visible as red staining in the
overlaid image (f, arrow). However, focal areas of the basement membrane show normal
protein expression and localization (d and f, arrowhead). Nidogen immunostaining shows an
intense and continuous labeling (e), as in normal control (b).
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vealed qualitative and/or quantitative protein defects
in both patients. In patient BM1, the truncated
!2(VI) chain was able to participate in collagen VI
synthesis and it was secreted, and the amounts of
collagen VI were slightly decreased when compared
with control. Analysis under nonreducing conditions
showed that the assembly or stability of collagen VI
tetramers was impaired. The presence of the Q819X
mutation in heterozygosity does not seem to cause
any pathogenic consequence, as indicated by the nor-
mal phenotype of the 2 parents of myosclerosis-
affected siblings9 as well as of the father of patient
BM1. Consequently, it is reasonable that in patient

BM1 the 2 missense mutations partnering Q819X
allele also contribute to the collagen VI defects. Ul-
trastructural data suggest that these mutations may
interfere with protein interactions, thus compromis-
ing the integrity of the muscle cell-matrix link. Inter-
estingly, in muscle biopsy of patient BM1, mutated
collagen VI showed only partial colocalization with
myofiber basal lamina, thus supporting the hypothe-
sis of an altered binding with extracellular matrix
components.

The D871N mutated chain is the only !2(VI)
polypeptide produced by patient BM2, because the
mRNA transcribed by the other allele undergoes

Figure 4 Western blot analysis of collagen VI in cultured fibroblasts

(A) Skin fibroblasts from control (CTRL), BM1, and BM2 were grown in either the presence (!) or the absence (") of ascorbic
acid. Cell layer (20 "g) and medium (30 "g) were separated by electrophoresis under reducing conditions in 3% to 8%
polyacrylamide gradient gel, and collagen VI was detected by an antibody recognizing all chains. The migration and size (in
kilodaltons) of the protein molecular weight markers are shown on the left, and migration positions of the 3 !(VI) chains are
indicated on the right. An additional faster migrating band (arrow) is detected in the cell layer and medium of BM1. *Unspe-
cific band detected by the antibody in all medium samples. Control for loading in cell layer samples was performed by an
antibody for #-catenin. (B) Cell layer and medium were immunoprecipitated with an antibody recognizing the !1(VI) chain.
Samples were separated by electrophoresis under nonreducing conditions in a composite 0.5% agarose–2.4% polyacryl-
amide gel. Collagen VI was detected with an antibody recognizing all chains. The expected migration positions of collagen
VI monomers, dimers, and tetramers are indicated on the right. The migration and size (in kilodaltons) of molecular weight
markers (laminin and fibronectin) are shown on the left. The last lane is a lower exposure of BM1 medium.
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NMD, and the amounts of collagen VI are markedly
decreased in both cell layer and medium of this pa-
tient. Considering that the R366X mutation is
present in heterozygosity in the healthy mother of
patient BM2, the clinical phenotype cannot be as-
cribed to the sole quantitative decrease of collagen
VI. The very low amount of tetramers in the medium
of BM2 cells and the presence of dimers in cell sam-
ples indicate that the single D871N substitution of
the !2(VI) C2 domain affects the synthesis and orga-
nization of collagen VI tetramers. Indeed, when in-
vestigated by rotary shadowing, secreted tetramers
showed altered globular domains and did not de-

velop extensive networks, suggesting that this muta-
tion also affects the 3-dimensional organization of
collagen VI microfilaments.

Supporting our observation, several studies indicate
that the !2(VI) C2 domain has a crucial role for the
correct assembly of collagen VI.9,22,26,27 A patient with
BM carrying a heterozygous P932L mutation showed a
defect in the incorporation of the mutated !2(VI) chain
within triple-helical monomers, leading to reduced se-
cretion of tetramers.28 In a patient with UCMD, com-
pound heterozygous COL6A2 mutations (L837P and
delN897) were found to cause a severe decrease of colla-
gen VI assembly and secretion.28

Figure 5 Immunofluorescence and electron microscope analysis of collagen VI

(A) Immunofluorescence analysis of collagen VI on cultured fibroblasts from control (a), BM1 (b), and BM2 (c), treated for 2
days with 0.25 mM ascorbic acid postconfluence. BM1 (b) and BM2 (c) fibroblasts show a reduced amount of collagen VI
secreted in the extracellular matrix when compared with the extensive 3-dimensional networks developed by control fibro-
blasts (a). The organization of collagen VI microfilaments shows a typical filamentous arrangement in BM1 fibroblasts (b),
whereas a dotlike appearance is detected in BM2 culture (c, arrows). Bar, 20 "m. (B) Electron microscope examination of
rotary shadowed cultured fibroblasts from control (a and b), BM1 (c and d), and BM2 (e and f) labeled with anti– collagen VI
and revealed with a secondary antibody conjugated with 5 nm (a– e) and 15 nm (b, d, e, and f) colloidal gold particles. In
control fibroblasts, collagen VI microfilaments develop a well-interconnected network (a, N), with a regular distance be-
tween globular domains (b, arrows). In BM1 culture, collagen VI microfilaments appear well interconnected (c, N) and com-
posed by regular tetramers (d, arrows). In BM2 culture, the microfilaments appeared scarcely developed and
interconnected (e, arrows), and globular domains displayed an irregular shape (f, arrows). Panels a, c, and e are at the same
magnification, as well as b, d, and f. Bar, 200 nm.
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The identification of patients with BM with a
compound heterozygous genotype for recessive
COL6 mutations has relevant implication for molec-
ular diagnosis of collagen VI–related diseases, em-
phasizing the importance of a full screening of COL6
genes irrespectively of the clinical phenotype. Reces-
sive inheritance needs to be considered on a par with
dominant transmission when counseling patients
with BM, and this implies that a 50% recurrence risk
is no longer the rule in BM sporadic cases, even when
they are molecularly characterized. The peculiar allelic
combination (truncating plus missense) underlying the
BM phenotype in our patients does not support pure
haploinsufficiency as a causative mechanism for BM
and suggests that the existence of missed recessive muta-
tions could explain the rare patients with BM with het-
erozygous null mutations. These patients represent an
intriguing and still unsolved matter when weighed
against heterozygous parents of patients with UCMD,
carrying equally null collagen VI alleles, but showing no
obvious phenotype.5

Another peculiar aspect characterizing patients
BM1 and BM2 resides in the presence of collagen VI
abnormalities both in skeletal muscle and cultured
fibroblasts at conventional immunohistochemical
analysis. In fact, genetically characterized BM pa-
tients usually show normal collagen VI in muscle
biopsy,19,29-31 whereas cultured fibroblasts display a
variable amount of protein and/or abnormalities of
microfilament organization in the extracellular ma-
trix.31 The coexistence of collagen VI abnormalities
in both fibroblasts and muscle was previously de-
scribed in only 2 BM cases showing atypical features:
one patient, carrying a heterozygous COL6A3 de
novo mutation, had a BM borderline phenotype
with restrictive pulmonary function19; the other,
with an intermediate BM/UCMD phenotype, inher-
ited the heterozygous COL6A2 mutation from the
healthy mother,31 suggesting that this mutation may
not be the only one contributing to the clinical phe-
notype. These observations further support the hy-
pothesis that recessive mutations could have been
missed in some patients with BM, and that BM re-
cessive mutations may affect collagen VI expression
both in muscle and fibroblasts.
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Identification of a deep intronic mutation in the
COL6A2 gene by a novel custom oligonucleotide
CGH array designed to explore allelic and genetic
heterogeneity in collagen VI-related myopathies
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Abstract

Background: Molecular characterization of collagen-VI related myopathies currently relies on standard sequencing,
which yields a detection rate approximating 75-79% in Ullrich congenital muscular dystrophy (UCMD) and 60-65%
in Bethlem myopathy (BM) patients as PCR-based techniques tend to miss gross genomic rearrangements as well
as copy number variations (CNVs) in both the coding sequence and intronic regions.

Methods: We have designed a custom oligonucleotide CGH array in order to investigate the presence of CNVs in
the coding and non-coding regions of COL6A1, A2, A3, A5 and A6 genes and a group of genes functionally related
to collagen VI. A cohort of 12 patients with UCMD/BM negative at sequencing analysis and 2 subjects carrying a
single COL6 mutation whose clinical phenotype was not explicable by inheritance were selected and the
occurrence of allelic and genetic heterogeneity explored.

Results: A deletion within intron 1A of the COL6A2 gene, occurring in compound heterozygosity with a small
deletion in exon 28, previously detected by routine sequencing, was identified in a BM patient. RNA studies
showed monoallelic transcription of the COL6A2 gene, thus elucidating the functional effect of the intronic
deletion. No pathogenic mutations were identified in the remaining analyzed patients, either within COL6A genes,
or in genes functionally related to collagen VI.

Conclusions: Our custom CGH array may represent a useful complementary diagnostic tool, especially in recessive
forms of the disease, when only one mutant allele is detected by standard sequencing. The intronic deletion we
identified represents the first example of a pure intronic mutation in COL6A genes.

Background
Mutations in the genes encoding collagen VI (COL6A1,
COL6A2 and COL6A3) result in two major phenotypes:
Bethlem myopathy [BM, OMIM #158810] and Ullrich
congenital muscular dystrophy [UCMD, OMIM
#254090]. Despite BM being classically reported as an
autosomal dominant condition due to heterozygous
COL6 mutations [1,2], we and others have recently

described autosomal recessive BM patients [3,4]. In con-
trast, the allelic form UCMD was initially considered to
be an autosomal recessive disorder, with homozygous or
compound heterozygous mutations occurring in all
three COL6 genes [2], although a few double heterozy-
gous mutations in two different COL6 genes have also
been described [5]. Recently, however, up to 50% of
UCMD cases have been found to carry only one
mutated allele, indicating autosomal dominant inheri-
tance [5-7]. Thus far, roughly 100 different mutations in
COL6 genes have been associated with either UCMD or
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BM and most of them are confined to single families
[5,8].
The distribution of mutations along COL6 genes is

rather uniform and lacks mutation hot spots, therefore
these patients require extensive genotyping, which is cur-
rently performed by genomic or cDNA sequencing [1,5].
Nevertheless, a relevant proportion of patients clinically
diagnosed as having a collagen-VI related myopathy still
lack molecular characterization. In fact, with currently
available diagnostic tools, the detection rate of mutations
of COL6 genes varies from 60-65% in BM cases and 75-
79% in UCMD patients [5]. The majority of these muta-
tions are small variations like missense, frame-shifting,
ins-del or point mutations which lead to a splicing defect.
Large, multi-exon deletions of the COL6A1 gene, invol-
ving both exonic and intronic regions and thus detectable
by mRNA analysis, have been reported as causative
mutations in three patients [9,10]. One limitation of
PCR-based genome analysis techniques is their inability
to detect gross CNVs, as well as atypical mutations,
which could account for a significant proportion of unde-
tected COL6 mutations. On the other hand, the relatively
low rate of mutation detection in COL6 genes could be
due to the genetic heterogeneity of these diseases. Thus,
mutations in genes functionally related to collagen VI
could theoretically underlie UCMD and BM phenocopies
and/or be responsible for secondary collagen VI defects
[11]. In order to test this hypothesis, we selected 12
UCMD/BM patients who were found to be negative
upon extensive sequence analysis of the three COL6
genes, and two patients carrying only one mutation,
deemed insufficient to explain the clinical phenotype, it
being inherited from a healthy parent.
The occurrence of both allelic and genetic heterogene-

ity was explored in these patients by using an innovative
oligonucleotide array-based comparative genomic hybri-
dization (CGH) approach able to detect CNVs in COL6
genes, as well as in other genes functionally related to
collagen VI.
A deep intronic deletion in the COL6A2 gene was dis-

covered in one BM patient, with a single mutation
inherited from the healthy mother identified at sequen-
cing analysis. Subsequently, the functional effect of the
identified mutation was demonstrated via RNA studies.
In the remaining patients, only non pathogenic CNVs
were identified.

Methods
Genome sequence analysis
Patients’ genomic DNA was extracted from peripheral
blood lymphocytes after informed consent and approval
by the local ethics committee was obtained (approval
number 7/2009). PCR primers (sequences are available

upon request) were designed to amplify all the 107 exons
of the COL6 genes, as well as their flanking intronic
regions. Amplified fragments were directly sequenced
using a BigDye Terminator v3.1 Cycle sequencing system
on the automated ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA).
In order to try to attempt amplification across the

deletion within COL6A2 intron 1A, identified by the
CGH-array, the following oligonucleotides were posi-
tioned outside the maximum theoretical deleted region:
F1 CCCTGAATTCCTGGACATGAT; R1 GAACGTC-
CATCCTCCCTGAT; and flanking the region identified
by the two deleted probes (F2 AGATCCACAGCCAC-
GACTT; R2 GGCCTCACTGTGCTGCTG) (Figure 1).
Long-range PCR was performed using LA-Taq polymer-
ase and 40 cycles at 64°C.

Micro-array design, hybridization and data analysis
COL6-CGH array design was performed using the high-
density aCGH search function of the web-based Agilent
eArray database, version 4.5 [12].
The genomic regions corresponding to COL6A1-A2-

A3-A5 and -A6 genes as well as a group of genes func-
tionally related to collagen VI (Table 1) [13-21] were
masked for repetitive elements and converted into a
10.197 probe set by selecting the maximum number of
exonic and intronic 60 mer oligonucleotide probes avail-
able in the Agilent database. This probe set was enriched
with 377 probes in triplicate, covering the regions of
COL6A1, 2 and 3 genes not investigated by the Agilent
CGH probe database. The final mean resolution for these
genes was one probe every 320 bp. In order to reach the
15K array format, each array was filled with control
probes from all the chromosomes (2851).
The array format utilized was 8 × 15K, made up of

eight identical 15K arrays on a single slide, thereby per-
mitting simultaneous analysis of eight different samples.
Genomic DNA was extracted from the patients’ whole
blood or cultured fibroblasts by a Nucleon™ BACC
Genomic DNA Extraction Kit (GE Healthcare). Labeling
and hybridization were performed following the proto-
cols provided by Agilent (Agilent Oligonucleotide
Array-Based CGH for Genomic DNA Analysis protocol
v5.0). The array was analyzed with the Agilent scanner
and the Feature Extraction software (v9.1). A graphical
overview and analysis of the data were obtained using
the CGH analytics software (v3.5). For identifying dupli-
cations and deletions we used the statistical calculations
based on ADM-2 algorithm provided by the CGH analy-
tics software. According to this set-up and in the case of
autosomal genes, deletions are visualized with values of
-1 if in heterozygosity and with values of minus infinite
(-4 in CGH analytics) if in homozygosity. For three
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copies, the value would be approximately +0.6 and for
four copies the value would be +1.
The platform informations have been submitted to the

online data repository Gene Expression Omnibus (GEO)
[22], under accession number GPL9972.

Real-Time PCR
Ad hoc Real-Time PCR assays were designed for the
COL6A2 intron 1A deletion and the CNVs identified
within the ITGB1 and ITGA5/ITGA genomic regions
(Table 1 and Additional file 1). For confirming COL6A2

intron 1A deletion, a TaqMan assay was firstly used;
MGB probe and primer design was performed by Pri-
mer Express Software 2.0 (Applied Biosystems) (FW
TTGGTCACAGGTTATGCAACA, Rev GGTGAGTTT-
CACAGCTTCAAGGA; Probe 6-FAM-AACAAGT-
TAAATAGCATGAAGTG) (see Additional file 2).
Real-Time PCR was performed in triplicate in 96-well

plates using 50 ng genomic DNA and default parameters
on the Applied Biosystems Prism 7300 system. For rela-
tive quantification, the ∆∆CT Method (Applied Biosys-
tems User Bulletin #2) was utilized. CFTR exon 15 was

Figure 1 CGH-array profile and COL6A2 gene allelic configuration. A). CGH-array profile of the COL6A2 intron 1A deletion and its schematic
representation in the context of the entire COL6A2 gene. A custom track containing the maximum theoretical deleted region spanning 2094 bp
(blue bar), derived from the closest normal probes (black bars), the two deleted probes (green bars) and PCR primers pairs (red bars), was
created on UCSC Genome Browser. The two deleted probes lay at 1054 bp from exon 2. The region between the 5’-normal probe and the first-
deleted probe is covered by repetitive elements (black bar at the bottom). The two probes identifying the deletion lye within unique sequences.
B) Schematic representation of the COL6A2 gene allelic configuration in BM Patient 1, with the maternal allele (allele 1) carrying the 6-nucleotide
deletion within exon 28 and the paternal allele (allele 2) carrying the intronic deletion within intron 1A.
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employed as a reference gene, and three control DNAs
were used as calibrators for each experiment. Specific
assays based on SYBR-green chemistry were also
employed in order to further verify the intron 1A dele-
tion and to confirm the CNVs identified in the ITGB1
and ITGA5/ITGA7 genomic regions, (Chr10_FW
CGTGGAGATGGGATTAGTGTG, Chr10_Rev TTTGT
TGGGAATTTACTTGGTG; Chr12_FW AATTTG
CTGTTGCTGGGTCT, Chr12_Rev TCCCATACTCTC-
CATTGTCC; Chr21_FW GCCTGTCTGCCTCTTCCA,
Chr21_Rev TGTTGCATAACCTGTGACCAA) (see
Table 1 and Additional file 2).

Transcript analysis in BM Patient 1
Total RNA was isolated from confluent fibroblasts by
using an RNeasy Kit (QIAGEN, Chatsworth, CA), and
reverse transcribed using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Foster
City CA). RT-PCR was performed with a forward primer
within COL6A2 exon 25 and a reverse primer within the
5’ of exon 28, as well as with a forward primer within
exon 26 and a reverse within the 3’ of exon 28, as pre-
viously described [23]. The sequence of primers
employed is available upon request.

Immunohistochemistry, electron microscopy and Western
Blot in BM Patient 1
Unfixed frozen sections of the tibialis anterior muscle
from BM Patient 1 and control were labeled with anti-
collagen VI antibody (Chemicon MAB1944) diluted
1:100, followed by FITC-conjugated anti-mouse antibody
(DAKO); sections were double-labeled with anti-perle-
can antibody (Chemicon) diluted 1:100, and revealed
with a TRITC conjugated anti-rat antibody (SIGMA).
Muscle sections were also labeled with anti-caveolin 3

(BD-Transduction), collagen IV, laminin a2 and laminin
b1 chains (Chemicon), followed by FITC-conjugated
secondary antibody, while fibronectin (Sigma) and
alpha-dystroglycan (Upstate Biotechnologies) were fol-
lowed by TRITC-conjugated antibody (Sigma, MO). The
fibroblast cultures from Patient 1 and from a control
were obtained by mechanical means from bioptic skin
fragments and set up as previously described [24].
A mouse monoclonal anti-collagen VI antibody
(MAB1944, Chemicon) was employed, and the resulting
immunoreaction was detected with a secondary FITC-
conjugated anti-mouse antibody (DAKO). For immu-
noelectron microscopy analysis, cells were incubated
with a monoclonal anti-collagen VI antibody (Chemi-
con) diluted 1:25 with Dulbecco’s modified Eagle’s med-
ium and with 5 or 15-nm colloidal gold-labeled IgG
(Amersham). Rotary shadowing electron microscopy was
performed as described [25].
Samples derived from skin fibroblast cultures and

muscle biopsies were prepared for Western Blot analysis
as previously described [23]. Collagen VI was detected
by immunoblotting with antibodies recognizing either
all collagen VI chains (Fitzgerald 70XR95) or the a1(VI)
chain (Santa Cruz sc-20649) alone. Antibodies recogniz-
ing AKT (Cell Signaling) and myosin (Sigma) were used
for cell culture loading and muscle samples.

Results
Patient selection and COL6-CGH array validation
Twelve patients clinically diagnosed as possessing
UCMD (6 patients) or BM (6 patients) phenotypes nega-
tive at genomic sequence analysis, and 2 patients
(1 UCMD, 1 BM) in whom a sequence analysis positive
for COL6 mutations failed to fully explain the clinical
phenotype were selected (Table 2).

Table 1 Genes, corresponding genomic regions and protein products included in the COL6-CGH micro-array design
Genes Chromosomal Coordinates (NCBI Build 35) Proteins

HSPG2 chr1:21894043-22010053 Heparan sulfate proteoglycan 2

COL6A3 Chr2:237914662-238204820 Collagen, type VI, alpha-3 chain

COL29A1;
COL6A6

Chr3:131447049-131978580 Collagen, type XXIX, alpha 1
Collagen type VI alpha 6

ITGA1;
ITGA2

chr5:52019893-52526365 Integrin, alpha 1
Integrin, alpha 2

TNXB chr6:32116611-32186183 Tenascin XB

ITGB1 chr10:33130501-33364492 Integrin, beta 1

DCN chr12:90041504-90075827 Decorin

ITGA5;
ITGA7

chr12:52975314-54487894 Integrin, alpha 5;
Integrin, alpha 7

CSPG4 chr15:73654019-73892151 Chondroitin sulfate proteoglycan 4

COL6A1;
COL6A2

chr21:46126091-46474147 Collagen, type VI, alpha 1 chain Collagen, type VI, alpha 2 chain

BGN chrX:152181258-152395851 Biglycan
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One BM patient (Patient 1) had previously been
described by Demir et al. (# 10, Family 8), who linked
the disease in this family to chromosome 21q22.3 [26].
This patient carries a heterozygous small deletion in
exon 28 of the COL6A2 gene (NM_001849, c.
2947_2952del6, p.Asp983_Val984del) inherited from the
healthy mother. Patient 2 (UCMD) bears a heterozygous
missense alteration (NM_001848, c.350 C>T, V117A)
within COL6A1 exon 3, inherited from the unaffected
father. The V117A substitution noted in this patient had
not previously been described, so in order to evaluate
the pathogenic effect of this missense variation, poly-
morphism phenotyping predictions were obtained by
PolyPhen [27] and SIFT [28] with contrasting results:
PolyPhen predicted a benign variation whereas SIFT
foresaw a harmful effect of the V117A substitution. Sub-
sequently, amino acid conservation of V117 was ana-
lyzed, and sequence alignment between distant species
showed high conservation of the residue in the VWFA1
domain (data not shown). The screening of 200 control
chromosomes excluded it as a common polymorphism.
The COL6-CGH array was designed to cover the

regions of genes COL6A1-A2-A3-A5 and -A6 and a
group of genes functionally related to collagen VI (Table
1). Ten possible candidate genes were considered on the
basis of the following criteria: either i) their direct inter-
action with collagen VI, as in the case of HSPG2 [13],
ITGA1, ITGA2, ITGB1 [14], DNC and BGN [15]; ii)
their secondary involvement in collagen VI-deficient tis-
sues, as in NG2-proteoglycan [16,17], ITGA5 and
ITGA7 [18,19], or iii) their mutations causing an over-
lapping phenotype with collagen VI-related myopathies,
as in TNXB [20]. COL6A5 (COL29A1) and COL6A6,
which are expressed in skeletal muscle, were also
included since collagen VI alpha1-deficient mice do not
express collagen VI alpha 5 or alpha 6 chains [21].
The full coding region of all selected genes was included,

together with intronic sequences and 100 kb at the 5’ and
3’ of the first and last exons, respectively. The array was
technically validated before commencing by using DNA
from 8 normal controls; no CNVs were detected.
Two novel CNVs were identified in BM patients 4 and

5 (Table 1 and Additional File 2). The first was a 1.4 Kb
deletion, located 35 Kb downstream the ITGB1 gene
and the second was a 1.7 Kb duplication in the inter-
genic region between ITGA5 and ITGA7. Both CNVs
were confirmed by Real-Time PCR analysis (data not
shown), but the occurrence of both variations in unaf-
fected family members and healthy controls from the
general population permitted exclusion of their patho-
genic significance (see Additional File 2).
The complete CGH datasets have been submitted to

the online data repository Gene Expression Omnibus
[22], under accession number GSE20025.Ta
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Identification of a pure intronic deletion in intron 1A of
the COL6A2 gene in BM patient 1
In early infancy, Patient 1 (BM) (Table 2) attained nor-
mal motor milestones and walked at 15 months of age.
However, aged 3 and a half, she began to have difficulty
running. Creatine kinase was 3.5 times the upper limit
of normal, and examination at age 21 revealed a short
stature, excessive weight and bilateral club foot. The
patient was able to walk and climb stairs without sup-
port, but was unable to run. Mild facial and limb/girdle
weakness and moderate axial and distal weakness were
noted. The patient was unable to bury the eyelashes
completely or to flex neck against gravity, and digitorum
extension weakness was evident. The patient suffered
contractures of the neck, elbows, fingers, knees and
ankles, combined with finger extension hypermobility
when the wrist was flexed. Her skin was rough and che-
loidal, and nails were dystrophic. Forced vital capacity
was 52%, and cardiac examination evidenced no
abnormality. Examination at age 30 years revealed a
relatively stable condition, with only the ability to get up
from the floor having been further compromised.
In BM Patient 1, CGH analysis revealed the presence

of a deletion within intron 1A of the COL6A2 gene
(NM_001849). This deletion was detected by two over-
lapping probes which covered 95 base pairs: the
5’-deleted probe lying 12.237 nucleotides from exon 1A,
and the 3’-deleted probe located 999 nucleotides from
exon 2. The two flanking probes, which showed normal
hybridization levels, were localized respectively, 1900
nucleotides from the proximal 5’-deleted probe and 194
nucleotides from the distal 3’-deleted probe. Thus, the
identified deletion spans a maximum theoretical region
of 2094 bp, and is located 1 kb upstream of the first

COL6A2 coding exon (exon 2). Comparative sequence
analysis using the two deleted probes identified a geno-
mic region lying adjacent to a cluster of repetitive ele-
ments (Figure 1A) [29].
Real-Time PCR analysis performed using two different

assays, one based on SYBR-green and the other on Taq-
Man chemistries, confirmed the occurrence of the dele-
tion, which was inherited from the healthy father (see
Additional File 3). Analysis of 100 control subjects from
the normal population by Real-Time PCR failed to iden-
tify the COL6A2 intron deletion.
Genotypic analysis of the proband’s parents showed

the intronic deletion and the exon 28 small mutations
in trans, denoting autosomal recessive transmission.
An attempt to amplify by junction PCR the deletion

breakpoint with primers outside the maximum theoreti-
cal deleted region was unsuccessful, and sequencing
analysis of the PCR products obtained using different
sets of primers failed to identify the mutated allele. This
suggests the possibility of a complex rearrangement/
inversion of the involved genomic region (Figure 1A).

Occurrence of monoallelic COL6A2 transcription in BM
Patient 1 fibroblasts
In order to assess the pathogenic meaning of the identified
intronic deletion found in BM Patient 1, fibroblasts were
harvested and cultured prior to RNA analysis. This analy-
sis was focused on the terminal region of the COL6A2
transcript, from exon 26 (harboring two common poly-
morphisms (Ala698Ala and Gly699Gly), heterozygous at
the genomic analysis) to exon 28 (the site of the maternal
heterozygous 6-nucleotide deletion). Direct sequencing of
the amplified fragments revealed the presence of a
pseudo-homozygosity for the exon-28 deletion, as well as

Figure 2 COL6A2 genomic and transcript analysis in BM Patient 1 and his father. A) Sequence chromatograms of BM Patient 1 showing
the maternal deletion within exon 28 (GACGTG) (left) and two polymorphisms (c.2094 G>A - A698A; C.2097 C>T - G699G) within exon 26 (black
vertical arrows) (right) occurring heterozygously at the DNA level (upper panel) and pseudo-homozygously at the RNA level (lower panel). B)
Sequence chromatograms in the BM Patient 1 father showing that the exon 26 polymorphisms (c.2094 G>A - A698A; C.2097 C>T - G699G) occur
heterozygously at the DNA level (upper panel). At the RNA level (lower panel) the nucleotide variants that are undetectable in the BM Patient 1
(c.2094 G and c.2097 C), are only barely visible in the father.
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for the polymorphisms within exon 26 (Figure 2). This
implies that the allele carrying the intronic deletion is not
transcribed at appreciable levels.
In order to strengthen the case for a relationship

between the identified intronic deletion and the tran-
scriptional behavior, RNA analysis was performed on cul-
tured skin fibroblasts from the patient’s father. The two
exon 26 polymorphisms (Ala698Ala; Gly699Gly) were
found to be heterozygous at the genomic level, although
their transcription was strongly imbalanced. The

nucleotide variant of the polymorphisms (c.2094 G>A -
A698A; C.2097 C>T - G699G) that was completely unde-
tectable in the proband’s RNA (G and C, respectively),
was only barely visible in cells from the father (Figure 2).

Collagen VI expression in muscle and cell cultures from
BM Patient 1
Muscle biopsy of Patient 1 revealed a mild reduction in
collagen VI in the endomysium (Figure 3A) in comparison
with control (Figure 3E). Double labeling with anti-perle-
can antibody showed a normal pattern, attesting the integ-
rity of the basement membrane. Alpha-dystroglycan,
caveolin 3, fibronectin, and laminin a2 chains (data
not shown) were normally expressed, as was collagen IV
(Figure 3D), while laminin b1 chain labeling was reduced
around the muscle fibers and preserved at the basement
membrane of blood capillary vessels (Figure 3C). In cul-
tured skin fibroblasts, a mildly reduced expression of col-
lagen VI protein was associated with an altered
organization of the microfibrillar network: the immuno-
fluorescence pattern was characterized by a coarser tex-
ture than normal with fewer thinner fibrils (Figure 4A).
A finely structured collagen VI network was no longer
visible, while thicker fibers were still present. Electron
microscopy analysis of rotary-shadowed replicas of
patient’s in vivo-labeled fibroblasts showed the presence of
thick collagen VI fibrils, constituted by several parallel
microfilaments, while regularly developed webs of inter-
connected and cross-linked filaments like those seen in
control fibroblasts were absent (Figure 4C-E). Western
blot of fibroblast cultures and muscle biopsy samples
using two different antibodies recognizing either all col-
lagen VI chains or the a1(VI) chain alone revealed a quan-
titative deficiency of collagen VI in the patient, as
compared to an unaffected control (Figure 5). The reduced
amount of collagen VI in skeletal muscle was confirmed
by immunoblotting for myosin, used as a loading control
for normalizing the amount of muscle tissue.

Discussion
Molecular genotyping of UCMD and BM patients is
currently performed by extensive sequencing of
COL6A1, A2 and A3 genes. Unfortunately, however, the
PCR-based techniques used in routine screening miss
gross rearrangements as well as CNVs which exceed the
dimensional limitations of PCR amplification. Further-
more, molecular analysis fails to identify the causative
mutation in a significant percentage of patients, ranging
from 20-25% in UCMD to 35-40% in BM [5]. This rela-
tively low detection rate of current molecular approaches
in collagen VI myopathies could be ascribed to allelic het-
erogeneity (linked to the abovementioned limitations of
PCR-based techniques) and/or genetic heterogeneity. This
latter hypothesis implies that UCMD/BM phenocopies

Figure 3 Immunohistochemical analysis on muscle biopsy from
BM patient 1. Immunofluorescence analysis on muscle sections of
BM Patient 1 (A-D) and control (E-H) of collagen VI (A, E), perlecan
(B, F), laminin b1 (C, G) and collagen IV (D, H). A small reduction in
collagen VI in the patient’s endomysium (A) was observed in
comparison with control (E). However, collagen VI was expressed
normally around the blood vessels (arrows, A). Double-labeling with
anti-perlecan antibody revealed a normal pattern (B) as well in the
control section (F). Laminin b1 expression was reduced at the basal
lamina of muscle fibers, while being expressed normally around the
capillary walls (arrows, C). Collagen IV labeling showed a normal
pattern around both vessels and muscle fibers (D). Bar, 40 μm.

Bovolenta et al. BMC Medical Genetics 2010, 11:44
http://www.biomedcentral.com/1471-2350/11/44

Page 8 of 12



!"#$%&&'%()*+%,#-.+/$(%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%!"$)+0$(%

!"#!

!

!
!
!
!
!

could occur, due to mutations in different, still unidenti-
fied genes.
In the last few years, novel genomic-based technolo-

gies have been reported as an efficient and improved
alternative to PCR in molecular diagnosis. Oligonucleo-
tide array-based CGH was initially developed to detect
major changes in chromosomal copy number [30], and
since then both commercial and custom arrays have
been also used to discern these changes in selected
genomic regions of interest [31,32]. The DMD gene was
a perfect candidate to test the validity of this approach,
due to the large size and high number of gross copy
number variations apparent in this condition. Moreover,
different custom arrays have already been validated for

the exploration of both coding [33] and non-coding
regions of the gene [34-36]. For COL6 genes, the possi-
bility that genomic dosage imbalance or large CNVs
occur with significant frequency in UCMD/BM patients
still remains untested.
With the aim of increasing the sensitivity of molecular

diagnosis in collagen VI-related disorders, a custom oli-
gonucleotide-based CGH array able to detect CNVs in
coding and non-coding regions of the COL6A1, A2, A3,
and the A5 and A6 genes recently discovered to encode
novel collagen VI chains [21,37] was designed. More-
over, in order to investigate genetic heterogeneity, the
genomic regions of other genes selected on the basis of
their known or hypothetical functional relationship with

Figure 4 Immunohistochemical analysis and electron microscopy on fibroblasts. Reduced amount of collagen VI microfilamentous network
was detected in the extracellular matrix secreted by fibroblasts of BM Patient 1 (A) as compared to control fibroblasts (B). The microfibrillar
network in the patient’s fibroblasts showed an altered organization, characterized by a coarser texture than normal (A, Arrows) Fibroblast density
was monitored by DAPI staining of the nuclei. Bar, 20 μm. Electron microscope examination of rotary-shadowed cultured fibroblasts from control
(C) and BM Patient 1 (D-E), labeled with anti-collagen VI and revealed with a secondary antibody conjugated with 5-nm colloidal gold particles.
Ultra-structural analysis of the rotary-shadowed fibroblasts revealed the presence of collagen VI fibrils constituted by several parallel running
microfilaments in BM Patient 1 (D, E), while regular webs of interconnected microfilaments, like those shown in control fibroblasts (C), were
absent. Bar, 200 nm.
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collagen VI were also included in the design, as all these
genes potentially represent candidates for mutations
that could underlie phenocopies of collagen VI-related
diseases [38,39,13,15,40-42].
By testing our array in 14 selected UCMD/BM patients,

we identified a deep intronic deletion in the COL6A2
gene in a BM patient occurring in compound heterozyg-
osity with a small exonic mutation previously detected by
sequencing. Despite not definitively proven, due to the
failure to amplify the deletion breakpoint, nevertheless
the pathogenic potential of this intronic mutation is sup-
ported by the transcriptional impairment of the mutated
allele that was demonstrated both in the proband and in
her healthy carrier father. The COL6A2 gene is charac-
terized by a first-coding exon (exon 2) separated from
two alternatively spliced 5’-untranslated exons (exon 1
and 1a) by a huge 12 kb intron (intron 1A) [43].
Deletion of this intron may abolish cis-acting elements

and/or the binding of trans-acting factors involved in
the regulation of COL6A2 gene expression. Alternatively,
the deletion itself might be the marker for a complex
genomic rearrangement occurring in the COL6A2 gene
that inverts or scrambles the entire genomic configura-
tion. The failure of PCR to amplify the deletion junction
seems to support this hypothesis.
This study documents an additional case of a BM

patient with a compound heterozygous genotype for

recessive COL6A2 mutations. Interestingly, both of the
autosomal recessive BM cases we previously described
carried a peculiar allele combination consisting of a trun-
cating mutation partnered by missense changes within
the a2(VI) C2 region [3]. Despite different (null muta-
tion/in-frame deletion), the allelic configuration of BM
Patient 1 also indicates the presence of a mutated a2(VI)
C2 domain, derived from a single allele, similar to the
recessive BM cases previously described [3]. The findings
in this patient also substantiate the observation that
recessive BM mutations, unlike the classical dominant
cases, affect collagen VI expression in skeletal muscle [3],
as attested by immunohistochemical and biochemical
analyses showing a decreased amount of this protein.
In the twelve patients who tested negative upon geno-

mic sequence analysis, no CNVs were identified in COL6
genes using the CGH array. Even though the limited size
of the analyzed patient cohort hampered definitive esti-
mations, our results did exclude a relevant incidence of
CNVs within COL6 genes, thereby supporting UCMD/
BM genetic heterogeneity. Likewise, no pathogenic CNVs
were identified among the other genomic regions poten-
tially harboring candidate BM/UCMD genes that were
explored in the array. Nevertheless, these results do not
rule out the possibility that genetic heterogeneity could
account for some COL6A1-3-negative patients and sug-
gest that high-throughput sequencing technologies could

Figure 5 Western Blot analysis of fibroblasts. Western blot analysis of collagen VI in cultured skin fibroblasts and in muscle biopsies from
control (CTRL) and BM Patient 1 (BM1) was performed. Samples corresponding to the cell layer (left panel, 20 μg) and medium (middle panel,
30 μg) in the presence or absence of L-ascorbate, and muscle extracts (right panel, 15 μg), were separated by electrophoresis under reducing
conditions in 3-8% polyacrylamide-gradient gel. Collagen VI was detected by immunoblotting with antibodies recognizing either all collagen VI
chains (Fitzgerald 70XR95) or the a1(VI) chain (Santa Cruz sc-20649). Migration of the collagen VI chains is indicated on the right and molecular
weight markers (kDa) are shown on the left. Control for loading was performed by antibodies against AKT (cell layers) or myosin (muscle
biopsies).
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represent more appropriate future approaches for detec-
tion of point mutations. In fact, these innovative tools
could allow significant enlargement of the spectrum of
functionally related collagen VI genes to be explored
sequentially via CNV identification and re-sequencing for
detection of point mutations.

Conclusions
The described COL6-CGH array could represent a use-
ful complementary diagnostic test, useful for increasing
the sensitivity of molecular analysis in patients with a
clinical diagnosis of collagen VI-related disorders. The
limited size of the patient cohort we analyzed hampered
estimation of copy number variation frequency, but ana-
lysis of larger populations could well permit conclusions
to be drawn. In fact, this novel tool allowed us for the
first time to identify a COL6A2 mutation affecting gene
transcription deeply located within an intronic region,
and thus undetectable with all other techniques cur-
rently available. Furthermore, in recent years specific
genetic diagnosis has become mandatory for a patient to
be eligible for upcoming therapeutic trials [44], and thus
the lack of molecular diagnosis in a large percentage of
patients with collagen-VI related phenotypes makes the
search and the validation of novel diagnostic tools an
ever-more pressing issue.

Additional file 1: Gene Symbols, chromosomal coordinates, transcript
and protein identifiers for the genes included in the COL6-CGH micro-
array design.

Additional file 2: CNVs identified in BM Patients 4 and 5. A) COL6-
CGH array result in BM Patient 4, showing the deletion of about 1.4 kb
identified on chromosome 10, 35 Kb downstream of the ITGB1 gene. B)
The CNV on chromosome 10 was validated by Real-Time PCR, and its
segregation was analyzed in Patient 4’s family; the deletion was present
in three unaffected subjects (2-∆∆CT values of 0.44, 0.41, 0.45) and absent
in the symptomatic proband’s mother and cousin (2-∆∆CT values of 0.99
and 0.86), thus not linked to the disease. C) COL6-CGH array result in BM
Patient 5, showing the 1.7 Kb duplication occurring in the intergenic
region between ITGA5 and ITGA7 on chromosome 12.

Additional file 3: Real Time PCR experiments confirming COL6A2
intron 1A deletion in BM Patient 1 and in the father. In the upper
panel, the results obtained with an intron 1A specific TaqMan assay are
shown. Red plots correspond to utilized reference gene (CFTR exon 15)
whereas green plots refer to target sequence within intron 1A. The Ct
(threshold cycle) values of the target sequence are in line with the
reference in control sample (unaffected subject) and in proband’s
mother, whereas the target Ct values are higher than reference in BM
Patient 1 and in the father, attesting the deletion (2-∆∆CT values were
0.47 and 0.53 in BM Patient 1 and in the father respectively, whereas the
2-∆∆CT value was 0.97 in the proband’s mother). In the lower panel the
position of the primers utilized in the SYBR green assay (blu) and of
primers and probe utilized in the TaqMan assay (pink), are shown in
respect to the deleted region (in bold).
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