The Role and Therapeutic Potential of Key Molecules

in the Developmental Pathways of Meningiomas

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Diplom-Biochemikerin Christina Pfister

aus Stuttgart-Bad Cannstatt

Tldbingen
2013



Tag der mindlichen Qualifikation: 19.03.2013
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Prof. Dr. Joachim E. Schultz

2. Berichterstatter: Prof. Dr. med. Florian Roser



FUr meine Eltern.



I # $%&#
&!#

()



#3%8 & () *( & (

I"HS%&' &+, , KK, % ., &S, L) (%1 * 0%
& 2& (& 0 &( & '() -* 0. 0*2#& 2&( & $ &

L& &. (3 - o) 4567 48895

"4$%& &+, , ). , , '0& 0%., :, *. - T
(%, | &) - HO&<HE #(%= & & ) & : &* >2*((& - 2*?22 &
@ 2F & & . & &. %% & ( ) # 4156 7?7 488"5
'Hs%& ' &S,  , ) (% %'& - (#& $ % *-*' o (-*

<H & & *%?8& 2%=*('0& *'& & O#. . & &.( ) *'0&)
0L # *, () 485

"H$%& F L%, &S, . ) (% (# %* ) 0%&% *A0-'*
(& %( 0*#02% % ?)*& ) *A0-'**' 2*B& .&&.(& :&* 0

2 - * * 4856 987 )&68 87@$C' 8 !"48 5

HS%&' '* Lk . &S, , ) (% & ) <H# && & -

SF (%P8)H) 22 (&( & )&-&HY% 2%&.*= U6 HUH ( $= < 2 & ((=
,) &6 8 889@(8"1?8 ?789"D?848 5

(*/, I'"#$%& *%&-*& & & &.( 6 & , #& * &$

A+ 5 &&E( (( &%(& #*#* *= # % 8, 2*& *? *% , &) %$*

"H$%& ' &S, , ) (] F%'& - (#& $% *-*' (-*
<H & & *%?2& 2%=.*(0&*'& & O# .&&.()*08&) G

o1 ) (3% ,--) 45 (-)61 (/"



#3%8 & () *( & (

(%1, 1HS%&' ). , , *.% o, ., &S$ L) &+
0*% -22 (&?2* &(& 0 ;%H& L& &
1 ) - - )* 3% 4, kg xom
) 1 )(6 30 673 ™
(%1, VHS%& '&+ , *. , , ) &$, & &. (*OH

* (% & % 22% '0-*.%$ (#* *=

1) - - yx3* 4, kg *
) 1 )(6 30 673 ™

"HS06& ' *. %, . %%, , '0& 0%., :, *. Co) (K

*$% . & -&)& (A&OD" .. *& %%= ; &% $% &$)& (

819 )1 ) I(,-**3* [

"HS06& ') (. (%H#H & - < 1 * & ((=( & . & &.(

0 (1 )40 6! (/"

"HS%& <Lk, &S, ) (% (# %* ) 0%&% *A0-' *
(& %( 0*#0 2% % ?)*&;) *AO0-'**'"  2*B :(#%* ) 0%&% *A0
R xe & &L

1) - * Y41 6 *6 "



I#(.. - ((#

J

& . OK* +#) OL#-&( & *1* & %% #ox o 2%&L* 0*28&

&( )& .&1*'08M*&(0 (1& *+ *)&L% * >(&2 & & #0 $&

& . +# &% ; +&)& 4878M5, )* A& * 0)%H# # *#)
& (  %( '0.0*2#&(0 0*2& )# %&'0 & (0*L1 &
& . HN*0%$ )* %#H?&2'0*1 A'0( C&( )& 22%&1 &
)&1.  2¢$% .9% ( K%&0 %% *)& ( .O(( $& )*  A&1%#H & *
0. 0*2#&(0 O )%H# ; $& #* $ )* P&1(.1& )(
)&L. ((#0.K%&0 $ A&*# .& & 0+ A% ))&()

& &0 #:*0L% &(LN& $% ( (%%

& *#)% -O*(L.%&0 & /% ) $(0%&$ *$& A*)& Hb &&*H #)
¥0&&*# ; O$* D88 08&( % &(0 $ (L& & . #( &0 2
P
o @#1 -OF ) K &% )* *%& ) 1**$& A* &
*K-- %&O0# #().:0* 881; % & (* & 1+ &
&.#0&( '0.&(0 & H&<H&L* >2%((& =% >= (? 4 Q?5 &
& . 0A&( A% #) +H )* & (&(? $OL &
P 'O(#.(0 .# L0 % >&$). (F&* A% %'>8$ &( & Q2
2 08$& *, )* $& )* 0)%# : *0%( # ) %=*0*&&( & (+ A&Y) &
$*&(+# %(( * P&L( - )(( (&*# # ) $ A& 1#  $& (0
$*&($1 (&) AL* -O*)& 0 )%# ; $ & & . &% )&
% +#)&(.0. & )* & * #$& & . $ %+ $+A 0#2 (L'0%&0
# &#0&('0.&(0 /L*$#  $(0L1 A* A#Y )& 2 #)
* & >2v((& 5 Q?, Q?, (A& ; I12&2 >= (4?25 #)
(% )&*+2* 4 5.& &% ; &. #0&('0.&(0 /L*$# S
&.H+= % &(0 /L*$# ,P(* % #) L # K0 12 &( B (
A& Q? & *'08&) (L#*)*&; ,A%O0 (& ;*  (0&) #.** O$*>2*&.&*
A&¥)  A#) $&() &0 '0 A&( ( #S(* & *( % )&
4 5 & Q?7?*& 0%* L% * #& 1 & R$*>2% (& :

& & . & *%E&O +# * % 0&* ' 0A &( &



I#(.. - ((#

& 2*$ AH) & * % +*$*% * > #) # . >
4&. #0&( % &(0 /L*$# 5 #) o A&.#+= % &(0 /LS# P (* %
#) 5 ;*%&0 A0% Q?, Q2,17 %( #0  A&( & HE&<H& L*
00 2 #) * &>2*(& & %% & . # %%%& (1 1&
KO  >2% (& & *% &0 +# +*$*0% . * > $+A # 0 A&( A¥)
AN .1 & (++£-00* #)& 1 & (& &&L S)* )* Q?7?
>2% (& & (& )* %& &L -( (%% A *) ,A0O%$A)* Q? 0 & *

)* )* # FHEHO & ( &)*&  %(2* (&(0* *1*$& &

A) A% 1K S R&LA %%I1H% # A #) #0)& . %& , &.* %
& +%%%N&E& 2 # *H#HO % 0 )& (&(?$0L &
P'O(#(0.# W0 %'>& )& (* J %%%& & 0A&( Q? 1 &
P(* % & 2 2J%% '0 A&( A% . $*)* ? '0A&(.& &%-
& * %&-* .0-0#1%* * $&( ( 0%$ A#*) )& Q? ?2>2*((& &
)* 7 J%%%NE& & * # # *#O, '0). & %&? ‘L +# *O#
() & *A) & (0'0(2+&&(0 <. 2%&.*2 *( -0* Q? $A&(,
Y(( 2 #0 '08 ?2J=1% 1& .(($* Q? ?>2*((& #-A&
& KHO# )* Q? ?2>52¢(& & & 2%&.L*+ %O01HYb #* | *. % .
0&* #) #° $(L& )& * $&( )* &(A*)& I* #, A& &
(%1&* Q?7? 0&3& *A& % '>&$)(P'O( #; Q?? & J%% O..
#N¥. 0. %'>&$ )( P'O(# ; & . + %%  *(
#20=(& % &(0 *&0 #-*#) )&(* *$&( ( A#) Q? &0 A& * %(
(+2#1 -O* & '0. 0*2#&(0 0 )%# & *'0 +

CHAG &% )* 1 FRS& AR ) & -%H((
HE& ;& . # FHO L)W

. 22 &0 * & & )*
. 0&L &)*22(

(28% & *N %% & )* #.*20 ( &O* A#) & &

&.#0&('0.&(0 (2(? #))( &?222 & 0 #&& '0 A&( &

$&) * & A&( )& *$&( # & I (.0 +A&(0 *OKO *

>0% (& #) %& &L $+A +&)&AO0*(0& %&'01& 0& #-*#) )* )O* &
% AH#) )& ?#) * & >2*((& ; (2, (2" #:&8& #)

). 2¥?222 &0 .'@ & &% ; &. #O0&( % &0 $+A 2

+= % &(0 /L*$# , P(* % #) 8 8 & . #))*



I#(.. - ((#

*%% A$ # *#O 2(? A* & & . HS&<H&L* 0'0 >2*& &*
0 (& &&1 *L)*# & (& )* %& &L (2(?" A&( $ - %%( &
L&2L( S5 (& H#-, %% N& (# & . )& * & # %( (2(? %
(1 )&( H& & #H&<H&L* 00 >2* (& ; '@ &
& . 0A&( .'@ +& 1& H)x o S ((& &
& . (A0% & *%&0 .& * %. 0&* #) # . % % #0 .&
(& )* %& &L %&0+&& A&( )& & . & &)&, .&2*(

S2% (& ; #%&& #, 0 & (& &&1 *OKO# ) * >2* (& & .%&
#r $+A +&)& #N®.1 1& L YR ) H&& 7 52% (& &
Y5 &0 .& *.%. 0& #) #* . * '0 A& ( A% &( * $&(
A&( # & LO%&O( 22 &(0( *0% & & . A& & *.% 0&*

0& JH#).-0% & & ;&% #.* #* ) 2 0% &(0 R$*>2*((& ;
o8& & ?52%((& ; H#&& AHY) &. '00& & .& &%- )* %2 &.
#* o %=(&*

&)* %?& 0)% ( (&0 # & )#% &0 ((&&* 0) %()&

1% ((&(0  +#* *9% & $+A $(%# TH & &+&*# I * % &
TH &-&+&* A&Y) & ) ( *%% $K &, A%0( & ;*A)
KHO(H-SH# & K%WEO( *& *& & )* S2% (& & J%% #) AS$
#A& (&0 $& & . # & 0 * Bxx 0)% #))&
*$&((.& ) >2*((& & *'0 &), #* LY H#) 0&F ;*%&0 A¥)
(%% ,A* ($()*(A&0&, & ( $&% ( ) (=% + +# *8& % +#
A#Y #( L A%0 OL#-& %( ) *06% ;*A) A¥) ,.& &%-
D L0%* 05 %&0. ) (( $&%( -* + 4 95-0* & . #))*

*%% A$ *& %  &(( * S& A*)& *H#(( +# -O* (L.%& 0 A& *
%? &. “#O, #. $%($* &  +# # (& &&1 ?

>2% (& (% ; % +# *0 %

)& 525 (& HR& & & . & . Y0680 +# *. % AS
#* +H $(&., A#Y) +#HL+%&0 & OKO* +0% ;  #2HL2*
*'0 &) (A& U#. *& -*' F)*/ &*. 22%&) & (=( .( & ( +
U# *& -*' F & #( &. % ; 0% * x )

;*(0&) 0&** & (.. (+ #))& %( 0'0A*& -* + -O*



I#(.. - ((#

&1* * = %=( & +& & (& &&1 *0KO >2*((& ; #5&& &
& . *%&0 +# *'0 &) #)U# * & -*'F, $* &0 &
*0% &0 +#* #*, # 0L & ; +&)&KAO*(0&%&01& #) %& &L &(
*(0&) +& , )(( *$&( & 00. N (A0% ; ) ;*A)

0) %( #0; ) *%&0O(Q *%% $0L (& % *%&O(AS$
Of & . &()& *0 &), #()* J%% & . (0 %% *& (

(&) *'0 &) ?*L2* (0* (OA* +# $1.. & *'0 &) #.00%% ) (
0&* A& & -& (2& + & ?*2* (&) (0* 1% &, () (( # *&
&(%&* A*) 1K 0% A* #* & ?*%&0 +A&(0

0 &) #) & . K%&O .$%($** +H# *0% A#Y)  %(
+#(L +%&0 ( *% &0(. *& % #* . * ;*A) . A%0 +H#(.. & )*
*0& #))* & . *)& +*F% & &%) (A& * A#Y

* 0 ( 0& %( *%&O0(. *&% ;*A) & (( & . *+,

1K (& &&L *L)* >2%((& (2*-&% +A &(0 0&* #) #.* & A&( -O*
& K%&O 0%*2& (+2#1 $

& *)%h -0*) P& &% )* 1**$& A*  5R#H0, $&) )&
~1&&L ; *(0&) 22 (2&)H+&*) P&*1( - 4=9%0>&8&), ',
='%20(20.8), >.0(, .$& '&, 2& '0& %% #) /* (%5
& 2%&L*+ %%I1H% #  ( AH) $& + & 1*(%#) $ & '&)
)& (L*1( 22 &(0 P&*1# # & .+ %% &) ((&)2-% +%&0 --,)&
L & )H%&O (L*1* 22 &(0 P& 1# #- # .+ %% %( # *.% J %%
#A&( S & &) & &0 # & 2 * L 14 $(0.. ) * P&1( -, ()*
A&( #0 & &2 & &(0 P&*1# # & &Y%- ; <# & &* %?&.
#) )* # 0'0((&& 0) <. 1 * & (= A#9) ; (LH%L**
) 0%&%* P'O(#.(-1* 4 /5 [?2 +2 x4 5 0F$4=Lr*
PO(#.(-1* 4 /5#) [2+2*B 4 /IB5& & L #)
o <H# &&H&* JH). AWY )* -1 | #) =*(&1& (?
08$& * A& .$ & '&) # )& J%%2* %& * & #))& =*(&?0 (20 *=%& *#
. /B & & 2%&L* %%IH% #*  # *(#0 ! )* o H& 1
). (*&* A%, )( & . L #) o A& $HA 18&

>2%8.&* . ()* () /B 0O$*>2*&& * (A& * +&



I#(.. - ((#

& . & &)F& [?2>2%((& & 2%&.L*+ %1#% #* | )& .&
> . [ (&H%&* AHY)  A&( & )# %& '0 *0KO *%& * & #- P#¥)
/IB:*)* $: > . |/ 0.,0% (&0 )& (* 2% %&-*&* )
&HWH( #- #N¥. 1  $% A%, )(( | ;*%&0$* A& |/
1+ *& (?90L & )& =*(&?0(20*=%&*# ; [B&)H+&* (&*) #-
)& ( *$&( A#Y) )& P& L# *(0&) * = (&*+2 *? 0&$& *
8’0 H&&E&S, & $*&(+# % (( (0 . 0*2#&L#., AWO (;*+# (A &(

$* #0 /B0..,$ & *L'0& )& & & . & . & %&O0*
P& A& )#&&S$,)( & 00 1&&L O$* /B #A& $* & (O

& 1&&L O$* .1 +& A% ) $&'&) S (
)& J%%.&* & ; & . $ & *L0& # ))$&)& [2&)H+&* [B?

=* (& 20 (20 *=%& *# # **O'l .& &( ( Wt +# SA&, ) *( (

/& & . )& J%%.&* & 0#2 (L'0%E&' 0)#*0 /B#) &0 )#*0
*H%&* #) )( *A& ( $& & & 2 * 08$& * ) (
& .A'O(#( D&

C)& 22 &0 P&M# ; I* (% # & . : B+
B OFHO , B N &  # 0) o+ &<# &&+&™ Y
22 ( '0A&( $%&* A*¥) JO* & (&0* 22 ( '0A&(&( ((& ; %%,
A& # *(0&)%&0 0) +#*A) )& +# ). *(0&) #1 &
$%#-)* 22 (.(( &:;*A) 0) &) (*1;. #( (. *&%
$OL& & *AMW ; $& & .2%& L*+ %9%1#% #* A &( .0**
*$% . -O*) 22 ( '0A&( #6  *#0 %(( (&0 #* & & .
+&%&0 0. *2%)H+&* ) & .2*&L* +%%1#% #* &0* OL =2 $&
% 0% )* #%&&*# *L)*V  ( (0 # & S+ J%%+ 0% +#*
*O# ) & .2%&.L*+ %%1#% #* & (O &)*& *&* & (*  #-A&(
#) 0A& ( & (++ 0 % &)#& 22 &(0 '0A &
A % ) 0) A)6 )& &.H#O0&(' 0.&(0 /L*$#
&+%(*L & *  4(( 5 P(* % ? '0A&( L (0& * #))&
TH &-&+&* ; 1&* (2(? & &%- ; <. 1* & ((= PLO* ))(

#-* 1&* (2(? #) (0& * *& *& +00* 22 ()*( %% ,

1 +8&0 )& /. &*# )( 2L ( &#. Vx 22 (



I#(.. - ((#

& #0&('0.&(0 '0A&(; (( A#) ).A ( %&'0 OL#-& * ;*A )
20+ ,) ) ?2( 1& (2+& “&(0* 22 ( '0A&( &(

<1 *& (= & & *( 10%+%&0 A& 1% 0'0( (&& 0) +#*

* &< &-&+&™ ,AWO &IK*2* & &%- )(U*>&&= & & ((=(F .& )*

<# & & %?& *$&) & #)& ( %% )& A&'L%#H , *&-&+&*H# #)
AN*L& &( <. 1 * & ((=()*) *1& (2(? & & .2
2*&.L*+ %%1#% #*  '0A& & & #+= % &(0 /L*$# ; (( A& ( )&
Wl& ; 22 (& & . '0&* 200)& 0)%# & W
I* (% '0 #N%.1  +& A% ,)(( )& & ). <. 1* & ((=
<t &&+&* >S2*((& ; 1&* (2(? & )* & &%- & (P(* % (
'0A&(  (0& ?2>2%((& 1** %&*  $& A&()* <. |
* & (= & (& &&1 OKO* (& &&L  # %( & 1% (&(O*P(* % J#).
1 +& A® ) /* (% & (0% &)*& ( # *(0&)%&0 #-
& . A&1 PLO* ))& & *#22 & . & *& -1 #)&
J%%;8& $&%& L $& & * 2(0)& 0 )%# .&8, W #) 87 W /* (% #A&(,
+& )& )* 22 $*&( & (& &&1 Y1 & #. 98M )* % $ (-LO&
J%% 0 &* ?(0)& 0)w# & , W /* (% A*)& J%%& $&%& L $&
$&) *#22 #..0% %("8M *H+&* & (* -1 +& (&0 #0%$& '0A&(
1&* (2(? &). <. 1* & ((= #22 (& )& >2*((& ;
1&* (2(? *( '0?2(0)&* $; W /* (% $*#2 , ALO* ) (&0 &
22 )* 1& (2(? ;% .& (& )* [* (%? + * & *OKO .&
1 & &%-)( <. 1* & ((=-0* 1& C(2(?). (*&* A% ) ((
1& (2(? $*&( & (0% *&  + * & & & . +#*%L((&

) 1&* #)<# &&+&* A% 1

& 00 (&&&L; & +%% # .$ & &)#)I* (%+8& ,) ()& (
$8&) P&1( - 2F)(&&* (&) %( 2 &%% '0.0*2#&(0 0*2& $&
&



#.*=

X

&&. (* 0 .('. &** &% $*& B0 2%&.*= 0*2= &(
&*H &% *('& & .&&.( ) )% 2 *H () (2& *)& %
>&*2 & 48?28M5 0& -#0* * . &( (& && %= *(*& ) %'l -
0. 0*2#& % 0*2&( &' . & &.( *( & #(&) 0 $% )?$*& $*&*
(T )&& *) A&O# 2¢$%.( A & 0 );%2.
0. 0*2#&% * . -$ & # % %= 0 --&'= - ) 0( $

1 & '"&)*& $# %( 2(&% (& - '( ( 0 2& &

)&Q2*2* & %= (*& )

0 $(&(-* %% >2*&. () &%)$SWAA( O '#%& & ) *0&& - ;* D88
0&( % & %' -&*.). & &.(-*.-* (0 (#* & "% (2'&. (

0(*& ?2& -*0 -&( 2* - 08&()" “% 0(&(A( 2#$%& & & 88!$= %
0&( (H#)= HP&<H& #( >2* (& -'=% >= (? 4 Q?5& . & & . (A(
(OA &.# 0&( '0.& %%= ) %( *A0&0&$& & & )(?2)2) . *

=% '>&$ A(). (* ) %'>&$ &( Q? &0&$& *, AD&'O &( #() &0
L R0F(&( ) 2%=*0"&&( 2*?22  *:))# ARO0L1A)( ) (&
' (AH%)$ & %-*0 * . -$& L& &.(0) -*. &&.
(Y0 0&( 28 &( %&.& ) *(2'& %= &( . &%= *(*&' ) &.# 0&( '0.&' %
(&& ( O*-* )2% & >2%((& - Q?, Q?, (A%% (1?%&2>= (
425 )2%( % )& *'2* 4 5A( > & ) H#E& &.# 0&( % & %
(&& ( ;) & H'=%&%(&& (A(* $% , ) C 17 &( %(
*'08) & '&))*&; , A0&D &( ;*>2*(() & (;*% #.* =2( )

A( )(*&$)& . & &.( O (#$(* - &(2%( % )& 4 5,
Q? )*&;  ;*% 2% & H#((H&(). (* ) i >2* (& - h2r)
%8 & .&&.( .&&. (2 & (A* "2*)A&O0 * %

RGHOp Tk > ) Jgr L o A& HO0&(0.&% (&& (5 )

48&.4#'= % &% (&& (, P(* %, ) 5 0 Q?, Q?,!?, )
)&(2% =)  #$&<#& #( 0&0 ) 2% & >2% (& & %% >.& )

L& &.(# 0'.2*&( A&O *. 9% '*$* % '* > ). *)&Q2% =)

%; ) >2¢(&  )&& , (& && 0 (& Q? >2*((& A&O &™ (&

9



. %&

*=

=H%) B ($%&(O)' *r= 2% &H#((H)&( 0*-* &0* Q2
x 0% -0 >.8&) &( & )*& ( <# %&-& ( (2% (& .*1* -*
L& &.( (8)( 2%&.*= %% HUH (O .%& , &.* % . & &. '%% %&
2 A( %=+) % ). (*))(?)2) *A0&0&$&& $=
%' >&$ H(& O0&('%% %& (2& 2(&& )& - Q? 2* & #(& P (* $%
) '& H& 2%:&)) &) *& *(# %( -* %?& )& A
&% $% @ >2*((& - Q? & 0 ? %% %& A(*?>.&) O
2208 & - 0&0%= (2'&-& <. 2*&.*(-* Q? (OA) 0 ? )(
)&(2% =) '$% Q? -*8 '=Z%( 0>8& & - Q? >2*((&
& . & &. 2¢&.*= 0% HUH#*(, *.% $*& ) . *' &%) *(#%(
O( "' **=*#%(*&() 0 <#(& OA (% '&  Q? &0&$& *( %&L '%'>&$

&0&$& *A0 - Q? & '%%( )&& ,'% ' >&$&08$& (. & &. '%% *A0
%= & #20=(& % & % * 0$@& - O(*Hw( Q2 A( 1 &
'&)* & ((*& 2& -* '0.0*2 #8& % 0*2=

0 (')2* - 0& O(&( O &-%# ' - 22 & 2% &(& O ;%H& -
L& &. (A(>&) 0 (-22&.0 &L(2% = &2* *% &
#5200 (& ) >2*(& -'(2(? ) 0 &?22 & (#4&& A*
). (* ) &.# 0&('0.& %%= 0 2* &( ) &(2% =) '& $A
%; ) >2¢((& ).%& '=*(2'& %= %&L %&0 ) - *'H* ' # (2%
) )2x & >2¢((& -'(2(?,'(2 (7", #8&&, ) 0 2222 &
@ A* %=+) #(& &.# 0&('0.&'% X (218 %= &.# '= % & %
(&& (P(*$%, ) & 88.& &.( ) 0&*' *% &((# @2(?
)&(2% =) .&2*( 0&0 >2*((& A&O# (& & -& '0 ( A&O &* (&
L%& = (2("A( W( 2% (() HS&<H& #H(  %=$#  %A*%;% 0 '(2(?
0&( A( 0 -&%( (#)=) &%& 0 .&2*( 0&0 >2*(& - .'@ &
L& &.(.'@ (OA)#'0 ) >2%((& '2%) $0 *%$&
K218 %= W . * ) &% (& . %& 0 (. &, .&&.(
)&(2% =) HS&<H& #H( % A >2% (& - (H*&& A0# (& && %; ) >2*((& &
L& KR %( (HN&&  >2% ((& )&(2% =) '0 ('.2*)
* 0 $¥& ) ) . * 0( *(#%( &)& (&&%* 22 & $0;&* -
L& &.(12%) % $*& &(H#, (A% % (0 %'l - 20% &%



#.*=

HSO% (& - (H*&& .. & . =''* = 2(  >2*((& - (#8&& A(*?
>.& ) H#H& %7 &

%?2&  &(H#H() -* *% & *(2'& %= $( %# <# && & ) O

)&( &' %= 0&0* ( (& &&= 0 '% ((&' ) #( *% & ))-**% &

<# && & , A0&D )&2% =( .&& % >2*((& :*& & & '%%( ) &(H#( &'
L& &.(*F 0% H(H#*=2 )*@# %(*'.2*)A&0 *'0 &) ,
WY ) S &, & &( (&% ) *& ($% O0#(1 2& 0*-*

9 A( ($%&0) (0 .( ($% ) # (" *%-*. & &.( ) 0&

Lo &((H . (, AO&'D * '.. %= #( ) (0#(12& (, #&
(;*% % *&0.(  O&(* (% A( *<H#&* . -* %% #*0* %?&  >2*& (
$&*UESW% ) * N& S (& % %
0&0* #$* - W (2'& (, *'0 &) , 2%# (UO#. $*& *-*°
F422%&) &(=(.5 A( #) ) *& >2% (& - (#4&& &
L& &.(T2%) %% &((# .* 2%'&(% = U# $& *-*' F &
2 %) *.(;*%) *( ))& * $*& * & (, AO&'D &(#() ( 0& 0?<# %& =
()% -*.&* = %=(&( )&2%=) (& && &™ () (#&& >2* (& &
L& &.('2%) *0& ) O# $& Kok e K
&)2) - %&L%&0 ) - *'#* ' ). %& & = 0()&-*'((0OA O *(#% (
(* %=)2) $0#).0) )' *% & (#( 0 & %' *% &(# -*
L& &. (& *'0 &), -*. A0 ( ' %%(. & &. *&& *'08&) (2'& (
*)&--&H% B & (& (%2(0 $*& %&L (2&)*A$ H &% (2'& (* ;*=
(%% 0*-* .*%= %A .# - ' $ & (% ) 0& %%A) %=
'2%&( $A *08& ).&&. $& .*FN&G% )
CrAC%(#) (1 *% &((#, AO&D - *( 0 '*$*%.& ( 0*A&O
*'0 &) ) 2& . * H*O** * % O# $& A(H) (' *% &((#

'#( & )C&( . & &.((& && 'O (& >2%((& 2*-8%($ A $*&

) HXHY%) 2% &) &-* & -*2((&$% O *2=(*& 28& (

0 $(& -* 0 08&%) 2* - 0&( O(&( A( 2 *%&& *= >2*& , & A0&O 0
& (- r&H( 22 (&(2&)HE&  (#9( " 4=%0>&8),
'=0520(20.&),)>. 0( , .$& ‘&), 2& ' 0& %% , ) -* (%5 A



#.*=

()& . & &. 2¢&.*= " %% #%# ( 0*$=  -* (% ) .$ & '&) )&2%=)
0(* (22 & ' . & &. "%%( 0 * 0*$% (#$( '(, A0&'O (0 A

(& && (* * ' #.* %%(0 * % " %%( ; $ & &)&( %=
2 &?'*& & (#$( ', $# %( >0& $& ( & & & -

T# & & %?& )0 A0&0%=( (& & <. 1* & (=A* #0)
<#H &=;(#%* )0%&% *A0-'* 4 |5 [*'2* 4 5 2% 0 ?

)*&;) *A0-'*4 [5 ) [*'2*B 4 /IB5& . & &.( : )

N&& , 0 —-'( - [, [ ) =* (& 1& ( &0&$& *( (#0 (
$& ‘&) %% 2*%&-* & ) =*(& 20 (20*=% & - /B & 2*& *=
L& & %% HWH (AF > .&) YO (#H)=0OA(0 . & &.(>2*((%& %

; ) v ()O0=*>2(( /B )&&,. & &. (

(OA) %A [ >2*(& & &. 2*& *=" %% '#% #* (, AO&'O A* (&#% )
A&O > #( /,)&2%=) (& && 0&0 *x0p&-* & * - /B A(
&08&$& ) $-* )&&* & - > # [, 0&( 2* %&-* & (& #%#H( A (
$%&O) MHO** | &W) '' *&? )2) /B =*(&
20(20*=% & '.2*$%  /?& )W) /B =*(& 20(20*=% & ()

O(*H% ((:*% =*(& *'2 *&O0&$& *( A* () #&&&$, %* )= 22*;)
0. 0*2#& ,A0&0&O&S& (2*;* &% %= ,$# %( &0&$& ( /B, <# %%=
8&28&%).&* & -. & &. '%%( ( H&&  $, A0&0)&(2% =( 0&0 '&&= A*)(

IB $# %A '&&= A¥(  ** . $ & &) <H%%= &2 &%) ' %%
&* & - L &&.( ) W( (#22¢() I? &) IB =*(&
20(20%=% & 0 -&*( 2%’ 0 (#)= ($ %&O0) 0 [ *#% ('%%.&* &
(%= 0*#0 /B & . & &.( )%= & A( $% (0A, O
$ & 8)E& 2 &O0&$& *-. & &. " %% *AO0 ;

>& 0 22 & ' -/* (% & .& &.(  ; .F % (%= A
L0) -2% & <H# && & ) ' 22 (& (0) $ ($%&O) /* *%&$%
22 (&) '& A )&-* . 0)( (0#%) $ #(), AO&O & ))&& . (#*
)&-* 2& (& 0 22 &2%'(( 22%&) . 0)( * 0&0%=)2) 0 $ (&
L% (& $& . &&. 2%z %% W% #(25( ) (;*% &#( -*
) '& -22 (&6 >2*& (* %=*2 * V&%= & &0 & -*., $'#(
D& &. 2%&.*='%% H% #* ('O 08&* 20 =2 A&O2*% )'#% & & V #



%&.& ) ‘%% #$* &( ;&% %, (&' . & &. 2%& *= %% HU%#* ()&((2% = % A
2% 0%&-* & * ) & ( (' -*-A 2(( (/*0)&&") '& -
22 (& 0 -%%A& .0) A* #()6 &.# 0& (0.&% (&& - (& %?
(*)) M5 ) *& & -"%;) #& A(* $%, ) O
<H && & -'& '(2(? #H& <. I* & (= PO* (0 22 %' -
& (2(? )% ;) * 0%%.*1 - %= 22 (&(* . & -
0* *&+( % ?( 22 (&( O &.# 0&( 0.8&% ) '& - (( A
0( ;* 0 '.. %=#) (,$" # & (2'&-& -* 22 (&
<1 * & ((= & *' %=);%2) 0&0% = ((&& .0) -* 2* &
<H# && & , AD&'D #8%&+ ( &$)&( ) 2*>&= %& & -*<# & & ?&.
0 (#)=)(&$(0);%2. ,;*&& & , ) H($&W&= - <. |* &
(= ) & (27 & 2*&*= L& & L %% % #P 0
&.# 0&('0.&%(&& -(( (0A) 0 & Wa -22 (&(& . & &.(
S A&OD W - (% - O#( > 2% (& - '& '(2(?,A0&0 A
<H# &&)H& 0 <. 1 * & ((= ™% ) A&O "% ;) >2*((& ,
AO&OA() *& )#@& A(* $% 0*$= 0 < | * & ((= >083& )
(& && %= 080* ( (& &&= 0 0 A(* $%  )&& , %A "'"' * & ( -
(% ') . & &.()&-* %= PO&% YH2 - & &.()&(2% =)
%&.& ) ' %% &$&WHE&= -* 0 * . A&O08 W )8T7TW -* (% - *
0#(, 0 O* *#2A(.* ( (&& >2*& " & 98M)* (& & $&%&= 8 W
(% -*0 * . A&O W -* (% SF o OH( %% & $&WE& = A (*)H') &
$0 *#2($= ;*"8M 0&( ' %( (0A) AO ) '& & "(2(? #&
< 1 *& (= *#2 0 >2¢(& - & (2(? &™ () $H2 %=
Sk A&O W =% (% -* 0#+, AO * (0 %;% - '& "(2(? *(
A&O &™ (& -* (% '' * & #.*8&+& 0 (#= (0A), 0 <. |

& (F-F& T(2(? &% *%N& $%=) ' )<H# &='& '(2(? &
=0 A *&(&&&(

&0 ((&&&= -.&&.( AD( $& & )-*(%&)& (0 $0
HS('(*25)(&) (2 &%'0.0*2 #& 0*28&(-. & & . (



*VH &

&&.(* 0 (" &**&% #.%( 0= *&& -*. 0
*'0 &) % "2 "%%( - 0 .& % ';* -0 (& % '*) ) $*&, "' (&#&
22*>& %= M DM - %% & ** &% 2% (( % 0'; & % * . -*

L& & (& # = ALY, L& & (1 ER &' 2% *('&
$'# 0= %& & )%& (L#%%?$() (*##(*$'#( - 0& &(# '0*' *
e 2% $$8%& = 0&0%= )2 ) *)& %&= - #.**('& ) 0&( % & %
' (&-& & ;* *prx (Lx xR %*.;). & &.(H 0 # % (

& %( >'&()H * A&O& = *($ A 29M, -*#$ %*.;) #.*(* 2% (&
L& &L (i Ryt ok (L # 87! 8M ¥ 0 )-&&& - 0

2 &% -*.%& '=&(#*(%;), ) -*< # )&% '$A 0& % =)
$& % ="

& &.(*' *&+)& *)(2* 0 P “06) %0 * &+ & 4P 5, -*
AO&O 0* * (;*% #$=2(, $() O0& % = %&&% )&% &% $0;&* -
$& ). %& .&&.()&-* A&O * ¥ 0& *A0 '0*' *&( &,
xper ok () )0 (& )&-&%* &; 'O X1 D )& *&)&&H % 0*-*

P "% ((&& & )(*&$(2*).& %= .*20% & % *& *& -*)& &= ((((.
&;%:& &)& ((#0 (& (&( ) *(&(;(  '#%*&="& *&, #% * 2 %=. *20&(. *
%((-*0& " W (HH( P "N& %=&.# 0&( % & % .*L*(-*) * & & -
C(H% &= ) 2 %&-* & * 2%; ) "2 ) * #% *($= *A0 ) &; (&

A&0 2*)& & %# %8 A:* 0 * - ($%&0O)2*%&* & & )& (& A&0&
0 *#2 -$ & . & &.( ;*&$% .1 & $% 2*)&'& (-* 02 &

)& 0%2= &( &' (& %= 22%&) & '( - *' #* ' ) . %& . & &.(

A;* 0 *(#%& #.* *A0 "' *% & % %A* 0 & O '( -*
2*&.*= $* & #.*( *. ( (( D )< 0. 0*2#& * .
"HY%) P 2%:&))-* &O*FFH 20 (& . & &.( %7 0*-* 0&*

200 #(%:)& *&(&2%& *='0 %%



*'0&) & '&) 4 5 &( ;7D 2%=#( #* ) -
‘& %&28) '2#) '%%) & ( &)(
$8& % & %%='&; %&2&).)& *( 0
4Q? ) Q?5 )%&2>= ((41?, ?,
(. +=. & *'& "#7& & 0 (= 0(&(
A0&'0 * (#" (& %=. $%&+) ,
2% ('='%& '

Y& H( . %& #H( *>2%(( & ( &)( O
2% (H%*&=, #.*& (&(4 Q?5 )
2&& #.*). (* (& & $A
*0h' %0 % #((=(.4 5 &# #* (
& A?2? *& Q7 ))&& 20=(&
&) #0* Q? >2*((&

Phospholipids

PLA2-Inhibitors: —— PLA2
darapladib,

varespladib
Arachidonic acid

/

5-LO-Inhibitors: —| 5-L.O

zileuton,

zafirlukast l

Leukotrienes

l e

Thromboxanes

Cytokines

v

& (

*VH &

=8 0 &':*)& $&% & %%=

&( ' (&#  %* - &%= -
*2)H)E= A =% ((( =% >= ((
) 1?2 54/&#* 5 0' %=+ 0
S2*( % )& 45 )
)/, 0$> 4Q5 )

*(#% & > (((#22%= - & ( &)

rgr0p ). 4125 ¥ o Q2
&;(& (( ). (@& O

) %& '%%( >2*(( Q? ' (&# &

% &% )2 0% & % (&#% &

NSAIDs: acetylsalycylic acid, ipuprofen
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endonuclease activation ~ —» degradation of chromosomal DNA
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cytomorphological changes:
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formation of apoptotic bodies
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Are there attacking points in the eicosanoid cascade for
chemotherapeutic options in benign meningiomas?

CHRISTINA PFISTER, B.&c.,! RAINER RITZ, M.D.,! HEIKE PFROMMER !
ANTJIE BORNEMANN, M.D., PH.D.? MARCOS S. TATAGIBA , M.D., PH.D.}!
AND FLORIAN ROSER, M.D., PH.D !

‘Department of Neurosurgery and thestitute of Brain Research, University of T!bingen, Germany

Object.The current treatment for recurrent or malignant meningiomas with adjuvant therapies has not been sz
isfactory, and there is an intense interest in evaluating new molecular markers to act as therapeutic targets. Enzyr
of the arachidonic acid (AA) cascade such as cyclooxygenase (COX)+2 or 5-lipoxygenase (5-LO) are upregulat
in a number of epithelial tumors, but to date there are hardly any data about the expression of these markers
meningiomas. To find possible targets for chemotherapeutic intervention, the authors evaluated the expression
AA derivatives at different molecular levels in meningiomas.

Methods.One hundred and twenty-four meningioma surgical specimens and normal human cortical tissue san
ples were immunohistochemically and cytochemically stained for COX-2, COX-1, 5-LO, and prostaglandin E
receptor 4 (PTGER4). In addition, Western blot and polymerase chain reaction (PCR) analyses were performed
detect the presence of eicosanoids in vivo and in vitro.

ResultsSixty (63%) of 95 benign meningiomas, 21 (88%) of 24 atypical meningiomas, all five malignant menin-
giomas, and all normal human cortex samples displayed high COX-2 immunoreactivity. All cultured specimens an
IOMM-Lee cells stained positive for COX-2, COX-1, 5-LO, and PTGERA4. The PCR analysis demonstrated nc
changes in eicosanoid expression among meningiomas of different World Health Organization grades and in nc
mal human cortical and dura mater tissue.

Conclusions.Eicosanoid derivatives COX-1, COX-2, 5-LO, and PTGER4 enzymes show a high universal
expression in meningiomas but are not upregulated in normal human cortex and dura tissue. This finding of t
ubiquitous presence of these enzymes in meningiomas offers an excellent baseline for testing upcoming chemott
apeutic treatment¢DOI: 10.3171/FOC-07/10/E8)

eicosanoid
Western blot

KEYy WoORDs chemotherapy
polymerase chain reaction

meningioma

I\/I ENINGIOMAS are usually benign tumors that arise

against malignant brain tumorsbhave failed to inhthe

from the leptomeningeal cells of the arachnoid growth of refractory meningiomas in Phase Il staigfi&?*
membrane surrounding the brain and spinal cord. The development of novel treatment strategies based

However, recurrence after seemingly complete salrgic
removal occurs in eight to 15% of cases, and twootrol
rates achieved with radiotherapy are only 80%¢5%
Moreover, a surgical cure is not always achievablae-
ningiomas involving the skull base or vital neurssaar
structures. Results achieved with chemotherapéeiit-
ments in the past were not convincing, and evegsdsuch
as temozolomidebwhich have shown high efficacy

Abbreviations used in this pap&?A = arachidonic acid; COX =
cyclooxygenase; LO = lipoxygenase; PBS = phospbattered
saline; PCR = polymerase chain reaction; PG = ggtmtdin;
PTGERA4 = prostaglandin E receptor 4; WHO = WorldlHeOrg-
anization.
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molecular information has not yet been successttalys-
lated into common clinical practice.

Arachidonic acid is a v6 polyunsaturated fatty abiat
is converted into biologically active lipid compalscal-
led eicosanoids. Eicosanoids constitute gelaamily of
biologically active lipid mediators produced by tweo-
zyme classes: the cyclooxygenases (COX-1 and COX-2)
and the lipoxygenases (5-LO, 12-LO, and 15-LO).hBot
classes catalyze the same enzymatic reaction¢batin
the synthesis of PGand PGH which are successively
metabolized to PGEPGD, PGE, thromboxane A and
prostacyclin PGI(Fig. 1)*

The crucial role of COX enzymes has been clearly
demonstrated in human colon cancer cells, in wBioiX-
2 is often overexpresséd?® Cyclooxygenase inhibitors,
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Fic. 1. Simplified diagram demonstrating the AA cascade thedenzymes produced. EGFR = epidermal growtlerfact
receptor; IL = interleukin; NFB = nuclear factor-B; NSAIDs = nonsteroidal antiinflammatory drugs;A2L.= phospholipase
A2.

such as nonsteroidal antiinflammatory drugs and €OX Materials and Methods
2+specific inhibitors, can reduce the incidenceadbrec- ;
tal cancer in humans and experimental animal modets Tumor Specimens and Cell Culture
can decrease the number and size of polyps imgsatigth Meningioma surgical specimens were obtained fran th
familial adenomatous polyposisRecently, gliomas and  Neurosurgical Department in accordance with reguiat
meningiomas were also found to overexpress both COXof the Ethics Committee of the University of T!biewg
and LO enzymes compared with normal brain tisgele. ~ Primary cultures were obtained from tumor tissuapas
Matsuo and coworke¥geported that the staining intensity within 15 minutes of surgical removal. The samplese
in glioblastomas was relatively weak, but that meni first washed in PBS, reduced and mashed througter f
giomas and WHO Grade II/lll astrocytomas were gfipn  and placed in Dulbecco modified Eagle's medium with
positive for COX-2. Although much attention has rbee fetal bovine serum, 2 mmol/L-glutamine, and 0.1% 10
focused on the role of COX-derived metabolitesanaer mg/ml gentamicin (Invitrogen). The cells were piaia
development and progression, accumulating evidenge  12.5-mni tissue culture flasks and incubated at 37EC in &
gests that 5-LO+derived eicosanoids may play aallgqu humidified atmosphere of 5% GOThe medium was
important role. 5-lipoxygenase mRNA and/or protess changed every 3 to 4 days, and cultures were g
found to be overexpressed in human breast, paigreat ~ 300- | accutase (PAA). Viable cells were frozen in liquid
colon cancer cell§214Boado et at.reported increased ex-  nitrogen in 90% medium/10% dimethyl sulfoxide. Asre
pression of 5-LO mMRNA in three of three meningisua is no PGEantibody commercially available, the subtype 4
gical specimens examined. of the prostaglandin receptor E2 was selectechfostud-
Most tumors that express COX have been found te con ies because it is the only prostaglandin E2 receptatype
tain high levels of PGE® Presumably, this especially bio- that is expressed in brain. The IOMM-Lee cell mas a
active lipid product of COX is responsible for sooféhe kind gift from Dr. Anita Lal (Department of Neurdizal
proneoplastic effects mediated by the enzymes sisch  Surgery, University of California, San Francisco).
inducing growth, migration, and invasiveness irocettal : . .
carcinoma cellsLittle is known of the production of PGs ~'Mmunohistochemical Staining
in intracranial tumors; some authors have repatedated Four-micron sections containing human meningiomas
PGE levels in brain tumors in general and significantly were cut from formalin-fixed tissue embedded inaffar
higher PGE level in meningioma% In contrast, other  blocks. Normal cerebral cortex (Biochain Inc.),argland
authors have reported no increase brain tumordymtion tonsil tissues were used as positive controls.eSlicbn-
of PGE.**In the present study, we demonstrate the ubiqui- taining tissue were deparaffinized by bathing thHena
tous expression of AA derivatives in human meningis series of histolene (Engelbrecht) and alcohol Ewiat
with immunohistochemical staining, Western blotlgsia, Vectastain Elite Universal Kits (Vector Laboratg)ievere
and PCR. used according to the manufacturer's protocol.fBrithe
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slides were treated with an antigen unmaskingisol(cit- control), PTGER4 primer (SuperArray), and 5-LO @im
rate buffer solution at pH 6.0), rinsed with PB&] &athed forward, 5A TCTCAAGCAACACCGACGTAAAG-3A;
in a 3% HO, solution for 10 minutes, followed by block- reverse, 5A-TGCATGAAGCGGTTGATGAA-3A de5|gned
ing with avidinbiotin (Vector Laboratories). Slidegere based on the sequence of human 5-LO cBNe PCR
incubated overnight at 4EC with primary COX-2 mouse conditions for COX-2, COX-1, ACTB, and PTGER4 were
monoclonal antibody (160112, Cayman Chemical) at a95EC for 15 minutes, 40 cycles of 95EC for 30 dscon
dilution of 1:50, COX-1 mouse monoclonal antibody 55EC for 30 seconds and 72EC for 30 seconds, eag-on
(160110, Cayman Chemical) at a dilution of 1:100.Cb cle of 72EC for 10 minutes. For 5-LO the conditiwage
rabbit polyclonal antibody (101775, Cayman Cherpiaal 40 cycles at 95EC for 45 seconds, 60EC for 1 mitRE€
a dilution of 1:100, and PTGER4 rabbit polyclonati-an  for 1 minute, and one cycle at 72EC for 10 mintrely-
body (160402, Cayman Chemical) at a dilution of01:5 merase chain reaction products (1% were subjected to
After the samples were incubated with the primarif-a  electrophoresis on 10% TBE-Gel, and stained with th
body and washed twice with PBS, biotinylated seaond  SilverQuest Silver Staining Kit (LC6070, Invitrogdnc.).
antibody was applied, and the samples were incdbatk The intensity of expression for each reaction wesyaed
premixed avidintbiotin peroxide complex (Vector Lab using a semiquantitative grading system as foll@vsde
oratories). The final immunohistochemical stainivgs 0, no expression; Grade 1, minimal expression; &3d
performed using Vector NovaRED (Vector Laboratories) moderate expression; Grade 3, marked expressi@h; an
obtain a reaction to the avidintbiotin complex. thes Grade 4, strong expression.
were counterstained with hematoxylin and examimetbu
light microscopy. Western Blot Analysis

The immunohistochemical samples were graded using a
five-point scoring system to describe the percentafy
cells that demonstrated positive staining, as presky
published” The scores were as follows: 0, no staining
noted; 1, less than 1% of cells stained; 2, 1 & d@cells
stained; 3, 11 to 50% of cells stained; and 4, rti@e 50%

Equal amounts of protein (~ 10@) were resolved us-
ing sodium dodecyl sulfatetpolyacrylamide gel etect
phoresis (Nupage Bis-Tris-Gel 4+12%, Invitrogerz.)in
and transferred to polyvinylidene difluoride HybeiRd
membrane (Invitrogen, Inc.). The membrane was leldck
and probed using a COX-2 mouse monoclonal antibody

of cells stained. (160112, Cayman Chemical) at a dilution of 1:1GDOX-
| tochemical Staini 1 mouse monoclonal antibody (160110, Cayman Chem-
mmunocytochemical Staining ical) at a dilution of 1:100, 5-LO rabbit polycldremtibody

Immunocytochemical analysis was performed on menin- (101775, Cayman Chemical) at a dilution of 1:25@ a
gioma cells growing in a monolayer fashion in agttfhe =~ PTGER4 rabbit polyclonal antibody (160402, Cayman
cells were subjected to treatment, plated in foell-glass ~ Chemical) at a dilution of 1:200. An antibody teactin
slides, and allowed to remain in growth media fao3  (1:1000; Ab8226, Abcam) was used to confirm eqpedi{
days as described in the previous section. Aftaokal of ~ ing among the samples. The Western blots werelizsda
the growth media, the slides were rinsed with P&S5f  using the Western Breeze Chromogenic Kit (Invitroge
minutes. Methanol maintained at +20EC was addeatto  Inc.). The intensity of expression for each reactias ana-
well for 10 minutes. After the methanol had beenaeed,  lyzed using the same semiquantitative grading syste
the slides were rinsed twice with PBS and batheg8n  already described.

H,0O, solution for 5 minutes to quench endogenous peroxi- o )
dases. The incubation and staining protocols anetiichl Statistical Analysis

to the immunohistochemical stainings describedezarl Results are expressed as the meatise standard error
. . of the means. Statistical analysis was performéatyube
Protein and RNA Isolation unpaired t-test. Probability values less than @88 con-

Cytoplasmic and nuclear protein and RNA were isdlat ~ sidered statistically significant.
from surgical specimens and primary cell cultugeagithe
protein and RNA isolation systemARIS, Ambion, Inc.)
according to the manufacturer's protocol. The rarcnd
cytoplasmic protein and RNA was measured specttopho Patient Demographics and Tumor Characteristics
metrically. The probes were stored at +80EC umtil us

Results

Tumor samples were obtained in 124 patients. The pa
tients ranged from 22 to 88 years of age (meane@isy,
and 98 (79%) were women. Although 95 tumors (77%)

Ribonucleic acid samples were treated with DNasgus were histologically benign, there were 24 atypi(d&%)
the DNAfree kit (Ambion, Inc.) prior to reverse fisgrip- and five anaplastic meningiomas (4%). For the mnovi
tiontPCR analysis. A 0.4g sample of cytoplasmic and immunohistochemical staining studies, seven princatly
nuclear RNA was reverse-transcribed using randara-he cultures were grown in monolayer cultures. Sevenigy-
mer primers and the Transcriptor First Strand cDNA percent of the cell lines had been obtained in Ferpa-
Synthesis kit (Roche) according to the manufacgipeo- tients; the cell lines were derived from two benigne
tocol. The PCR was performed with 50 ng of cDNAain  atypical, one chordoid meningioma, and two malignan
50- | reaction mixture containing FastStart Tag DNA (IOMM-Lee) meningiomas. The primary cell culturesrey
Polymerase dNTPack (Roche) according to the manufacimmunohistochemically stained with epithelial meeri®
turer's protocol, with COX-2, COX-1, ACTB (loading antigen and vimentin antibody to verify that thegrey

Reverse Transcription and PCR
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meningioma cells. A strong correlation betweenkh&7 (Grade 4; Fig. 4D+F), whereas cells stained witiX&O
proliferation index and the growth of tumor cefisculture displayed slightly weaker coloring (Grade 3; Fig)4The
has been seen (p 0.001; Fig. 2). COX-2, 5-LO, and PTGER4 antibodies were treateti wit

matching blocking peptides. The benign meningioama-s
Immunohistochemical Analysis of Eicosanoids in ples showed no staining (Fig. 3E).

Meningiomas

Immunohistochemical staining for COX-2 was per- Expression of Eicosanoid Protein in Meningiomas
formed in 124 human meningioma surgical specimens, Twenty meningioma specimens, 84 meningioma prima-
with tonsil tissue used as a positive control. Niffre ry cell cultures, the IOMM-Lee cell line, normalrbeal
benign (77%), 24 atypical (19%), and five (4%) dasiic cortex and one surgical specimen of human dura were
meningiomas stained positively for COX-2 (TableThe processed for Western blot experiments. Cytoplasmit
COX-2 immunoreactivity was found exclusively in the nuclear protein extracts were isolated. Both theXdO
cytoplasm of all meningiomas studied. In fact 68%®9 of and -2 proteins have a molecular weight of apprexeéy
the 95 benign meningiomas, and 21 (88%) of thety@#i-a 70 kD. The molecular weight of 5-LO is approximately 78
cal meningiomas exhibited Grade 4 staining (Fig).3D kD, and the loading controlactin has a molecular weight
Samples from 30 benign meningiomas (32%) and threeof 42 kD. All meningiomas sampled exhibited stagnaf a
atypical tumors (12%) displayed Grade 3 staining,@nly large band of approximately 70 kD, and 78 kD indii®-
five benign tumors (5%) displayed Grade 2 stainMg. plasm extracts (Fig. 5). None of the nuclear pnotgiracts
Grade 0 or 1 stainings were noted. Normal cereiondéx showed staining for COX-1, COX-2, and 5-LO as egpec
tissue stained for COX-2 displayed strong stairfithe ed by cytoplasmic proteins.
cytoplasm (Grade 4; Fig. 3C). Meningioma tissuegam _ . _ . o
were also stained for COX-1, 5-LO (Fig. 3F), and Expression of Eicosanoid RNA in Meningiomas
PTGERA4. All 5-LO- and PTGER4-stained samples exhib-  There was expression of eicosanoid RNA in 20 menin-
ited Grade 4 staining, whereas all correspondin® @0 gioma surgical specimens, 84 meningioma primary cel
samples displayed Grade 2 staining. As a contrelanti-  ¢jwyres, the IOMM-Lee cell line, normal cerebrattex,
bodies to COX-2, 5-LO, and PTGER4 were treated with anq two dura surgical specimens, as shown on eves-
matching blocking peptides. The meningioma tissuesgcriptase PCR analysis. The PCR products of COX-1,
showed no staining for these antibodies (Fig. 3E). COX-2, 5-LO, and PTGER4 were 143, 168, 207, and 167
. . . s bp, respectively, and the product of the loadingtrab
:\Dlnemn:}l]n(i)g%tgghemlcal Analysis of Eicosanoids in ACTB was 183 bp. The semiquantitative derived mean

9 value of COX-1 is significantly lower than the atleves-

The immunocytochemical analysis for COX-1, COX-2, tigated eicosanoids (compared with COX-2; @0.01, t-
5-LO, and PTGER4 was performed in the IOMM-Lee test). No change of expression in high-grade mémings
malignant meningioma cell line and in six mening&em  was noted. The expression of COX-2 is comparahterto
grown in cell culture. All seven specimens exhitbigten- mal cerebral parenchyma and dura in benign andcatyp
sive cytoplasmic staining of COX-2, 5-LO, and PT@GER meningiomas. The higher expression of COX-2 in WHO

Ki-67 vs. culture growth
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Fic. 2. Graph showing a linear regression of the Ki @fiferation index compared with culture growth.
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TABLE 1

Immunoreactivity to COX-2 in 124
meningiomas stratified by WHO grade*

Level of Cox-2 Reactivity

WHO Grade 0 1 2 3 4 Total
| (benign) 0 0 5(4) 30(4) 60(48) 95 (77
Il (atypical) 0 0 0 3(2) 21(17) 24 (19)
Il (anaplastic)y 0 0 0 0 5 (4) 5 (4)

* No. of patients (%)

Grade Il meningiomas might be due to a bias basddw
tissue samples. There are no significant differenmcghe
expression of 5-LO in meningiomas and in normatiosl
cortex and dura. The mean value of PTGERA4 is theesa
for normal cerebral cortex and dura as for WHO &sad
and Il meningiomas (Fig. 6).

Discussion

Meningiomas are the most frequent benign tumotiseof
central nervous system. Although generally slowwing,
these lesions continue to be a major cause of écetiphs
and death due to recurrence and unresponsivenadgito
vant therapies. The finding that AA derivatives are
pressed in meningiomas is fundamental and miglattere
potential therapeutic opportuniti€’$3"+Few reports exist
on the constitutive expression of these enzymégdalthy
brain tissue, as this should be the baseline footunves-
tigation?® In the central nervous system, COX-2 is ex-
pressed in components such as neurons, glia, agorae

TRt

t"'if.«'...
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sue).

‘ w \"-_.-‘; X

C: Normal cerebral cortex showing strong COMée&ctivity in neurons.

vascular elements?or it can be induced by physiological
or pathological stimufiz In accordance with the findings of
Castelli and coworkefsywho described similar expression
of AA and metabolites in nine meningiomas and lthg
brain tissue specimens, we also found a high esipresf
AA derivatives in the healthy brain and in menimgas of
all grades. Ragel et dldescribed an almost ubiquitous
(95%) expression of COX-2 in 128 positively tesiaéd-
ningioma specimens. Because these researcheid taile
compare their results with those from normal bteisue,
we validate their results adding data for healthwagnor-
mal brain tissue, and a substantial number of ngémmas
of all different grades. Additionally, we verifigtie im-
munohistochemical findings through PCR, Westerrt blo
analysis, and immunocytochemistry, which shoulchglea
the interpretation of previous reports proposingigiregu-
lation of AA derivatives in meningioméasAlthough the
investigated enzymes are not upregulated in mesimas
compared with normal brain and dura, future cheprath
peutic strategies could still have nhumerous stuioints
in attacking key molecules in tumor development.
Arachidonic acid metabolism via the COX and the LO
pathways leads to the production of a number ofbuet
lites that may modulate many of the mechanismsiedo
in tumor initiation, growth, and dissemination. Mad and
associatés have demonstrated 5-LO expression solely in
the cytoplasm of neurons in the healthy adult brafrere-
as, in most astrocytoma surgical specimens, sstaiging
for 5-LO was seen in the nuclei of tumor cells. @éhors
argued that the activation of tumor cells may leadhe
translocation of 5-LO to the nuclear membrane rattien
the plasma membrane; furthermore, the nuclear impor

AN 7
%1
:{’flu A% ‘il-ul'"

*(a,r."""-‘"g

FiG. 3. Photomlcrographs demonstratmg eicosanoid espmsPoane immunoreactivity appeaes. A: Positive
control (human tonsil tissue) with strong COX-2 iomoreactivity in the cytoplasm. B: Negative con{iohsil tis-

; ' V2N
I"-I"-:"'& St A

D£F: Benign meningioma tssu

Strong COX-2 immunoreactivity is noted diffuselydhghout the cytoplasm (D), no staining after iratidn with COX-
2 antibody and COX-2 blocking peptide (E), and sirmnmunoreactivity to 5-LO is noted diffusely thghout the cyto-

plasm (F). NovaRED, original magnification 10.
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Fic. 4. Photomicrographs demonstrating expression of 2@iXa culture of meningioma primary cells. Positi
immunoreactivity appeared. A: Strong COX-2 immunoreactivity is seen in théopjasm of the IOMM-Lee cell line,

used as the positive control.
3 immunoreactivity to COX-1 is shown.

B: Negative contrarfimgioma tissue without primary antibody treatfen€C: Grade
D+F: Grade 4GP (D), 5-LO (E), and PTGER4 (F) immunoreactivisy

noted diffusely throughout the cytoplasm in meronga. NovaRED, original magnification 4.

sequence of 5-LO protein has been identified itager
leukocytes? We found high cytoplasmic expression of 5-
LO in almost all meningioma samples, with no exgims
in the nuclei of the tumor cellsbeither on immunstu-
chemical slides or on protein analysis. It remdmdbe
determined whether 5-LO protein in meningiomasiigf
tionally active and whether tumor cells expres&détiene
receptors that could mediate cellular responses-Lt®
eicosanoids. Because 5-LO inhibitors are cytottixican
cer cell lines derived from several types of malign
tumors, further research into the potential uses-aO
inhibitors for cancer prevention and treatment &rant-
ed.l,15,16,38

Staining for COX-1 had a significantly lower exsies
than for the other observed eicosanoids, in agneewith
the results of the reverse-transcriptase PCR asalfsese
observations correlate with the findings of Matsti@l.3?

ation and induction of apoptosis by celecoxib inmhan
cholangiocarcinoma cells. Their results sugges$t@iaax-
2 plays a central role in the production of B@Rd that
therefore specific inhibition with celecoxib, asteemopre-
ventive and chemotherapeutic agent of COX-2, itdibi
proliferation and induces apoptosis of cells vippsassion
of PGE production. This study for the first time demon-
strated that the brain intrinsic prostaglandin péoe
PTGRE4 is strongly expressed in all meningioma ispec
mens, pointing towards an important role of thizyeme in
the development of meningiomas. Whether the compatible
ligand of the receptor acts as a growth promotatseif
leads to molecular changes in the genetic progratheo
meningioma has to be elucidated.

As previously stated, COX-2 was expressed in ati-me
ingioma tissue samples. Because COX-2tderived metab
lites may increase resistance to apoptosis, proarae-

who reported a weak expression of COX-1 compared togenesis, and impair immune system surveillancdy ear

COX-2 in normal human brain tissues, meningiomad, a
other brain tumors. This could be due to the cturtiste
expression of COX-2 in the normal brain and paldidy
in meningiomas, leading to a takeover of functielse-
where assigned to COX-1. Pai and colleatjueported
that in addition to acting on its own receptor, PG&uld
also activate the epidermal growth factor recepiayid-
ing another potential mechanism for the tumor prieno
effect of COX enzymes. Their results not only fartbup-
port the role of COX-2 as a tumor promoter in titestine,
but also point to PGEas the key mediator of the COX-
2+related susceptibility to colon cancer. Wu andar&-
ers! published a study demonstrating inhibition of et

6

prophylactic intervention with a COX-2 inhibitor ga
decrease tumorigenic progression in patients wigfign
nant or invasive neoplasms. The tendency towardcegve
pression of COX-2 in more aggressive phenotypenesf
ningiomas suggests that COX-2 may play an important
functional role in the later stages of invasivesdise. An-
other hypothesis about increased COX-2 expression i
more malignant meningiomas is that COX-2 levelddctou
be an indicator of ischemiasupported by findings of
necrotic areas within the tumor. Moreover, estabiigra
correlation between COX-2 expression and tumorrrecu
rence or the Ki 67 proliferation index was not fielgs due

to the overall high expression of COX-2 in menimgas of
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Fig. 5. Western blot analysis of three meningioniaary cells cultures, two meningioma surgical spetis, human
dura, normal cerebral cortex, and IOMM-Lee ceklinumbered 1+8). Nuclear and cytoplasmic (cytodem extracts
were isolated and probed with COX-1, COX-2, 5-L@d deta-actin antibody (loading control). All nwaeprotein
extracts showed no staining, as expected by cyttipgsoteins. Lanes 1+5: All meningioma primary celtures and
the fresh surgical specimens exhibited strong is@ifor COX-1, COX-2, and 5-LO. Lane 6: Human dussue
stained positively for COX-1, COX-2 and 5-LO, altigh the band of COX-2 was weaker. Lane 7: Normaldum
cerebral cortex tissue showing corresponding stgifar COX-2 and 5-LO, and weaker staining for COX-Lane 8:
The positive control IOMM-Lee cell line exhibitettang staining for COX-2 and 5-LO, and weak stajrfior COX-1.

all grades. Based on the results of our study,nbt possi-
ble to declare COX-2 a prognostic indicator for tugrad-
ingbas has been proposed by Lin eté&dh meningiomas
and Deininger and coworkérsn oligodendrogliomasb
because no significant differences have been éetent

potentially attractive combination for recurrent mme
gioma.

In addition to the well-studied role of COX-2 inude
inflammatory processes, recent work clearly suggsit
COX-2+derived metabolites contribute at multiplenfs

eicosanoid expression among meningiomas of differen in the early and late stages of carcinogenesif,dimg

WHO grades.

Radiation therapy has an important role in the mana
ment of recurrent meningiomas. In preclinical medsaf
different cancers and clinical studies of gliontas, addi-
tion of COX-2 inhibitors to radiotherapy can detaynor
regrowth compared with the use of either drugsdiation
alonez33+4648pPyo et al? found that in colorectal tumors
expressing COX-2 that had been treated with radiati
therapy and COX-2 inhibitors, there was a gredterat
peutic response than to radiation therapy alorigbition
of COX-2 is augmented by the antiangiogenic efiéain-
izing radiation through inhibition of nuclear factdB.*
The use of COX-2 inhibitors with ionizing radiatiis a

W COX-1

WCOox-2
PTGER-4
5-L0

Lz

Normal/Dura WHO " WO

premalignant hyperproliferation, transformation, imex
nance of tumor viability, growth, invasion, and estatic
spread* We confirm that COX-2 might be a key player in
a number of biological pathways leading not onlgaacer

in general, but also to meningiomas. Current eadémndi-
cates that COX-2 promotes tumor-specific angiogene-
sis?’#inhibits apoptosig, and induces proangiogenic fac-
tors such as vascular endothelial growth faétéinducible
nitrogen oxide synthetase promdfeand interleukin-6?
Taken together, the epidemiological data and prieeli
studies in animal models have generated competiieg-
est in the potential use of COX-2 inhibitors in fireven-
tion and chemotherapy of human tumors. Clinicaldrare

L0

PTGER-4

WHO WP KOVM-_ee

Fic. 6. Results of a PCR analysis of COX-1, COX-2, PT@E&d 5-LO in meningiomas, normal cerebral cortex,
human dura tissue, and the IOMM-Lee cell line. W@an values were determined by semiquantitativiysinaBeta-

actin was used to confirm equal loading among sasnpl
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necessary to determine whether COX-2 inhibitorspu- 13.

vide clinical benefit, as well as to define theemention
points during tumor progression that will allow fggtimal
efficacy.

Conclusions

14.

C. Pfister et al.

Fournier DB, Gordon GB: COX-2 and colon canBetential tar-
gets for chemopreventiod. Cell Biochem Suppl 7797+102,
2000

Gaetani P, Butti G, Chiabrando C, Danova M, éllaMG, Ric-
cardi A, et al: A study on the biological behavadthuman brain
tumors. Part . Arachidonic acid metabolism and DddbAtent.]
Neurooncol 10233+240, 1991

15. Gupta S, Crofford LJ: An update on specific COihibitors: the

The promising effect of COX-2 inhibitors in anapias

meningiomas were recently reported by Ragel and col 16.

leagues? although the effective dosage was far higher than
the recommended plasma levels using standard dosage
humans. The association of COX-2 and meningioma is
unique and represents a potential area for thetiapeter-
vention with selective COX-2 inhibitors, either as
adjunct to or in combination with radiation theralith

the results of this study we confirm the existeoicenulti-

ple attacking points in the eicosanoid cascade faower-

ful chemotherapeutic treatment in recurrent menimgis. 10.

Further studies are on the way to understand theeice

and importance of single factors in this enzymevogk so 20.

that treatment options can be explored.
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Abstract. Although meningiomas are one of the most commolmtroduction
tumors in the central nervous system, the adjuvant treatment
for recurrent or malignant meningiomas is not $ati®ry. Meningiomas constitute one of the most intriguingla
An intense interest in evaluating new molecular markers thathallenging tumors of the central nervous systeme, t
may serve as potential therapeutic targets exists. Changesléfinition of malignant potential is beset by threduent
apoptosis mechanisms play important roles in tupaiho- discordance between histology and biologic behafig?).
genesis. One pro-apoptotic protein is Smac/DIABBich  Meningiomas originate from arachnoidal cap cellsthod
neutralizes the inhibitors of apoptosis (IAPs). 8siac/ meningeal coverings of the brain, constituting apqr
DIABLO has not been previously analyzed in meningiomasjatively 13-26% of all intracranial tumors (3,4prFmost of
We investigated the expression of Smac/DIABLO anthese lesions, the conventional strategy of combirioth
survivin in primary meningioma cultur@s vivoandin vitro.  surgery and radiation therapy for atypical or amaapk
Expression of Smac/DIABLO, survivin and single-sttad meningiomas provides long-term effective and siugfi¢
(ss)DNAin vivo were determined immunohistochemicallyclinical results (5,6). However, some meningiomasur or
in 100 meningioma surgical specimens, dura and abrmare resected subtotally due to their delicate location at skull-
human cortex. The expression of the apoptotic eesym based structures. Additionally in a minority of igaits,
vitro was analyzed after RNA and protein isolation of altegrowth of tumor tissue after irradiation is a anaglinical
meningiomas via Western blotting and PCR. All exaadi problem. Despite several chemotherapeutic triaksdioal
meningiomas and normal cerebral cortex display¢ense interventions in these tumors is unsatisfactorB).7The
positive cytoplasmic Smac/DIABLO immuno-reactivity.development of novel treatment strategies basethen
Survivin and ssDNA were expressed in all surgicaholecular information has not yet been successfulips-
specimens and showed weak staining overall. Examinationlafed to common clinical practice.
Smac/DIABLO protein via Western blotting showedtidist Abnormal apoptosis is a hallmark of human tumord an
signals in the cytoplasmic extracts. PCR analysplayed deregulation of the genes controlling the apoptotic cascade is
no changes of Smac/DIABLO and survivin expression iclosely related to tumor development, progressiod a
different meningioma grades, normal human cortaatex recurrence (9). Among the many known regulators and
or dura. Constant high-level Smac/DIABLO respediive effectors of apoptosis, the caspase family as agBurvivin
low-level survivin expression in meningiomas andmal and opponent proteins play an important role in the execution
brain demonstrate similar apoptotic behavior of meningiomabases of apoptosis (10,11). The function of sumvas a
compared to normal brain tissue. These findings indicate ntember of the family of inhibitors of apoptosis taia (IAP)
pathological overexpression of survivin in meningiomas as ig|s been explained by its ability to block the tarvah
evident in several other cancer types impeding apoptosis. effector cell-death proteases, caspase-3 and -@ddiition,
high levels of survivin prevent cells from respomglito
apoptotic stimuli, such as serum deprivation andiadtration
of the anticancer drug etoposide (12,13). Howevlee,
inhibitory action of survivin in caspase-3 activityas been
Correspondence toDr Florian Roser, Department of Neuro- debated (14).

surgery, University of TYbingen, Hoppe-Seyler-8trD-72076 Suppressing the activity of the IAPs themselvesheen
TYbingen, Germany attributed to Smac [second mitochondrial activadbr
E-mail: f.roser@gmx.de caspases; known as DIABLO (direct IAP binding phote

with low pl) in mouse], a nuclear encoded, mitochondrially
Key words:meningioma, apoptosis, Western blotting, PCRJocalized protein, which is released into the cytom
survivin, Smac/DIABLO response to apoptotic stimuli that disrupt the integrity of the

mitochondria (15). Smac/DIABLO negatively regulates

caspase inhibitory properties of XIAP (X-linked IABy
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Table I. Characteristics of 100 patients with meningioma. containing tissue were deparaffinized by bathing them with a
PPPPPDPPEDPDDPDDPDEDDPDDDDDDDDDDDDDPDBEEREDOHIBPEB®H-Ngelbrecht, Edermuende, Geyjrend

Characteristics Range alcohol solutions. Vectastain Elite Universal K{igector
PbDbDbPPPHHHDDDDPDDDDPPPHHDDDDDDDDDDDhDDhaDEeBBRPB@iMyame, CA) were used accordmghe
No. of patients 100 manufacturer's protocol. Briefly, the slides wearsated with
an antigen unmasking solution (citrate buffer sotupH 6.0),
Sex, no. of patients (%) rinsed with PBS and bathed in a 3% solution for 10 min,
Male 26 (26) followed by blocking of avidin/biotin (Vector Laboratories).
Female 74 (74) Slides were incubated overnight at 40C with primary Smac/

DIABLO rabbit polyclonal antibody (Ab13817; Abcam,
Cambridge, MA) at a dilution of 1:50, survivin rabbit poly-
Mean 62 clonal antibody (Ab469; Abcam) at a dilution of 1:100, EMA
Range 22-85 mouse monoclonal antibody (M0613; Dako, Hamburgj at
dilution of 1:100 and vimentin mouse monoclonalilzody
. (M7020; Dako) at a dilution of 1:200. Following the
Bemgn 66 (66) incubation with the primary antibody and a two-t8meBS
Atypical ) 30 (30) wash, biotinylated secondary antibody was applieén
DE')A\Er)]SE)l’?)?Et)BDE)DE)E)E)E)E)E)E)E)E)E)E)E)E)E)E)E)DE)?)E)S%E)E)E)I%SPI_; HB%@E%"ixed avidin-biotin-peroxide cdmp
; Vector Laboratories). The final immunohistochemical
staining was performed using Vectokovared (Vector
Laboratories) to obtain a reaction to the ABC. Sections were
binding into the same pockets in XIAP which aredi$® counterstained with hematoxylin and examined bytig
bind caspases; when XIAP binds Smac/DIABLO, th@nicroscopic studies.
caspases are displaced and primed to affect theugza For immunohistochemical staining of ssDNA the
phase of apoptosis (16). S _ deparaffinized slides were treated with 0.15 mggaponin
It is of utmost importance to identify possible key playergnq 20 ug/ml proteinase K in PBS for 20 min. A thtane
in this orchestra when aiming for clinical application of newsgg wash was followed by an incubation with 50%
chemotherapeutic agents (17). With this study wavige  ormamide for 20 min at 604C. After a 5 min wasticier
crucial information on several apoptotic proteinsmenin- 514 PBS the slides were blocked with 3%04 solution
giomas of different WHO grades, as these pro- anfgr 5 and 15 min with 3% non-fat dry milk. Slidesre
antiapoptotic _enzymatic _corr_lplexes_ In this tumor entity hayg . \hated for 15 min with primary mouse monoclonal
not been previously studied in detail antibody ssDNA (ALX-804-192; Alexis, San Diego, CA)
a dilution of 1:100 in 1% non-fat dry milk. Folloag the
incubation with the primary antibody and a two-tifiBS

Tumor specimens and cell culturkleningioma surgical Wash, peroxidase-conjugated anti-mouse IgM secgndar
specimens were obtained from the Neurosurgical Beat antibody (04-6820, Invitrogen, Inc., Carlsbad, C&gre

in accordance to regulations of the Ethics Committee of t@@plied for 15 min at a dilution of 1:100. The immunohisto-
University of TYbingen. Patient data associateh thigin vivo ~ chemical staining was performed as described earlier.

andin vitro studies are characterized in Table |. Primary

cultures were obtained from tumor tissue samplesini Grading of immunohistochemical staininghe immuno-

30 min of surgical removal. Samples were first veasin  histochemical samples were graded on the basis of a 5-point
phosphate-buffered saline (PBS), reduced and mash#apring system demonstrating the percentage o$ ¢edt
through a filter and placed in Dulbecco's modifieagle's showed positive staining, as previously publish&g).(The
medium (DMEM) with fetal bovine serum (FBS), 2 mdhol scores were as follows: 0, no staining noted; 1, <of%ells
L-glutamine and 0.1% 50 mg/ml Gentamicin (Invitroge stained; 2, 1-10% of cells stained; 3, 11-50% of cells stained;
Grand Island, NY). Cells were plated in 25-ftissue culture and 4, >50% of cells stained.

flasks and incubated at 370C in a humidified atmosphere of

5% CO. Medium was changed every 3-4 days and culturésimunocytochemical staininghn immunocytochemical
were split using 600 pl Accutase (PAA, Paschingsta). analysis was performed on meningioma cells groviing
Viable cells were stored in liquid nitrogen in 90% mediummonolayer fashion in culture. The cells were sutgiédo
10% dimethyl sulfoxide. The malignant meningioma IOMM/reatment, plated in 4-well glass slides, and adid\o remain
Lee cell line was a kind gift from A. Lal (Departnteof in growth media for 2-3 days as described earlidgter

Neurological Surgery, University of California, SErancisco, removal of the growth media, the slides were ringgtt
CA, USA). PBS for 5 min followed by fixation for Smac/DIABL@nd

survivin with 4% PFA pH 7.0 in PBS for 15 min atoro
Immunohistochemical staining-our-micron sections temperature. The slides were rinsed two-times RBI$ and
containing human meningiomas were cut from formalinthe PFA treated cells were incubated with 3% TriXoh00
fixed tissue embedded in paraffin blocks. Normakbeal in PBS for 10 min. All cells were blocked with 10§6at
cortex (Biochain, Inc., Hayward, CA), normal cerabr serum in PBS for 30 min at room temperature. Slidese
meninges and tonsil were used as positive contBlldes incubated 1 h at 370C with following primary anthes:

Age (years)

WHO grading, no. of patients (%)

Materials and methods
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Figure 1. Photomicrographs demonstrating expression of apoptotic enzymes. Positive iractivitprappears as red staining (VectdlovaRed?). Strong
Smac/DIABLO immunoreactivity is seen in the cytoplasm of the neurons in nbraial (A) and in the cytoplasma of meningiomas (D). Survivin displayed
a weak cytoplasmic and nuclear staining in normal brain (B) and meningiomase(Egti@n of ssDNA (F7-26) as positive apoptosis marker in cerebral
meninges (C) and meningioma (F). Original magnification x10.

Smac/DIABLO rabbit polyclonal antibody (Ab13817; ¢bm) Western blot analysisEqual amounts of protein (~100 ug)
at a dilution of 1:25, survivin rabbit polyclonaht@body were resolved using sodium dodecyl sulfate-polyacrylamide
(Ab469; Abcam) at a dilution of 1:50, EMA mouse men gel electrophoresis (NupagBis-Tris-Gel 4-12%; Invitrogen,
clonal antibody (M0613; Dako) at a dilution of 18l@nd Inc.) and transferred to polyvinylidene difluorithy/bond-P
Vimentin mouse monoclonal antibody (M7020; Dako)aat membrane (Invitrogen, Inc.). The membrane was lgdand
dilution of 1:200. After a three-time wash with PEfidition probed using a Smac/DIABLO rabbit polyclonal antio
of the secondary fluorescence antibody Alexa Fluor 488 gq@tF789; R&D Systems, Minneapolis, MN) at a dilutiof
(1:200, Invitrogen, Inc.) for 1 h at room temperatin the 1:2,000. An antibody against §-actin (1:1,000; ABB2
dark. Finally after a two-time wash with PBS thelest were Abcam, Cambridge, UK) was used to confirm equal loading
mounted with DAPI-containing fluorecence mountingdinm. among the samples. The Western blots were visualized using
Western BreezeChromogenic Kit (Invitrogen, Inc.). The
Protein and ribonucleic acid isolatiorCytoplasmic and intensity of expression for each reaction was analyzed by use
nuclear protein and ribonucleic acid (RNA) werelased of a semi-quantitative grading system: Grade Gexpession;
from the surgical specimens and primary cell cultures usimgrade 1, minimal expression; Grade 2, moderate expression;
Paris kit (Ambion, Inc., Austin, TX), according to the m&  Grade 3, marked expression; and Grade 4, strong expression.
facturer's protocol. The nuclear and cytoplasmic protein and
RNA was measured spectrophotometrically. The prolss  Statistical analysisResults are expressed as mean + SEM.
stored at -800C until use. Statistical analysis was performed using an ungairest.

P-values <0.05 were considered statistically significant
Reverse transcription and polymerase chain reactRNA

samples were DNase treated using the DNA-freeAkiti{ion, Results

Inc.) prior to the RT-PCR analysis. Cytoplasmic and nuclear

RNA (0.4 pg) were reverse-transcribed using rantlexamer Patient demographics and tumor characteristic$ the 100
primers and Transcriptor First Strand cDNA-Syntkddt  patients studied, 74% were women and the patients ranged in
(Roche, Mannheim, Germany), according to the maturfar's age from 22 to 85 years with a median of 62 years (Table ).
protocol. PCR reaction was performed with 50 ngDNA  Most tumors were histologically benign; there wadeatypical

in 50 pl reaction mixture containing FastStart TAyA and 4 anaplastic meningiomas. Forvitro immunocyto-
Polymerase dNTPack (Roche), according to the maturfr's  chemical staining studies, seven primary cell cekuwere
protocol, with Smac/DIABLO, survivin and ACTB prime grown in monolayer cultures. The primary cell cultures were
(loading control) (SuperArray, Frederick, MD). TRECR immunocytochemically stained with EMA and vimentin
conditions were 950C for 15 min, 40 cycles of 9iEiG0 sec, antibodies to verify presence of the meningioma tumor cells.
550C for 30 sec and 720C for 30 sec, and 1 cyd2dst for

10 min. PCR products (16 pl) were subjected totedpboresis Immunohistochemical analysis of apoptosis enzymes i
on 10% TBE-Gel and were stained with SilverQué&itver meningiomasImmunohistochemical staining for Smac/
Staining Kit (Nr. LC6070, Invitrogen, Inc.). The intensity ofDIABLO was performed on 100 human meningioma swaigic
expression for each reaction was analyzed by useseimi- specimens and tonsil tissue as positive control. All hundred
guantitative grading system: Grade 0, no expres§&oade 1, meningiomas stained positively for Smac/DIABLO (Fip).
minimal expression; Grade 2, moderate expression; GradeTBe Smac/DIABLO immunoreactivity was found exclusively
marked expression; and Grade 4, strong expression. in the cytoplasm of all meningiomas studied. Intfa&l
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Table II. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for STBaCOA).

Staining grade
1319131913151315131513151315131512151215]115115]1 315131515751 5731 57315131 5131 513151315131 D131513151315131513/511513)
0 1 2 3 4

0 (0) 1(1) 4 (6) 30 (46) 31 (47)
Atypical 0 (0) 0 (0) 8 (27) 12 (40) 10 (33)
Malignant 0 (0) J0) 0 (0) 2 (50) 2 (50)

iTD%[i%lDDDDDDDDDDDé&DDDDDDDD&D?DDDDDDD élZ%DDDDDDDSD%%DDDDDDDDDD?BDDDDDDDDDD(D

Table Ill. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for survivin (%).
1191513197151219151315131 3151319151 319151 315151 315131 1513197151 319151 319131 3751319251 319151 315131 31513197151 319751 315151 15131 9151319751 31915}

Staining grade
1919191919191} 3]} 2]5]5]5}3]15151 5151515151 5} 215} ] 211511215151 i 5151 5I5I5I5I5I5I5I5151515!5!>)
0] 1 2 3 4

0 (0) 28 (43) 24 (36) 14 (21) 0 (0)
J0) 18 (60) ) e J0)
mm 1 (25) 1 (25) 2 (50) 0 (0)

47 (47) 31 (31) 22 (22) JO) (
DDDDDDDDDDDDDDD 151515151515151515151515151515151515)5)5)5151151515151515)5151 5151212121212} 21 2151919111111 21121121

Table IV. Immunoreactivity grades of 100 human meningiomas immunohistochemically stained for SSDNA (%).
1919712191219121911913191315131513151 315131513151 31513751 151 3151 3151 3151 151911513151 3:91 31513151 31513151 37513151 37151 9151 3151 3151 3151 D151 Dl

Staining grade
DD(?DDDDDDDDDDDDDDDDDDDD ; E)E)E)E)E)E)E)DD%DDDDDDDDDDE)E)E)E)DDDDDDDDD

e 39 (59) 18 (27) 6 (9) 1(2)
3(17) 20 (60) 4 (13) J) 1(3)
0(m 2 (50) 2 (50) 0 (0) 0 (0)

%E 16% 24 (24) 6 (6) 2 (2) (
To1o1o1o1o1515151551515151512191919191515151515151512]2)91919151515151512}219]2191919151512151515,212191919151515 515121212121 13151315 12 1o1:

(93%) of the 66 benign meningiomas and 22 (73%bhef benign (62%) and 22 atypical (77%) meningiomas su
30 atypical meningiomas exhibited Grade 3 or 4nét@ no or almost no occurance of sSSDNA (Table 1V).
(Table II). Only seven benign meningiomas (7%) andhteig
atypical tumors (27%) displayed Grade 1 or 2 stginNormal Immunocytochemical analysis of apotosis enzym
cerebral cortex stained for Smac/DIABLO display#&wrsy meningiomasThe immunocytochemical analysis for S
(Grade 4) staining of the cytoplasma (Fig. 1A). DIABLO and survivin was performed on the IOMM-
The same tumors were examined for survivin and athalignant meningioma cell line and on six benigypatal
displayed positive staining (Fig. 1E). Survivin imnmo- meningiomas grown in cell culture. All seven speeins
reactivity was found often in cytoplasm, sometimes in cyt@xhibited extensive (Grade 4) cytoplasmatic stajnd
plasm and nucleus and only rarely in the nucleus. In contr&nac/DIABLO (Fig. 2A, B, D and E), whereas cellsirgtd
to Smac/DIABLO no specimen displayed Grade 4 gtgini with survivin displayed moderate colouring of the cytopl
Most of the benign meningiomas 52 (79%) and 24 atypicahd sometimes of the nucleus (Grade 2) (Fig. 2C and F)
tumors (80%) exhibited Grade 1 or 2 staining (Talble
Fourteen (21%) of the 66 benign meningiomas and 6 (20%Xpression of the Smac/DIABLO protein in meningia
of the 30 atypical meningiomas exhibited Grade 3 staining. One hundred meningioma primary cell cultures, the 10
To verify the degree of apoptosis in meningiomakee cell line, normal cerbral cortex and two sud
ssDNA was analyzed in the 100 specimens. Most menigpecimens of human dura were processed for Webte
giomas displayed a small amount of ssDNA. Forty-onexperiments. Cytoplasmic and nuclear protein etdraerd




Figure 2. Expression of Smac/DIABLO in meningioma primary cell culture. Pogitinreinoreactivity appears as green staining (Alexa Fluor 488).
Smac/DIABLO immunoreactivity is seen in the cytoplasm of the IOMM-Ledklioe [(A), x10; (D), x40], and meningioma [(B), x10; (E), x40]. In con
survivin displayed a weak cytoplasmic and sometimes nuclear staining MG cell line (C) and meningioma (F). Original magnification x40 exce
(A) and (B).

Figure 3. Western blot of Smac/DIABLO in meningiomas, IOMM-Lee cell line, aboerebral cortex and human dura. Smac/DIABLO displayed a b
~21 kDa in the cytoplasmic extracts and a large band at 42 kDa for §-actih,wdsaused to confirm equal loading among samples. The mean valu
determined by semi-quantitative analysis.

isolated. Smac/ DIABLO has a molecular weight o7 kDa low-level. No changes in the expression of surviwiith

and the loading control §-actin 42 kDa. All menimgias increasing WHO grade, in IOMM-Lee cell line, durad

samples exhibited strong staining of a band at ~21 kDa in tberebral cortex were seen (Fig. 4).

cytoplasmic extracts for Smac/DIABLO and a large band at

42 kDa for the loading control §-actin (Fig. 3).e€Thuclear Discussion

protein extracts showed no staining for Smac/DIAB&a®

expected by cytoplasmic localization of the proteins. Meningiomas are the most frequent tumors of therad
nervous system. Although generally slow growinge

Expression of apoptosis enzyme RNA in meningioma®ntinue to be a major cause of morbidity and mortalit

Expression of RNA was determined in 100 meningiomi recurrence and unresponsiveness to adjuvanaple

primary cell cultures, the IOMM-Lee cell line, noain The finding that apoptotic enzymes are expressed in

cerebral cortex and three dura surgical specimgmeverse- giomas is fundamental and might create potential thera

transcriptase PCR analysis. PCR products of SmABDD opportunities. To identify the role of apoptosis

and survivin were 118 and 73 bp, respectively. The produtieningioma cell death regulation, we investigateatmo

of the loading control ACTB was 183 bp. Smac/DIABLOmolecular (RNA and protein) synthesis and actiit

showed a constant high-level expression in mening®y meningiomas of different malignancies.

IOMM-Lee cell line, cerebral cortex and dura, in contrast to A feature common to all successful multicellulagamism

survivin, which was expressed throughout the specimens dsahe ability to control the cell number. This pesty is




Figure 4. PCR analysis of Smac/DIABLO and survivin in meningiomas, IOMM-Ledimeland normal cerebral cortex. Mean values where determi
semi-quantitative analysis. §-actin was used to confirm equal loading among samples.

essential in developmental and adult phases, and is achiegedelated survivin expression to recurrence by msee
by modulating both cellular birth and death (19eTatter
event is largely affected through the activatioraastrongly
regulated series of events that lead to decongirnyatieath
and ultimately removal of the cell in a process\knoas

apoptosis.

immunohistochemistry staining in 40 meningio
Although no or only mild expression in high grd
meningiomas has been noted, there was a signif
relation between grade 1 and expression of survarg
Ki-67 (36).

Combiningin vitro andin vivo experiments we provig

Survivin expressianSurvivin is known to be expressed inevidence of a low level expression throughout all grad

fetal tissue and transformed cells in adults (2D, 2tlis

meningiomas, with no increase in meningiomas with a

expressed in most common human cancers of the lung, coloell turnover. The expression of survivin in benigio
pancreas, prostate, breast, esophagus, liver, stomach, uteguswing tumors does not provide evidence that Hris-

bladder and skin, as well as in neuroblastomasradnomas
(21-27). The expression of survivin not only apmetr
correlate with aggressive tumor behavior and poogmosis,
but is also considered a risk factor for resistatocehemo-
therapy and radiation treatment (28). In the migjaf primary
nervous system tumors, particularly in glioblastenaad
peripheral nerve sheath tumors survivin is alsoresged
(29). In glioblastomas, positive survivin expressiwas
seen in immunohistochemistry and detected in heyels

apoptotic protein might be related to tumor malignanc
poor prognosis in meningiomas. The suggested operssio
of survivin as an early event in the stepwise tugenesi
and its responsibility for the growth advantageidg
tumorigenic progression can only be applied to gran
meningiomas (33). However, investigating the madi
IOMM-Lee cell line we suggest that these cells du
express typical features of a meningioma cell line.
Mediating survivin activity, either as a mitosis regul

throughout the specimens, with a positive correlation to tled apoptosis inhibitor should be taken into ac¢dn

Ki-67 proliferation index (30,31). However, no celation
between the intensity of survivin staining and thiaical
course of the tumors has been seen (29). Moresiayl-

therapeutic strategies using survivin (31). In ainzal
model, the topoisomerase-I-inhibitor irinotecan I
decrease in tumor growth in malignant menignioma tha

taneous expression of survivin in both nucleus and cytoplagstocompanied by a decrease in Bcl-2 and survivin level

has been interpreted as an important prognostimifan
astrocytoma (32).

an increase in apoptotic cell death. However, thatime
was much more effective against the IOMM-Lee cigle

Somewhat contrary results have been demonstratéthn against primary meningioma cultures. This $esuit;
regarding survivin expression in meningiomas: witlreatment options to atypical or malignant meningiomag

immunoblotting techniques a high level of surviyrotein
has been shown (33), whereas flow cytometrical yaigl
showed that both spontaneous and radiation-indapeptosis
levels are very low in these neoplasms (34). &aal found

should be evaluated further for this purpose (37).
ssDNA was stainedn vivo to verify the amount ¢

apoptosis in meningiomas, as the antibody only stains S

stranded apoptotic DNA but not necrotic cells (385

in benign meningiomas a survivin expression in 94% (85/9@pwever no significant inverse correlation with

of tissue samples and no correlation of expresaitm Bax/
Bcl2 or clinicopathological factors (35). Kayasekcet al

DIABLO or surviving expression has been seen asiqusl
shown in glioblastomas as well (31,41).
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are inhibited by the binding of inhibitors of apogis (IAPS). _
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Abstract

Findings: At first 32 housekeeping genes were analyzed in six randomly chosen meningiomas, brain and dura
mater using geNorm, NormFinder, Bestkeeper-1 software and the compe€itiviethod. Reference genes were
ranked according to an integration tool for analyzing reference genes expression based on those four alggrithms.

Eight highest ranked reference genes (CASC3, EIF2B1, IPO8, MRPL19, PGK1, POP4, PPIA, and RPL37A) plus GAPL
and ACTB were then analyzed in 35 meningiomas, arachnoidea, dura mater and normal brain. NormFinder and
Bestkeeper-1 identified RPL37A as the most stable expressed gene in meningiomas and their normal confrol tissue.
NormFinder also determined the best combination of genes: RPL37A and EIF2B1. Commonly used reference genes
GAPDH and ACTB were considered least stable genes. The critical influence of reference genes on qPCR data
analysis is shown for VEGFA transcription patterns.

Background: In meningiomas quantitative real-time reverse transcription-polymerase chain reaction (qPCR) is most
frequently used for accurate determination of gene expression using various reference genes. Although
meningiomas are a heterogeneous group of tissue, no data have been reported to validate reference genes for
meningiomas and their control tissues.
Conclusions:RPL37A is the optimal single reference gene for normalization of gene expression in meningipmas

and their control tissues, although the use of the combination of RPL37A and EIF2B1 would provide more|stable
results.

\ J

Background Real-time quantitative reverse transcription polymerase
Meningiomas are the most frequent intracranial tumours. chain reaction (RT-gPCR) is a sensitive and reliable
They originate from the arachnoidal cap cells of the method for quantifying gene expression. Most frequently
meningeal coverings of the spinal cord and brain, consti-the relative quantification method is used, which requires
tuting for approximatively 13 to 26% of all intracranial the use of an internal control gene for normalization.
pathologies [1,2]. The conventional strategy for meningio Reference genes are mostly genes, which are involved in
mas is surgery [3,4]. However, some meningiomas recur abasic metabolism and maintenance of the cell. An ideal
resection might be sub totally due to their delicate location reference gene should be expressed at a constant level in
at skull-based structures. The definition of malignant all examined tissues and cells, and should not be influ-
potential is beset by the frequent discordance between hisenced by experimental conditions. However several studies
tology and biology [5,6]. Meningiomas are categorized inhave shown, that genes used as reference gene display sig-
three WHO grades, in which there are several subtypesificantly different gene expression levels [7-9].
differentiated by their histological features. Established housekeeping genes in meningioma RT-
gPCR experiments are genes such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) abéActin (ACTB)
* Correspondence: christina.pfister@med.uni-tuebingen.de [10-18] as well as ribosomal RNA (18S rRNA) and TATA
2 Contributed equally binding box protein (TBP) [19-21]. As the application of

Department of Neurosurgery, University of Tuebingen, Hoppe-Seerr-Str.S,[l,]ese various housekeeping genes shows. there are no
72076 Tuebingen, Germany !
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reports that candidate reference genes in meningiomagools RNA from different donors and several brain
were validated. Due to the heterogeneity of meningiomaregions. RNA samples were DNase treated using DNAfree
tissue and the necessity to compare meningiomas andit (Ambion Inc., Austin, TX). Total RNA (1+g) was
their control tissue reliably, the selection of an appropriate reverse-transcribed to cDNA using des High Capacity
reference gene with stable gene expression throughout th&kNA-to-cDNA Kits (Applied Biosystems, Foster City, CA)
various tissues is essential for further use of RT-gPCR irin a total volume of 20 I, according to the manufacturés
meningioma research. protocol.

In this study, we investigate the gene expression levels
of 32 commonly used housekeeping genes in meningio-Primer selection
mas and their control tissues arachnoidea, dura and nor-For investigation to identify the most stable reference
mal brain. The RT-gPCR results were analyzed withgene that could be used for normalization in RT-gPCR
four different algorithms, to select eight suitable refer- studies in meningiomas TagMan Express Plate Human
ence genes. Those genes plus GAPDH and ACTB wer&ndogenous Control Plates (Applied Biosystems, Foster
compared in an increased number of meningiomas andCity, CA) were used, which contained 32 different genes
control tissues. These RT-qPCR results were furtherplated in triplicates (Table 1). This collection of genes
analyzed with two different algorithms: NormFinder and has been selected from literature searches and/or whole

Bestkeeper-1. genome microarray tests carried out on numerous
human tissues. They have been shown to be expressed

Methods constitutively and at moderate abundance across most

Tumour Specimens and Cell Culture test samples. All primers further evaluated spanned an

Meningioma surgical specimens as well as arachnoideaxon junction to minimize inaccuracies due to genomic
and dura mater were obtained from the Neurosurgical DNA contamination in RNA samples except the primer
Department in accordance to regulations of the Ethic for S18. Additional information on assay optimisation
Committee of the University of Tuebingen. Primary cul- and validation such as primer sequence for each Tag-
tures were obtained from tumour tissue samples within 30 Man®™ Assay are available from Applied Biosystems.
minutes of surgical removal. Samples were first washed ifPriming conditions, primer concentration and annealing
phosphate-buffered saline (PBS), reduced and mashetémperature was identical in all used TagManGene
through a filter and placed in Dulbeccs modified Eagls Expression Assays. TagMarbased detection was cho-
medium (DMEM) with fetal bovine serum (FBS), 2 mmol/ sen, because this detection method detects only specific
L L-glutamine and 0,1% 10 mg/ml Gentamicin (Invitro- amplification products, whereas SYBRGreen based
gen, Grand Island, NY). Cells were plated in 25-mris-  detection detects all amplified double-stranded DNA,
sue culture flasks and incubated at 37 C in a humidifiedincluding nonspecific double-stranded DNA sequences,
atmosphere of 5% C® Medium was changed every 3 to 4 which may generate false positive signals. Melt curves
days and cultures were split using 660 Accutase (PAA, were not assessed because they are only suitable for
Pasching; Austria). Viable cells were stored in liquid nitro- SYBR -Green based detection.

gen in 90% medium/10% dimethyl sulfoxide. For further evaluation single TagMan Gene Expres-
sion Assays for ACTB, CASCS3, EIF2B1, GAPDH, IPOS,
RNA isolation and reverse transcription MRPL19, PGK1, POP4, PPIA, RPL37A (Applied Biosys-

Meningioma total ribonucleic acid (RNA) was isolated tems, Foster City, CA) were used, which were identical
directly from primary cell cultures before splitting and with the assays used in TagManExpress Plate Human
RNA of Arachnoidea and dura was isolated from fresh tis- Endogenous Control Plates.

sue using PARIS kit (Ambion, Inc., Austin, TX), accord-

ing to the manufactureis protocol. RNA was treated with Real-time PCR

DNA-frees (Ambion, Inc., Austin, TX) to remove resi- TagMan real-time PCR was run in triplicates in 48-well
dual genomic DNA. The concentration of the isolated reaction plates with a StepOne (Applied Biosystems,
RNA and the 260/280 absorbance ratio was measured irFoster City, CA). Real-time PCR reaction was performed
triplicates with Eppendorf Biophotometer (Eppendorf, with 1 «| cDNA (5 ng/e1) in 20 « | reaction mix contain-
Hamburg, Germany). The integrity of RNA samples wasing 10 I TagMan® Gene Expression Master Mix
confirmed by electrophoresis on a 2% Sybr Green agaros@A\pplied Biosystems, Foster City, CA) ande1 TagMan’

gel (Invitrogen Inc., Carlsbad, CA). The criterion to Gene Expression Assays (Applied Biosystems, Foster
include RNA samples was 260/280 ~ 2 (1.9 to 2.2) andCity, CA). The cycling conditions were as follows: initial
28S/18S ratio 1.7. The probes were stored at - 80 C until holding period at 95 C for 10 min, followed by a two-step
use. For normal brain FirstChoiceHuman Brain Refer- PCR program consisting of 95 C for 15 s and 60 C for
ence RNA (Ambion, Inc., Austin, TX) was used, which 1 min for 40 cycles. Reverse transcriptase negative
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Table 1 Candidate reference genes evaluated in this study
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Gene Gene Name Genbank Acession No. TagManss® '®  Amplicon

Symbol length

18S Eukaryotic 18S rRNA X03205.1 (MRNA) Hs99999901_s1 187

ABL1 v-abl Abelson murine leukemia oncogene homolog 1 NM_005157.3 + NM_007313.2 Hs00245445 ml1 91

ACTB Actin, Beta, cytoplasmic NM_001101.3 Hs99999903 m1 171

B2M Beta-2-microglobulin NM_004048.2 Hs99999907_m1 75

CASC3 cancer susceptibility candidate 3 NM_007359.4 Hs00201226_m1 67

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cipl) NM_078467.1 + NM_000389.3 Hs00355782_ml1 66

CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kipl) NM_004064.3 Hs00153277_m1 71

EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, 26 NM_001414.3 Hs00426752_m1 75

kDa

ELF1 E74-like factor 1/ets domain transcription factor) NM_172373.3 + Hs00152844 ml1 76
NM_001145353.1

GADDA45A growth arrest and DNA-damage-inducible, alpha NM_001924.2 Hs00169255_m1 123

GAPDH Glyceraldehyde-3-phosphate dehydrogenase NM_002046.3 Hs99999905 m1 122

GUSB Glucuronidase, Beta NM_000181.3 Hs99999908 m1 81

HMBS Hydromethylbilane synthase NM_000190.3 Hs00609297_ml1 64

HPRT1 Hypoxanthine guanine phospho- ribosyl transferase 1 NM_000194.2 Hs99999909 ml1 100

IPO8 Improtin 8 NM_006390.2 Hs00183553 ml1 71

MRPL19 mitochondrial ribosomal protein L19 NM_014763.3 Hs00608519_m1l 72

MT-ATP6 mitochondrially encoded ATP synthase 6 NC_001807.ATP6.0 Hs02596862_g1 150

PES1 pescadillo homolog 1, containing BRCT domain (zebrafish) NM_014303.2 Hs00362795_gl 56

PGK1 Phosphoglycerate kinase 1 NM_000291.3 Hs99999906_m1 75

POLR2A Polymerase (RNA) Il (DNA directed) polypeptide A, 220 kDa NM_000937.3 Hs00172181_ml1 61

POP4 processing of precursor 4, ribonuclease P/MRP subunit NM_006627.2 Hs00198357_m1 68

PPIA Peptidylprolyl Isomerase A NM_021130.3 Hs99999904_m1 98

PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 NM_153001.1 + NM_006503.2  Hs00197826_m1 83

PUM1 pumilio homolog 1 (Drosophila) NM_001020658.1 + Hs00206469_m1 89
NM_014676.2

RPL30 ribosomal protein L30 NM_000989.2 Hs00265497_m1 149

RPL37A ribosomal protein L37A NM_000998.4 Hs01102345 ml1 125

RPLPO Ribosomal protein, large, PO NM_053275.3 + NM_001002.3  Hs99999902 m1 105

RPS17 ribosomal protein S17 NM_001021.3 Hs00734303 g1 93

TBP TATA binding box protein NM_008907 Hs99999910 ml1 127

TFRC Transferrin receptor NM_001128148.1 + Hs99999911 ml1 105
NM_003234.2

UBC Ubiquitin C NM_021009.4 Hs00824723_m1 71

YWHAZ Tyrosine 3-monooxygenase NM_003406.3 Hs00237047_m1 70

Thickly printed reference genes were further evaluated. TagMaAssay ID ending witt?_m° indicates an assay whose probe spans an exon junction and will not
detect genomic DNA2_¢° indicates an assay that may detect genomic DNA. The assay primers and probe may also be within a single ®x®rndicates an
assay whose primers and probes are designed within a single exon, such assays will, by definition detect genomic DNA. Additional information for each

TagMari Assay is available from Applied Biosystems.

controls and2no template control§ (without cDNA in  Expression Assay were generated using the slops of the
PCR) were included. Data were collected and quantita-standard curves. The efficiencies were calculated by the
tively analyzed using StepOme Software v2.1. Relative formula: efficiency (%) = (10V5'°P®)-1) * 100. All assays
guantitation analysis of gene expression data for VEGFAdisplayed efficiencies between 93.2% and 100.2% (Table 2).
analysis was conducted according to the2°* method
[22]. Statistical analysis

For PCR efficiency a 5-fold dilution series was createdTo compare the stability of candidate reference genes,
from a random pool of cDNA from our sample group ran- four validation software programs were used according
ging from 50 ng to 0.08 ng. PCR were performed asto their original publication: geNorm http://medgen.
described above in triplicate. The PCR efficiency andugent.be/~jvdesomp/genorm[23], NormFinder http://
correlation coefficients (R) of each TagMarn Gene www.mdl.dk/publicationsnormfinder.htm[24],
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Table 2 Efficiency data for evaluated genes mean G values displayed a wide range of expression levels
Gene symbol Slope R Efficiency (100%) between 10.41 and 33.78 as shown in Figure 1. The most
ACTB - 3.420 1.000 96.1 abundant transcript was S18 with median;@alue of
CASC3 - 3.442 0.999 95.2 11.50 in meningiomas and a mean; @alue of 13.59 in
EIF2B1 .3.434 0.997 95.5 normal tissue. In meningioma the lowest expressed genes
GAPDH - 3.430 1.000 05.7 were YHWAZ with median G value of 30.27 and TBP
IPOS -3.390 1.00 97.3 with 30.08. In normal tissue HMBS had the lowest expres-
MRPL19 -3.364 0.999 98.3 sion with a median ¢ value of 32.70. Tumour tissue and
PGK1 - 3.266 0.994 100.2 normal tissue group of five candidate reference genes
POP4 -3.410 0.999 96.4 (CASC3, CDKN1B, POLR2A, PUM1 and UBC) were sta-
PPIA - 3.497 1.00 93.2 tistically equivalent to within  1.5.

RPL37A - 3.406 1.000 96.6

Expression stability of 32 candidate reference genes in
meningioma and brain

BestKeeper-1 http://www.gene-quantification.de/best- All 32 housekeeping genes were analyzed using four dif-
keeper.html[25] and the comparative delta Ct method ferent algorithms, geNorm NormFinder, Bestkeeper-2
[26]. For geNorm and NormFinder the raw Cvalues and the comparative delta Ct method. An integration
were transformed to quantities by using the delta, C tool calculated the geomean of each gene across the
method [27]. The highest relative quantities for each four algorithms and ranked the reference genes accord-
gene were set to 1. Bestkeeper-1 and the comparativing to their comprehensive gene stability (Figure 2). The
delta Ct method use raw Cvalues. To evaluate the three most stable reference genes were PGK1 > RPL37A
results from the four algorithms an integration tool for > POP4. The least stable reference genes were CDKN1A
analyzing reference genes expression was used http:# RPLO > GADD45A. Three of four used algorithms
www.leonxie.com/referencegene.php. First according taanked PGK1 highest, only Bestkeeper-1 ranked CASC3
the reference genes ranking by every algorithm from thehighest and PGK1 only in fourteenth place. For further
most stable gene to the least stable gene, a series of coanalysis eight of the highest ranked expression genes
tinuous integers starting from 1 as weight to each refer-were chosen: PGK1, RPL37A, POP4, MRPL19, IPOS8
ence gene is assigned. The geomean of each gerssd CASC3. Additionally the most used reference genes
weights across the four algorithms is calculated andin meningioma gPCR experiments ACTB and GAPDH
then these reference genes are re-ranked. The gene wittvere also chosen although being only ranked in fifteenth
the less geomean is viewed as more stable referenaespectively eighteens place and being considered incon-
gene. Input data is value data from Real-Time gRT-sistent with a standard deviation (SD) higher than 1 by
PCR. Statistical analysis was performed with GraphPadBestkeeper-1. Three reference genes (CDKN1B, UBC
Prism V5.03 (GraphPad Software, La Jolla, USA). Norand POLR2A) with equivalent tumour and normal tissue
mality was assessed according tdAgostino-Pearson group were ranked low from position 19 to 22 respec-
tests with alpha = 0.05. For evaluation of statisticaltively 13. CASC3 was the only one included for further
equivalence a confidence-interval version of the Twoinvestigation with statistically equal groups.

One-Sided Tests (TOST) procedure of Schuirmann was

used [28]. The groups are considered equivalent at a 5%xpression stability of eight reference genes plus GAPDH
significance level if their difference has a 90% confidencend ACTB in meningiomas, arachnoidea, dura and normal
interval that lies entirely inside the upper and lower brain

equivalence limits. Therefore we considereds = 1.5 To validate the expression stability of CASC3, EIF2B1,

to be reasonable limits of equivalence. IPO8, MRPL19, PGK1, POP4, PPIA, RPL37A plus
GAPDH and ACTB, thirty-four randomly chosen pri-
Results mary cultured meningiomas, the meningioma cell line
Expression levels of 32 reference genes in meningioma IOMM-Lee, two arachnoidea, six dura mater, one cer-
and normal tissue ebral meninges and two pooled normal brain samples

To select suitable reference genes TagMahuman endo- were screened for these reference genes. For analysis
genous control plates (Applied Biosystems, Foster Cityfwo different algorithms were chosen: NormFinder
CA, USA) were used containing 32 known housekeepingand Bestkeeper-1. NormFinder has a model-based
genes (Table 1). Four different meningiomas, the malig-approach whereas Bestkeeper-1 employs a pair-wise
nant meningioma cell line IOMM-Lee, normal brain, cere- correlation analysis. NormFinder also estimates the
bral meninges and dura mater were analyzed regarding thevariation between subgroups such as normal and can-
gene expression levels of those housekeeping genes. Tleer tissue.
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Figure 1 Expression levels of 32 candidate reference genesExpression levels of 32 reference genes in four meningjdima malignant
meningioma cell line IOMM-Lee, normal brain, cerebral meninges and dura mater. Real-Time PCR cycle threshold nhumbers, arastown (C
Box plots represent maximum and minimum values with median. Lopwal@s indicate higher gene expression.

J

Both algorithms identified RPL37A as the most stableand POP4 (+1.36). Those three genes were not normally
gene in meningiomas and normal control tissue with an distributed in meningiomas (CASC3 (P-value = 0.002),
average expression stability value (M) value of 0.54 (BestPO8 (P-value < 0.0001) and POP4 (P-value = 0.0005).
keeper-1) respectively 0.12 (NormFinder). NormFinder After inclusion of the normal tissue group IPO8 and
not only determines the most stable gene, but also thePOP4 remained not normally distributed.
best combination of two genes, which are RPL73A and
EIF2B1 with a stability value of 0.088. The remaining Contribution of reference genes on expression levels of
ranking differed significantly for Bestkeeper-1 and Norm- target genes
Finder (Table 3). Bestkeeper-1 considered ACTB incon-The selection of a reference gene for normalisation of
sistent with SD = 1.00 in meningiomas and their control gPCR can have a distinct influence on the expression
tissue, whereas PGK1 was inconsistent in meningiomagprofile of target genes [29]. To show the influence of dif-
(SD = 1.04). Both algorithms determined EIF2B1 andferent reference genes on the determination of gene
RPL37A as the two most stable genes in normal tissueexpression levels, VEGFA expression levels in meningio-
(Table 5). In contrast there were significant differencesmas and their control tissues were sequentially normal-
between the ranking of Bestkeeper-1 and NormFinder inized with the analyzed ten reference genes. Thev@lues
meningiomas (Table 4). Bestkeeper-1 ranked CASC3 andor VEGFA were between 29 and 31. The expression
RPL37A highest. NormFinder identified MRPL19 and level of VEGFA was normalized to each single reference
POP4 as the two most suitable genes, ranking CASC3ene as shown in Figure 3. The relative gene expression
and RPL37A in eighth respectively ninth position. level (RQ) of VEGFA was calculated relative to the ara-

TOST procedure showed statistical equivalencechnoidea group (RQrachnoidea= 1). Subsequent bars
between normal tissue and meningiomas ¢ =+ 1.5) represented the different expression levels of VEGFA in
for three reference genes: CASC3 (+0.87), IPO8 (+0.57) ormal brain, dura and meningiomas normalized by
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Figure 2 Comprehensive gene stability of 32 candidate reference genes in meningiomas and control tissueGeomean of ranking valugs

gene expression.

different reference genes. Most reference genes maindata normalization [23,24,29,30]. The application of an
tained the ratio between brain, dura and meningiomainappropriate reference gene can lead to false experi-
except IPO8 and CASC3. Normalization with IPO8 or mental conclusions [31-33]. Therefore one or more
CASC3 showed significantly increased ratio for brain toreference need to be chosen dependent on used tissue

dura and brain to tumour. and experimental conditions.
To our knowledge, this is the first systematic analysis
Discussion of average expression stability of reference genes in

The requirement for distinct and reproducible results meningiomas for data normalisation in gPCR experi-
from quantitative gene expression analysis is accuratenents. To evaluate the average expression stability four
analysis software programs (geNorm, NormFinder,

Table 3 Ranking of ten candidate reference genes in

meningiomas and their control tissue based on average Table 4 Ranking of ten candidate reference genes in
expression stability value as calculated by Bestkeeper-1 meningiomas based on average expression stability
and NormFinder value as calculated by Bestkeeper-1 and NormFinder
Rank Bestkeeper-1 NormFinder Rank Bestkeeper-1 NormFinder
Gene name Stability value Gene name Stability value Gene name Stability value Gene name Stability value

1 RPL37A 0.54 RPL37A 0.118 1 CASC3 0.43 MRPL19 0.197
2 CASC3 0.54 EIF2B1 0.122 2 RPL37A 0.45 POP4 0.269
3 MRPL19 0.65 POP4 0.155 3 MRPL19 0.59 IPO8 0.277
4 IPO8 0.66 MRPL19 0.163 4 IPO8 0.62 PPIA 0.312
5 POP4 0.70 PGK1 0.169 5 PPIA 0.63 PGK1 0.332
6 PPIA 0.73 PPIA 0.200 6 POP4 0.63 EIF2B1 0.355
7 EIF2B1 0.74 GAPDH 0.286 7 PGK1 0.67 GAPDH 0.386
8 PGK1 0.76 ACTB 0.287 8 EIF2B1 0.70 CASC3 0.388
9 GAPDH 0.83 CASC3 0.289 9 GAPDH 0.75 RPL37A 0.447

=
o

ACTB 0.95 ACTB 0.521

=
o

ACTB 1.00 IPO8 0.380

(y-axis) of 32 reference genes with their ranking from least to most stable gene expression (x-axis). Lower geomean values indicate more stable
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Table 5 Ranking of ten candidate reference genes in one of the least stable genes. Bestkeeper-1 considered
normal control tissue based on average expression ACTB unsuitable as reference gene in meningiomas and
stability value as calculated by Bestkeeper-1 and their control tissues.
NormFinder Because there is so few data available for gene expres-
Rank Bestkeeper-1 NormFinder sion of reference genes in meningiomas a large number
Gene name  Stability value Gene name  Stability value  of reference genes were screened. Using four randomly
1 EIF2B1 0.45 EIF2B1 0.306 chosen meningiomas, the malignant meningioma cell
2 RPL37A 0.56 RPL37A 0.318 line IOMM-Lee, pooled normal brain, cerebral meninges
3 PPIA 0.65 MRPL19 0.329 and dura mater was sufficient to determine expression
4 MRPL19 0.69 PPIA 0.404 levels of all reference genes as shown in Table 1.
5 ACTB 0.75 GAPDH 0.415 Because the four algorithms use different approaches for
6 POP4 0.77 POP4 0.419 their rankings of the 32 reference genes, the ranking dif-
7 IPO8 0.82 CASC3 0.462 fered significantly making a selection of genes for
8 GAPDH 0.82 ACTB 0.542 further investigation difficult. Using the integration tol
9 CASC3 0.85 PGK1 0.590 which weighs the ranking of each algorithm made the
10 PGK1 1.04 IPO8 0.621 selection easier and more comprehensible. The six most

stable reference genes according to the integration tool
(PGK1, RPL37A, POP4, MRPL19, IPO8 and CASC3)
Bestkeeper-1 and the comparative delta Ct method)were chosen for further analysis. Additionally PPIA and
based on different algorithms were used. So far variou€IF2B1 were selected. PPIA was the highest ranked
reference genes (GAPDH, ACTB, S18, TBP) were usedene, which displayed high expression levels. EIF2B1
in gPCR experiments in meningiomas [11-21,34],was the most stable gene with low expression levels.
although GAPDH was mainly used for normalizations. Because RPL30 is potentially co-regulated with RPL37A,
This study demonstrates that none of these referencet was not chosen, so the outcome of the result would
genes were ranked under the ten most stable genes ofiot be affected.

32 analyzed reference genes. However GAPDH and For a more detailed analysis the remaining ten refer-
ACTB as the most used reference genes in meningiomance genes were analyzed using an increased number of
qPCR experiments were further analyzed. After reducingsamples (R = 46 With Nhormar = 11 @nd Mneningioma =

the number of reference genes and increasing the num-35) but a decreased number of software (NormFinder
ber of samples both reference genes were considerednd Bestkeeper-1). NormFinder was chosen because of
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Figure 3 Contribution of reference gene selection to determination of target gene expression levels Data is expressed as relative ggne
expression levels (RQ) to arachnoideg {Rfbides— 1) RQ@in. and RQax are calculated with a confidence level of 95%.
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ble reference gene for normalization in gPCR in meningio-
mas and their control tissue. The following ranking
differed significantly especially for CASC3, IPO8 and
EIF2B1. Bestkeeper-1 considered CASC3 as the most
stable genes in meningiomas, but ranked CASC3 only in
ninth place for normal control tissue. This led to a second 3
place in the combined ranking due to the higher number
of tumour samples. In contrast NormFinder ranked 4
EIF2B1 highest for normal control tissue and only in sixth s
place in meningiomas. Because NormFinder weighs the
two subgroups, normal tissue versus meningiomas, the6
ranking of the control tissue has more influence on the
combined ranking. This is also demonstrated with IPO8
and conversely with RPL37A. NormFinder ranks RPL37A,
in meningiomas only in ninth place and in normal control
tissue in second place. But after including the variation
between those subgroups NormFinder displays RPL37A ad
the most stable gene for both subgroups.

Considering the results of the normalization of °.
VEGFA against every single reference genes with signifiiO
cantly altered results for CASC3 and IPO8, NormFinder
displays a more accurate ranking for meningiomas and
their control tissue.

Some researchers recommend the use of multiple refer-;.
ence genes for calculating a normalization factor [23].
NormFinder also determines the best combination of two
genes, when subgroups are included. For meningiomasy,
and their normal control tissue the combination is
RPL37A and EIF2B1.

1.

13.

Conclusions

In conclusion, the results from the current study demon-
strate that RPL37A is the most appropriate single refer-
ence gene for the normalization process of gene profiling
studies in meningiomas and their normal control tissue 1s.
arachnoidea, dura mater and normal brain. If a combina-
tion of reference genes is applicable RPL37A and EIF2B1
are most suitable. Additionally results from the current 16.
study indicate that widely used GAPDH and ACTB are

both inappropriate reference genes for meningiomas.
17.
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Vascular endothelial growth factor signals through platelet-deri
growth factor receptob in meningiomais Vitro

C Pfister **, H Pfrommer *, MS Tatagiba® and F Roser?
IDepartment of Neurosurgery, University of Tuebingen, Hoppe-Seyler-Strasse 3, Tuebingen 72076, Germany

BACKGROUND Vascular endothelial growth factor (VEGF)-mediated angiogenesis mediates tumour growth and metastasis.
Meningiomas are primarily benign, slow-growing, highly vascularised tumours. Aside from VEGF, there is little data on the functi
of major angiogenic proteins in meningiomas.

METHODS The VEGFA, platelet-derived growth factor B (PDGFB), and their respective receptors + VEGF receptor 2 (KDR) and
PDGF receptob (PDGFR) + were quantified using real-time PCR and a TagMan Protein Assay in menimgioe@agin vitro

The effect of VEGFA and PDGFB on cell proliferation and the tyrosine phosphorylation bf WA&&ERamined.

ResuLTsMost meningiomas displayed no KDR protein expression but elevatedbPIB@HR Exogenous VEGFA stimulation
significantly increased cell proliferation. The AbiBIRiBition before stimulation with VEGFA abolished the proliferative stimuli. The
VEGFA induced concentration-dependent P&Rsine phosphorylation comparable to PDGFB-induced BRDigfeRine
phosphorylation. The PDA#Rhibitors gambogic acid, sunitinib, and tandutinib equally impaired the migration of meningioma cells.
In addition, gambogic acid suppressed the VEGFA-inducedbPipi@EiRe phosphorylation.

concLusioN Collectively, our data suggest that VEGFA primarily regulates VEGF-mediated migratD&F&ighmeningiomas.

The inhibitory effect of gambogic acid and tandutinib against meningiomangriskasiuggests that selective PDBFRibitors, in
combination with VEGF inhibitors, should be evaluated further as potential therapies forardurralignant meningiomas.

British Journal of Car{26d2) 107, 1702+1713. doi:10.1038/bjc.2012.459 www.bjcancer.com

Published online 9 October 2012

& 2012 Cancer Research UK

Keywords: meningioma; VEGF; PDGFBambogic acid; tandutinib

Meningiomas are the most common type of intracranial tumours. There are three VEGF receptor tyrosine kinases (VEGFR1+3), but
They originate from the arachnoidal cap cells of the meningeal VEGFA only binds to VEGFR1 (FLT1) and VEGFR2 (KDR),
cover of the spinal cord and brain and account f& 13+26% of all and most of the signal transduction is mediated by the latter
intracranial neoplasms (Riemenschneidet al, 2006; Louiset al, (Crosset al, 2003).
2007). The conventional treatment for meningiomas is surgery The VEGF and VEGFRs mediate angiogenesis in various brain
(McMullen and Stieber, 2004). The 5-year recurrence ratéera  tumours (Nishikawa et al, 1998; Huanget al, 2005). Although
complete resection in benign, atypical, and anaplastic meningio- VEGF is upregulated in meningiomas (Provias and Claffey979
mas were 3%, 38%, and 78%, respectively, for World Health Christov et al, 1999; Lamszuzet al, 2000; Parket al, 2000;
Organisation (WHO) grade | meningiomas, the recurrence rate Yamasaki, 2000), it is unknown whether the degree of malignancy
increased after incomplete resection from 7.5% to 9.8% at 10 yearscorrelates with the expression of VEGF (Provias and Claffey, 1997,
and 9.3% to 25.6% at 20 yearsE3&elanen, 1986; Nakaset al, Lamszuzet al, 2000; Yamasaki, 2000).
2009). The potential for malignancy is unresolved, due to a Platelet-derived growth factor B (PDGFB) is another critical
frequent discordance between histology and biology (Mahotb  factor that promotes the recruitment and proliferation of vascular
et al, 1993; Schittenhelret al, 2006). Meningiomas are categorised cells (Yancopouloset al, 2000). The PDGF signalling indirectly
into three grades by the WHO, and there are several subtypesregulates angiogenesis. Platelet-derived growth factor recefor
based on histology. (PDGFR) can induce the transcription and secretion of VEGF.
Angiogenesis is essential for the enlargement of any solid The PDGFB and its receptors (PDGFR) are expressed in several
tumour. Vascular endothelial growth factor (VEGF) is the key human cancers, such as gliomas, breast cancer, colorectal cancer,
regulator of pathological angiogenesis (Ferrae al, 2003). The  and myelomonocytic leukaemia (Yet al, 2003). The PDGHRand
VEGFA is the most abundant member of the VEGF family (Holmes PDGFB are expressed in meningiomas, and their overexpression
and Zachary, 2005; Yamazaki and Morita, 2006), which comprising correlates with the WHO grade (Wangt al, 1990; Yang, 2001).
several isoforms, such as VEGfs through alternative splicing. Several therapeutic agents that specifically target the angiogenic
pathway, such as sunitinib and tandutinib, have entered clinical
development. Both compounds are tyrosine kinase inhibitors, but
*Correspondence: Dr C Pfister; while sunitinib inhibits at least eight receptor protein tyrosine
E-mail: christina.pfister@med.uni-tuebingen.de kinases, including KDR and PDGHR (Mendel et al, 2003),
revised 11 September 2012; accepted 12 September 2012; publishaddutinib only acts on PDGFR, Fms-like tyrosine kinase 3
online 9 October 2012 (FLT3), and c-Kit (Kelly et al, 2002). Sunitinib is used to treat
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metastatic renal cell cancer and gastrointestinal stromal tumours determined using the recombinant proteins VEGFA, PDGFB
(Motzer et al, 2006), and tandutinib is in early-phase clinical (Invitrogen Inc.), KDR, and PDGFR (R&D Systems). Applied
evaluation for acute myeloid leukaemia (Cheng and Paz, 2008  Biosystems recommend®Ct values for recombinant proteins

Recently, Liuet al (2010) demonstrated that gambogic acid greater than 5. AIDCt values for the above-mentioned assays were
inhibits cell migration by suppressing PDGHRtyrosine phospho-  greater than 5 (VEGFADCt"™ 8.32; KDR DCt" 7.13; PDGFB
rylation. Gambogic acid is the major active compound in gamboge, a DCt~ 8.44; and PDGHR DCt~ 5.17). The assays for phospho-
resin from Garcinia hanburyi Gambogic acid has potent apoptotic PDGFmR and phospho-KDR consisted of probe A PDGBRnd
activity against several cancer cell lin@svitro andin vivo, including probe B phospho-PDGHR and probe A KDR and probe B
glioblastoma cell lines (Gt al, 2008; Qianget al, 2008). phospho-KDR, respectively. The specificity for phosphorylated

In this study, we analysed the expression of VEGFA, KDR, PDGFR and KDR was determined using the recombinant
PDGFB, and PDGHRIn vitro and in vivo using quantitative  proteins for PDGFR and KDR, which the respective assay
real-time PCR (qRT+PCR) and the TagMan Protein Assay. Wecould not detect.
examined the biological significance of VEGFA signalling through  The total meningioma proteinin vitro was isolated directly from
PDGFR by comparing the effects of VEGFA and PDGFB on primary cell cultures before being split using the PARIS kit
meningioma cell proliferation and PDGHRtyrosine phosphoryla- ~ (Ambion, Inc., Austin, TX, USA).In vivo meningioma and dura
tion. We also determined the effects of gambogic acid and two proteins were isolated from fresh tissue using the Protein Quant
tyrosine kinase inhibitors of PDGFR (sunitinib and tandutinib) Sample Lysis kit (Applied Biosystems) according to manufac-
on meningiomasin Vvitro. turer's protocol. A two-fold serial dilution was prepared according

to manufacturer's protocol with a cell lysate input per well ofrfy
for meningiomas and dura. Total human brain protein (Biochain,

MATERIALS AND METHODS Hayward, CA, USA) was used as a reference with an input amount
of 25nyg. A TagMan Protein Assay was performed using the
Tumour specimens and cell culture TagMan Protein Assay Core Reagents Kit with Master Mix

_ . . . (Applied Biosystems) according to manufacturer's instructions.
The meningioma surgical specimens, arachnoidea, and dura WereqRT+PCR was performed on the StepOne Real-Time PCR Systel
obtained from the Neurosurgical Department of the University of - (apjjied Biosystems) using the standard instrument protocol for
Tuebingen according to the guidelines of the ethics committee. 4 TagMan Protein Assay. The data were analysed using
The_prlmary_cultures were established from tumour tissue samplgs the ProteinAssist Software 1.0 (Applied Biosystems), which uses
within 30min of surgical removal. Samples were washed in {he DCE method to calculate relative protein expression between
phosphate-buffered saline (PBS), reduced, passed through a filter,yyeated controls and treated samples. The sample dilutions were
and placed in Dulbecgos modified Eagle’s medium (DMEM()) assayed, and the resulting Ct values were normalised to the sample
supplemlgqted with 10% fetal bovine serum (FBS) and 0.1%jnnt which requires accurate protein quantitation. Every 48-well
10mgm¥ ~ gentamycin (Invitrogen, Grand Island, NY, USA). The ' jjate included a no-protein control (NPC) to calculate thBCt
cells were plated in 25-mmtissue culture flasks and incubated at values (Ct value (samplé) Ct value (NPC)). Then, a linear range

371C in a humidified atmosphere with 5% COThe medium was a5 generated for each sample, and&t threshold was designated.
changed every 3+4 days, and the cultures were split with 800 e Fo|q change between samples was calculated between th

Accutase (PAA, Pasching, Austria). The viable cells were stored in¢ogq0ver points of each linear trend line at tHeCt threshold.
liquid nitrogen in 90% medium/10% dimethyl sulphoxide

(DMSO). To verify the presence of tumour cells, the primary . . Lo
meningioma cultures were tested immunocytochemically for the RNA isolation and reverse transcription

expression of epithelial membrane antigen and vimentin. Both T4 meningioma RNA was isolatedn vitro directly from

proteins are expressed in most meningiomas. The cells were alsopimary cell cultures before being split. Meningioma, arachnoidea,
tested for the expression of CD34, an endothelial cell marker.

X S ) . '~ and dura RNA were isolatednh vivo from fresh tissue using the
The malignant meningioma IOMM-Lee cell line was a kind gift paR|s kit (Ambion, Inc.) according to manufacturer's protocol.

from A Lal (Department of Neurological Surgery, University rhe RNA was treated with DNAfree (Ambion, Inc.) to remove
of California, San Francisco, CA, USA). The IOMM-Lee cell ogiqual genomic DNA. The RNA concentration and 260/280
line was tested using cytogenic characterisation. The human gpsorhance ratios were measured in triplicate on an Eppendorf
umbilical vein endothelial cells (HUVECs) (GenlantisCell  gjgphotometer (Eppendorf, Hamburg, Germany). The integrity
Applications, Inc., San Diego, CA, USA) were cultured in of the RNA samples was confirmed by electrophoresis on a 2%
endothelial cell growth medium (Genlantis, San Diego, CA, gypr Green agarose gel (Invitrogen Inc.). The criteria for the

USA). The human prenatal neural cells (HNCs; dv Biologics, jnciysion of RNA samples were a 260/280 ratio Bf2 (1.9+2.2)
Costa Mesa, CA, USA) were cultured in Neurobasal A medium 544 285/18S ratio ok 1.7. The probes were stored &t 801C
supplemented with B27 and 10 ngthlt FGF basic (Invitrogen). until use.

The human adult mesothelial cells (HMCs; Zen-Bio, Research o normal brain samples, FirstChoice Human Brain Reference
Triangle Park, NC, USA) were cultured in mesothelial cell growth pna (Ambion, Inc.), which pools RNA from various donors and

medium (MSO-1; Zen-Bio). several regions of the brain, was used. The RNA samples were
treated with DNAfree (Ambion Inc.). The total RNA (fg) was
reverse transcribed to cDNA using the High-Capacity RNA-to-
cDNA Kit (Applied Biosystems) in 2@i according to manufac-
The following biotinylated antibodies (R&D Systems, Minneapolis, turer's protocol.

MN, USA) were used: VEGFA (BAF293), KDR (BAF357), PDGFB

(BAF220), and PDGHR (BAF385). Phospho-PDGER(AF1767) ot i

and phospho-KSR (AF1766) were labelled with biotin using the Quantitative real-time PCR
Biotin-XX Microscale Protein Labelling Kit (Invitrogen, Carlshad, TagMan qRT+PCR was performed in triplicate in 48-well reaction
CA, USA) according to manufacturer's instructions. The biotiny- plates with StepOne (Applied Biosystems). Each reaction contained
lated antibodies were labelled with the TagMan Protein Assay 1n of cDNA (5ngnm? ) in 20m of reaction mix, containing 10
Open Kit (Applied Biosystems, Foster City, CA, USA) as per of TagMan Gene Expression Master Mix (Applied Biosystems) and
manufacturer's instructions. The specificity of each assay was 1n of TagMan Gene Expression Assay (Applied Biosystems).

TagMan protein assays

& 2012 Cancer Research UK British Journal of Cancer (201R)(10), 1702+1713
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The following TagMan Gene Expression primers were used: 10% FBS for 24 h. Subsequently, the cells were treated witressing
VEGFA (Hs99999070 m1), KDR (Hs00911700 m1), PDGFBoncentrations of VEGFA (0, 5, 10, 20, 50, and 100 n§j fin serum-
(Hs00234042_m1), and PDGFRB (Hs00387364_m1). All primerdree medium for 4 h. After 3 h of treatment, 5-Bromo%@leoxy-uridine
span an exon junction and will not detect genomic DNA. The (BrdU) was added to each well (1:1000). After incubation, BrdU
cycling conditions were as follows: an initial hold at 96 for was detected using the BrdU Labelling and Detection Kit Il (Roche,
10 min, 98IC for 15, and 6@C for 1 min for 40 cycles. Mannheim, Germany) according to manufacturer's protocol. The
Reverse transcriptase-negative controls and no-template con- cell number was evaluated under a light microscope.
trols (without cDNA) were included. RPL37A (Hs01102345_m1),
which is the optimal reference for meningiomas and control
tissues (Pfisteret al, 2011), was used as the reference gene for
relative quantification. The data were collected and analysed Primary meningioma cells (0.3 1(cells per ml) were seeded onto
quantitatively using StepOne, v2.2 (Applied Biosystems). The 24-well tissue culture dishes using the Radius 24-Well Cell
relative gene expression data were analysed using tHePZ Migration Assay (Cell Biolabs, Inc., San Diego, CA, USA) according
method (Ericksonet al, 2007). to manufacturer's instructions. After 24 h of incubation to allow
spreading, the gel was removed. The compounds were added in a
medium that contained 10% FBS, and the cells were incubated for
24h with various concentrations of sunitinib, tandutinib, and
Four-micron sections that contained human meningiomas were gambogic acid (0.125+X@y ml¥ ) to determine their effect on cell
cut from formalin-fixed paraffin-embedded tissue blocks. The migration. The meningioma cell migration was observed and
slides were deparaffinised in a series of histolene (Engelbrecht,photographed under an inverted microscope before and after
Edermuende, Germany) and alcohol solutions. The Vectastain Elite 24 h of inhibition with sunitinib, tandutinib, or gambogic acid.
Universal Kit (Vector Laboratories, Burlingame, CA, USA) was The cells were analysed using CellProfiler (www.cellpiefiorg)
used according to manufacturer's protocol. Briefly, the slides were (Carpenteret al, 2006).
treated with an antigen unmasking solution (citrate buffer, pH 6.0;
941C; 30 min), rinsed with PBS, and bathed in 3%8, for 10 min,
followed by blocking with avidin/biotin (Vector Laboratories).
The slides were incubated overnight atld with a primary  Statistical analysis was performed with GraphPad Prism, V5.03
VEGFA rabbit polyclonal antibody (sc-152; Santa Cruz, Santa Cruz,(GraphPad Software, La Jolla, CA, USA). All results are expressed
CA, USA) at 1:60, a KDR rabbit polyclonal antibody (Ab2349; as mean values standard deviation (s.d.). Statistical comparisons
Abcam, Cambridge, MA, USA) at 1:100, a PDGFB rabbit between two groups were made using the ManntWhitney test. For
polyclonal antibody (sc-127; Santa Cruz) at 1:100, or a PDBFR statistical comparisons between a group and the human brain
rabbit polyclonal antibody (sc-339; Santa Cruz) at 1:200. Next, the reference, the Wilcoxon signed-rank test was used. Significant
slides were washed three times with PBS, a biotinylated secondarydifferences between sets of data were determined using a paired
antibody was applied, and a premixed avidin-biotin-peroxide t-test. The level of significance was set @b 0.05. All tests were
complex was added (ABC; Vector Laboratories). The stains weretwo-sided.
developed with Vector Novared (Vector Laboratories). The
positive controls were selected for each specimen as follows:
VEGFAtL KDR (human kidney), PDGFR (human placenta), and RESULTS
PDGFB (human pancreas). The negative control slides were . L
incubated either without primary antibody or with a blocking Elevated PDGFR expression in meningiomas

peptide. The sections were counterstained with haematoxylin and the RNA and protein expression was measured in meningiomas
examined using light microscopy. The immunohistochemical i, yitrg andin vivo (Table 1). The RNA expression was quantified
samples were graded from 0% to 100% based on the percentaggsing qRT+PCR with RPL37A for normalisation. The protein levels
of cells that were positive relative to the total tissue. were measured with a TagMan Protein Assay. The human brain
was used as a reference. Only three samples of arachnoidea, the cap
Growth factors, inhibitors, and drugs cells from which meningiomas originate, were obtained. Due to the

. . . small sample size and the structure of the arachnoidea, only a
VEGhgs (VEGFA, PHC9391; Invitrogen Inc.) was reconstituted in g amount of RNA and protein was isolated. The RNA and
sterile distilled water, aliquoted, and stored a§ 201C until use.

. - rotein levels of several angiogenesis genes in the arachnoidea and
PDGF-BB (PDGFB, PHG0041; Invitrogen Inc.) was re(:onstltutedp glog g

in 100mv acetic acid and 0.1% BSA, aliquoted, and stored at
y 201C until use. The VEGFR2 (KDR) kinase inhibitor VI (Ki8751) o o o
(676484; Merck, Darmstadt, Germany) inhibits KDR with anstC Table_l The number of meningiomas used for itheivaandin vitro
of 0.9rv and has no effect on PDGHRat concentrations as high ~ €xperments

as 10m. PDGFR tyrosine kinase inhibitor Il (521232; Merck) )
inhibits PDGFR with an I1Cs, of 80 v with no inhibitory effect RNA Protein
on KDR. Both inhibitors were dissolved in DMSO (Sigma-Aldrich,

GAP assay

Immunohistochemistry

Statistical analysis

St Louis, MO, USA) and stored gt 201C. Sunitinib malate (SU-11248, Invivo —lnviro —Invivo In vitro
Sutent) and gambogic acid were obtained from Santa Cruz, prachnoidea 3 ¥ 3 +
and tandutinib (MLN518) was purchased from Selleck Chemicals pyra 10 + 6 +

(Houston, TX, USA). The stock solutions of sunitinib, tandutinib, Meningioma WHQII 28 39 17 17
and gambogic acid were dissolved in DMSO, storedyaR0IC, and  Meningioma WHOLI 21 34 17 17
diluted in fresh medium immediately before use. Meningioma WHQlII 3 5 3 5

Abbreviation: WHO World Health Organisatiorin vivaRNA and protein were
Proliferation assay isolated directly from fresh surgical specimen. Fan thig'oORNA and protein

isolation, the surgical specimen were processed and cultured, and the RNA and
The IOMM-Lee cells and primary meningioma cells in mid-log protein were isolated before the cells were split. The RNA and protein were isolated
phase were seeded onto 24-well culture plates in DMEM containing from human dura directly due to the difficulties in handling.
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dura were similar, with the exception of KDR, which was The PDGFB RNA and protein levels were significantly
significantly higher in arachnoidea R~ 0.002). Thus, we chose downregulated in meningiomas compared with dura

to measure the gene expression in the dura, from which ample (RNA: P, vitro ~ 0.0002;P;, vivo~ 0.0076; proteinPy, viyro = 0.003;
RNA and protein could be isolated. Due to the small number of Py, vivo~ 0.0082), as shown in Figure 1E. There were no significant
arachnoidea samples, the expression of angiogenesis genes imlifferences in expression levels between WHO grades.
meningiomas was compared with the expression in dura to detect
significant changes in expression levels, except for KDR. All results Immunohistochemical staining of angiogenetic proteins
are expressed as the relative gene expression levels (RQ) to brain

(RQgrain~ 1) for RNA or as the fold change with brain as reference Immunohistochemistry was performed using 54 surgical human

(fold changeain~ 1) for protein.

The PDGFR RNA and protein expression was significantly
higher in meningiomas compared with the brain Rp 0.0001)
(Figure 1A). The PDGFR RNA expression in vitro was
significantly decreased in WHQAlIl ( Pwho 1 vs who 1~ 0.0198
and Pwho m1 vs who mn~ 0.0004), but there was no difference
between WHOIl and 1lI. The in vivo RNA expression of PDGHR
was significantly decreased in meningiomas compared with dura

meningioma specimens that included + 28 WH®, 21 WHO 1II,
and 5 WHOlIl meningiomas. Figure 2A shows a representation of
the staining in a negative control (A), a positive control (kidney)
for VEGFA (B), positive VEGFA expression in a meningioma (C),
a positive control (kidney) for KDR (D), positive KDR expression
in a meningioma (E), negative KDR expression in a meningioma
(F), a positive control (placenta) for PDGHRR(G), and positive
PDGFm expression in two meningiomas (H 1). All angiogenetic

(P™ 0.0014) but displayed no significant changes between WHO proteins displayed cytoplasmic and membranous staining in

grades. In contrast to then vitro RNA levels, thdn vitro protein
expression of PDGHR was significantly decreased in dura
compared with meningioma P~ 0.042). The PDGHR RNA
and protein levelsin vitro were significantly higher than those
detectedin vivo (Prnya”™ 0.0002Ppotein” 0.0045).

Most meningiomas displayed no KDR protein expression

The KDR RNA and protein expression was significantly elevated in
arachnoidea compared with duraRgna”~ 0.002;Pprotein” 0.0167)

(Figure 1B). In addition, the KDR levels were higher in dura
compared with the brain Prna™ 0.002; Ppiotein” 0.0156). In

contrast, the KDR RNA and protein expression in meningiomas
was significantly decreasedPgna” 0.001; Pprorein” 0.0014). In

fact, KDR could not be detected in most meningiomas. Only 4 of 38
(10.3%) primary meningioma cell cultures displayed positive KDR
protein expression (Figure 1C). In all, 8 of the 37 (21.6%)
meningiomas that were isolated directly from fresh surgical

specimens were KDR positive. The KDR RNA expression

was extremely low in most meningiomas (medignyiyo =~ 0.17;
median, vivo . 0.28). Only fivein vitro (6.4%) and ninein vivo
(17.3%) meningiomas displayed an RQ of 0.5. The KDR
expression was two-fold higher in meningioma® vivo, but a
significant difference was only displayed between thevivo and
in vitro RNA levels P” 0.0043). There were no significant

differences in the expression levels between WHO grades. For.

comparison, the RNA and protein expression levels of PDGFR
and KDR in eight cancer cell lines were determined (data not
shown). The PDGFR expression was on average 97% lower in
cancer cell lines compared with brain expression, and KDR
expression was on average 15% higher.

Broad distribution of VEGFA expression and low PDGFB
expression in meningiomas

VEGFA RNAIn vivo and in vitro was significantly downregulated
in meningiomas compared with arachnoidea and dura (arachnoi-
dea: Py, viwro = 0.0346; Py, vivo~ 0.0331; dura:Py, viwvo  0.012;
Pin vivo~ 0.0023) (Figure 1D). In contrast, thén vitro VEGFA
protein expression was significantly higher in meningiomas
compared with dura P~ 0.034). In addition, the VEGFA expres-
sion in meningiomas displayed a broad distribution, especially
in vivo. For thein vivo RNA expression, the minimum was 0.02
and the maximum was 132.5 with a median of 0.728.vitro, the

neoplastic cells. Expression of KDR and PDG#FRas also found

in blood vessels. Figure 2B£E shows the expression of angiogeneti
proteins based on the percentage of cells that were positive relative
to the total tissue sample.

All meningiomas stained positive for VEGFA and PDGIERThe
median percentage of PDGBRpositive cells in meningiomas was
20% (range 2+80%). As shown in Figure 2C, PDGFRRpression
differed between gradesP(yno 1 vs who 11~ 0.0426;Pwho 11 vs
whHo un  0.0315). The median percentage of VEGFA-positive
cells was 30% (range 2+90%). The expression in meningiomas dic
not differ between WHO1l and WHO 1ll. In contrast, VEGFA
expression was higher in grade WHQ!Il vs grade WHO 1|
meningiomas P~ 0.02) (Figure 2D).

Forty-seven meningiomas (87%) were positive for KDR with a
median percentage of 2.5%. Most meningiomas (67%) showed low
KDR expression with up to 5% positive cells. Eleven meningiomas
(20%) demonstrated 10+30% positive staining. Expression of KDR
was not significantly different between the WHO grades
(Figure 2E).

Fifty-three meningiomas (98%) were positive for PDGFB
(median percentage 20% and maximum 90%). There were no
differences in PDGFB expression between the WHO grades.

Proliferative response to exogenous VEGFA in
meningiomas

To investigate the biological significance of the elevated PDBFR
expression and the mostly non-expression of KDR in meningiomas
IOMM-Lee cells, a malignant proliferating meningioma cell
line, were cultured with increasing amounts (0, 5, 10, 20, 50, and
100ng m¥ %) of VEGFA and PDGFB for 4 h in serum-free medium.
As shown in Figure 3A, cell proliferation was significantly
increased after treatment with 10ngml® VEGFA (f 42%
compared with control conditions,Po 0.05), 20ngmi{ * VEGFA
($87.4% compared with control conditions, Po 0.005),
50ngmP * VEGFA (+ 94.6% compared with control conditions,
Po 0.005), and 100ngnil* VEGFA (+ 99% compared with
control conditions, Po 0.001). The control cells were also
incubated with PDGFB. As shown in Figure 3B, cell proliferation
was similarly increased after treatment with 10 ng tht PDGFB
(# 46.2% compared with control conditionso 0.05), 20 ngmf *
PDGFB ¢ 71.2% compared with control conditionsPo 0.005),
and 50ngml * PDGFB ¢t 87.5% compared with control condi-
tions, Po 0.005). After treatment with 100ng It PDGFB,
proliferation decreased compared with treatment with 50 ngnt

lowest VEGFA expression was 0.22 and the highest expression waBDGFB ¢ 71.3% compared with control conditionsPo 0.005).

38.34 with a median of 1.42. For thie vivo protein expression,
the minimum was 0.001 and the maximum was 80 with a median of
2.6. The lowest VEGFA expressidn vitro was 0.029 and the
highest expression was 65 with a median of 0.92.

& 2012 Cancer Research UK

To determine if these results also apply to benign meningiomas
with low proliferation, two primary cell cultures of meningothelial
meningiomas were treated as described. As shown in Figure 3C,
the mean proliferation without growth factors was 5.41.7%.
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Figure 1  The in vitrandin vivdRNA and protein expression of angiogenetic proteins in meningiomas and dura. Expression of RNA was quantified u
gqRT+PCR with RPL37A for normalisation. The protein levels were measured using the TagMan Protein Assay. The data for RNA are expressec
relative gene expression level (RQ) compared with the braig,{RQL). The data for protein are expressed as fold change, with the brain as the
reference.A) The PDGFR RNA and protein expression was significantly higher in meningiomas compared with the brairoPEGFR RNA
expression was significantly decreased in VIHCPrnaA wHo 11 vswho 111w 0.0198; *Prna wHo 11vswrHo 1w 0.004; the PDGHERRNA and protein
levelsin vitrowere significantly higher compared with thosévo™Prna in vitro vs in vivo 0.00027 Poroteinin vitro vs in vivo0-045. The bars represent the
mean s.d. B) The KDR RNA and protein expression levels were significantly elevated in arachnoidea compared ViR A0ue002;
**Perotein 0.0167. In meningiomas, the KDR RNA and protein expression levels were agmﬂcantly‘ﬂ&mgas@;@pl Porotein. 0.0014. ((3) Most
meningiomas displayed no KDR protein expression. In addition, the KDR RNA expression was extremely low in most meningjpypas 0migdian
mediag, vivo 0.28). The symbols represent single data points. The horizontal bars represent the Dnetiien.VEGFA RNA was significantly
downregulatedn vivaandin vitroin meningiomas compared with arachnoid®a (.0331) and dura (P* 0.0023). In contrast, the VEGFA protein
expressionn vitrovas significantly higher in meningiomas compared with di?a (934). E) The PDGFB RNA and protein levels were significantly
downregulated in meningiomas compared with d@a,.* 0.0076; *Pootein. 0.0082.

Cell prollferatlon was significantly increased after treatment with compared with control conditions, Po 0.005), and 50ngnil*

20ngmP * VEGFA (i 100% compared with control conditions, PDGFB ¢ 134.4% compared W|th control conditions?o 0.005).

Po 0.05), 50ngmif * VEGFA (+ 126.2% compared with control ~ After treatment with 100ngmi * PDGFB proliferation slightly
conditions, Po 0.005), and 100 ng Mil* VEGFA (f 114.7% com- decreased compared with treatment with 50ng¥mt PDGFB
pared with control conditions,Po 0.001). Treatment with PDGFB (1 130.8% compared with control conditionso 0.005), as shown
significantly increased prollferatlon in benign meningiomas after in Figure 3D.

treatment with 10ngm{ * PDGFB ( 84.7% compared with To evaluate the functional effect of these findings, PDGFa&hd

control conditions, Po 0.05), 20ngm{®* PDGFB ( 99.1% KDR were inhibited with an anti-PDGFRneutralisation antibody
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Figure 2 Immunohistochemical staining of angiogenic proteins in meningiomas. The paraffin-embedded, formalin-fixed sections of meningiomas
stained with antibodies against VEGFA, KDR, PDGFB, andPPg3fRe immunoreactivity appears as red staining (Vector NovaRed). The stains were
graded from 0% to 100% based on the percentage of cells that were positive relative to the tofa) fildmipafels are a representation of staining in a
negative control (a), a positive VEGFA control (kidney) (b), positive VEGFA expression in a meningioma (c), a positive KDR control (kidney) (d), pos
KDR expression in a meningioma (e), negative KDR expression in a meningioma (f), a positiveoRiibFRtacenta) (g), and positive PDIBFR
expression in two meningiomasf(l). B) All 54 meningiomas (28 WH@, 21 WHO 1, and 5 WHO1lII) stained positive for VEGFA and POGFR
Forty-seven meningiomas (87%) were positive for KDR with a median percentage®f PHEOPRGFR expression differed between grad®so 1 vs

who 11 0.0426:Ryho w1 vswho un~ 0.0315). D) The VEGFA expression did not differ between WH@nd WHO 1I. In contrast, the VEGFA
expression was higher in grade WHOvsgrade WHO 1l meningioma®{ 0.02). E) The KDR expression displayed no significant differences between
WHO grades. The box plots represent maximum and minimum values with the median.

or a PDGFR tyrosine kinase inhibitor or an anti-KDR neutralisa- (y 38.7% after anti-PDGHR pre-treatment, Po 0.005 and
tion antibody or a KDR tyrosine kinase inhibitor, respectively, y 32.6% after PDGHRTK pre-treatment, Po 0.05, Figure 3E).
before stimulation with VEGFA. ) In contrast, pre-treatment with either 1@gml¥ ' anti-KDR
Pre-treatment with either 1@mgml¥ * anti-PDGFB neutra- neutralisation antibody or 100m KDR tyrosine kinase inhibitor
lisation antibody or 2mu PDGFR tyrosine kinase inhibitor = (KDR-TK) before incubation with VEGFA displayed no anti-
(PDGFm-TK) for 1h followed by incubation with 10ngmi ! proliferating effect.
VEGFA for 4 h resulted in a significant decrease in IOMM-Lee cell In addition, two benign meningiomas were pre-treated as
growth compared with VEGFA grown without pre-treatment described before and then incubated with 50 ng¥t VEGFA
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Figure 3 The exposure to VEGFA increased proliferation in meningiowie Proliferation was determined on the basis of the malignant meningioma
cell line IOMM-LeeA(andB) and two benign meningiom& &ndD). The cells were incubated for 4 h with serum-free medium and fresh growth factor.
The control represents proliferation independent of supplemented growth factor. Proliferation was measured using a/Betld @334yGFAB and

D) PDGFB.K) The inhibition of PDGERlecreased the VEGFA-induced proliferation. The IOMM-Lee cells were pre-treated for 1 hgwith 16f

either anti-KDR or -PDGBRheutralisation antibodies, 1@0KDR tyrosine kinase inhibitor (KDR-TK) anth PDGFR tyrosine kinase inhibitor
(PDGFR-TK), followed by either 10 ng¥ri VEGFA or 10 nghl* PDGFB for 4h. The control represents VEGFA- or PDGFB-induced proliferation.
(F) The inhibition of PDGBRor KDR decreased VEGFA-induced proliferation in benign meningiomas. After pre-treatment, the cells were incubated \
either 50 ng mfl * VEGFA or 50 ng thi* PDGFB. The control represents VEGFA- or PDGFB-induced proliferation. The data shown are the mean numt
of proliferating ceflss.d. determined from five random fields from each of three independent experifoefit65F *Po 0.005.

for 4h, because the primary meningioma cell cultures displayed VEGFA or PDGFB for 10 min at 3. PDGFR expression and
the highest proliferation effect after treatment with this growth PDGFR phosphorylation were measured with the TagMan
factor concentration. Cell growth significantly decreased after the Protein Assay. The HUVEC was used as the control. PDBFR
inhibition of PDGFRb (Y 43.1% after anti-PDGHRpre-treatment, and KDR expression was determined in different cell types
Po 0.05 andy 54.2% after PDGHARTK pre-treatment, Po 0.05;  (Figure 4A). As expected, the HUVECs displayed high KDR and
Figure 3F). The control cells were incubated with 50nghl  very low PDGFR expression. Because meningiomas are of
PDGFB. Cell proliferation significantly decreased after anti- mesenchymal origin cultured normal mesothelial cells (HMCs)
PDGFR pre-treatment 37.7% and decreased 44.4% after were also examined. These cells showed both PDEBRd KDR
PDGFR-TK pre-treatment (Po 0.05). In addition, meningioma  expression. In contrast, HNCs displayed very low KDR expression
cell growth significantly decreased after the inhibition of KDR and and decreased PDGERevels compared with the brain.

incubation with VEGFA { 47.5% after anti-KDR pre-treatment, After the HUVECs were stimulated with VEGFA, the tyrosine

Po 0.05 andy 48.1% after KDR-TK pre-treatmenfo 0.005). phosphorylation of KDR was evaluated. The tyrosine phospho-
rylation of KDR reached a maximum with 10 ng MiI* VEGFA and
i ; ; decreased with higher VEGFA concentrations (Figure 4B).
VEGFA induced PDGFRtyrosine phosphorylation The tyrosine phosphorylation level of PDGERwas determined
To provide further evidence that PDGHRs stimulated by VEGFA,  after stimulation with PDGFB, which was three-fold higher after
six randomly chosen primary meningioma cells (four WHA % stimulation with 10ngmP * PDGFB.
two WHO 1) were starved for 24h in serum-free medium. All meningiomas tested displayed high PDGBRxpression, and

The cells were stimulated with increasing amounts of either KDR was not detectable. The PDGEFRxpression and PDGHR
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Figure 4 VEGFA stimulated PDGF§rosine phosphorylation is comparable to PDGFB in meningiovites(A) PDGFR and KDR expression was
compared between meningiomas, HUVECs, HNCs, and HMCs. The data are expressed as relative quantities (RQs) compared withtHe 0)ain (|
The HUVECSs were used as a PDBHRRgative and KDR-positive conti). The tyrosine phosphorylation was determined in HUVECSs as a control. ]
HUVECSs were starved for 24 h with serum-free medium. The cells were stimulated with increasing concentrations of either VEGFA or PDGFB fi
371C. The tyrosine phosphorylation was measured using a TagMan Protein Assay. The data are shown as the mean number of two if
experiments using different HUVEC cultu@an(dD) Six primary menlngloma cell cultures were given the same treatment as the HUVECSs. Tthe PL
expression and PDGFRhosphorylation were determine@*0.05;"Fo 0.005, compared with the respective unstimulated cells. The bars represen
mean s.d.

phosphorylation were determined from VEGFA-treated primary 1Cso” 200mv (Kelly et al, 2002). The effect of gambogic acid
meningioma cells. As shown in Figure 4C, the phosphorylation on meningioma cell migration was also examined. Gambogic acid
of PDGFR® by VEGFA increased with increasing concentrations. inhibits the transferrin receptor with an IGy of 1mu, induces
The tyrosine phosphorylatlon level was three-fold higher after apoptosis and inhibits cell growth with an E§g of 0.5t1.5m
stimulation with 10ngmP * VEGFA (fold changé 3.4 1.18, (Kasibhatlaet al, 2005).

Po 0.05) and doubled after stimulation with 20 ng fil* VEGFA Sunitinib, tandutinib, and gambogic acid suppressed cell
(fold change™ 6.1 3.62,Po 0.05). The tyrosine th_sEhoryIatlon migration (Figure 5A). With increasing doses of gambogicidc
of PDGFR reached its maximum with 100ngmMl~ VEGFA  (bzi), meningioma cells became unable to close the uncoated gap
(fold change” 9.5 4.79,Po 0.005). The control cells were also in 24h. Figure 5B shows the dose-dependent inhibition of
stimulated with PDGFB. As shown in Figure 4D, the tyrosine cell mlgratlon by meningiomas following incubation with 31.25+
phosphorylation of PDGFR increased higher after stimulation 2000ngm{ * gambogic acid. Cell migration was inhibited in a
with 5ng ml¥ * PDGFB (fold change 3.1* 1.75, Po 0.05) and concentratlon -dependent manner with a mean of 9.3% for
10ngmlP * PDGFB (fold changeé 5.5 1.28, Po 0.005). After 31.25ngmf * gambogic acid to 72.1% for 2000 ng tt gamboglc
stimulation with 20 ngmP * PDGFB, the tyrosine phosphorylation  acid. Migration was suppressed by 50% on average witigml¥ *

of PDGFR was similar to VEGFA (fold change 6.2 0.98, gambogic acid (1.6m). Sunitinib and tandutinib inhibited cell
Po 0.005). With 50 ngm{ * PDGFB, the tyrosine phosphorylation migration similar to gambogic acid. Migration was suppressed by
of PDGFR reached its maximum (fold change 11.9 3.43, 50% on average with 3.8nsunitinib and with 3.6 nv tandutinib

Po 0.005). (Supplementary material online).

Gambogic acid, sunitinib, and tandutinib inhibit migration Gambogic acid inhibits tyrosine phosphorylation of
of primary meningioma cells PDGFR

The Radius cell migration assay was used to examine the migration Gambogic acid inhibits cell migration by suppressing PDGEFR
of six randomly chosen primary meningioma cells (four WHO tyrosine phosphorylation, as demonstrated by Liet al (2010).

1 f two WHO 1Il) after treatment with the angiogenesis inhibitors ~ Thus, three randomly chosen primary meningothelial meningioma
sunitinib and tandutinib. Sunitinib is a tyrosine kinase inhibitor  cells were pre-treated with increasing concentrations (0.125+
that inhibits at least eight receptor protein tyrosine kinases, 2ngml’ %) of gamboglc acid for 1 h. Then, cells were stimulated
including KDR and PDGFR, at the same 1G, (10nm) (Mendel with either 100ngmf * VEGFA or PDGFB for 10 min at 3Z.

et al, 2003). In contrast, tandutinib is a more selective tyrosine PDGFR expression and PDGHRphosphorylation were measured
kinase inhibitor that does not inhibit KDR up to 1Gy~ 30mu but using a TagMan Protein Assay. As shown in Figure 5C, gambogic
affects PDGFR in vitro at IC5o” 30w and in cellular assays at acid inhibited the tyrosine phosphorylation of PDGHR after
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Figure 5 Gambogic acid inhibits the migration of meningioménoéti®Eight different primary meningioma cells were plated in 24-well plates. The next
day, the coating of the gap was removed followed by treatment for 24 h with either gambogic acid or vehicle (DMSO). Each gap was photographet
24 h, except for the first, which was photographed afterA)IA fepresentative experiment is shown. (a) The control group after O h. (b) The control
group after 24 h. (c) Treatment with 31.25 n§tnjambogic acid. (d) Treatment with 62.5 Ag'ngambogic acid. (e) Treatment with 125 nyml
gambogic acid. () Treatment with 250 nghgambogic acid. (g) Treatment with 500 ng'hgambogic acid. (h) Treatment with 1000 ng'ngambogic

acid. (i) Treatment with 2000 ng’ntigambogic acidB} The concentration-dependent effect of gambogic acid on primary meningioma cells in a gap ass:
The pictures were analysed using CellProfiler. The data are shown as the mean number of the inhibitory effect of gambogic acid compared w
uninhibited meningioma cellS) The primary meningioma cells were pre-treated with increasing concentrations of gambogic acid for 1 h. Then, the c
were stimulated with 100 ng¥rl VEGFA for 10 min at 3. The PDGHRexpression and PDGERhosphorylation were measured using a TagMan
Protein AssayB(andC) *Fo 0.05, compared with the respective uninhibited cells. The bars represent thesrdean

stimulation with VEGFA and PDGFB (data not shown) in a similar to PDGFB-stimulated PDGHR We also noted that the
concentration-independent mannery{ 67% on average compared PDGFR inhibitors sunitinib, tandutinib, and gambogic acid
with uninhibited cells, Po 0.05). inhibit the migration of meningioma cellsin vitro.

Meningiomas are highly vascularised tumours. Several studies
have demonstrated the significance of VEGF in the proliferation
and migration of meningiomas in which VEGF has been

DISCUSSION upregulated (Provias and Claffey, 1997; Christ@at al, 1999;

In this study, we demonstrated that VEGFA signals through Lamszuzet al, 2000; Parket al, 2000; Yamasaki, 2000). Some
PDGFR in meningioma cellsin vitro. We measured the RNA and groups have observed a correlation between the degree of VEGF
protein levels of angiogenesis-related genes with sensitive andexpression and tumour vascularity or invasiveness (Sametoal,
novel techniques. The KDR was barely detectable in meningiomas1995; Provias and Claffey, 1997). In contrast, Pietsthal (1997)
with either gRT£PCR or the TagMan Protein Assay. In contrast, and Nishikawaet al (1998) could not find a relationship between
PDGFmR was significantly upregulated in meningiomas compared VEGF expression and tumour vasculature (Pietseh al, 1997;
with normal human brain samples. To provide evidence that Nishikawa et al, 1998). Lamszuzet al (2000) noted a strong
VEGFA signalling through PDGHRhas biological significance, we correlation between meningioma histological grade and VEGF
compared the effects of VEGFA and PDGFB on cell proliferation. expression, wherein increased VEGF expression was linked to
Additionally, we demonstrated that stimulation with VEGFA higher WHO grades. However, Barresi and Tuccari (2010) showed
induced PDGFR tyrosine phosphorylation in meningiomas the absence of correlation between VEGF expression and WHO
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grade (Barresi and Tuccari, 2010). Another study correlated VEGF probably influenced by the small sample numbera { 5). The low
expression and the recurrence of benign meningiomas (Yamasaki, number is due to their rarity among meningiomas. Moreover,
2000). surgically resected anaplastic meningiomas are almost always

Uesakaet al (2007) quantified VEGFA expression in meningio- previously irradiated, which influences the cell quality.
mas compared with normal human brain samples using qRT:PCR High PDGFR expression combined with low KDR and PDGFB
and did not observe any changes in expression (Uesakal, 2007).  levels in meningiomas suggests that PDGFRas a significant
In contrast, we observed that VEGFA RNA levélsvitro and in vivo function in tumorigenesis in meningiomas.
were significantly increased in meningiomas compared witte brain We determined that the addition of exogenous VEGFA doubled
but were downregulated compared with the arachnoidea and dura. cell proliferation in malignant IOMM-Lee and benign primary
The VEGFA expressiom vitro and in vivo did not differ between  meningioma cells, comparable to exogenous PDGFB, suggesting
WHO grades. Only the immunohistochemical staining of VEGFA that VEGFA signalling through PDGHRis biologically significant
showed increased levels in WH®II meningiomas. This resultwas  in meningiomas. To evaluate the functional effect of these findings,
not confirmed by gRT+PCR or the Tagman protein assay results. PDGFB was inhibited with an anti-PDGFR neutralisation
Due to the low sample numbers of anaplastic meningiomas results antibody or a PDGFR tyrosine kinase inhibitor before stimulation
can be biased especially when using only a single method. Whilewith VEGFA. The proliferative stimuli were abolished under these
VEGFA was upregulated on average, VEGFA expression inconditions. The control experiments with PDGFB stimulation
meningiomas displayed a broad distribution especialip vivo, showed that PDGFR inhibitors also neutralised PDGFB-induced
which may explain opposing observations. proliferation. Why the presence of the PDGBRnhibitor did not
Several studies have examined KDR and FLT1 in meningiomassignificantly influence the PDGFB-induced proliferation rate in
(Hatva et al, 1995; Otsukaet al, 2004; Huanget al, 2005; Preusser IOMM-Lee cells remains to be determined.
et al, 2012). Hatveet al (1995), Otsukeet al (2004), and Preusser The cells were also inhibited with an anti-KDR neutralisation
et al (2012) determined KDR expression using either immuno- antibody or a KDR tyrosine kinase inhibitor before stimulation
histochemistry or in situ hybridisation. Hatva et al (1995) with VEGFA or PDGFB, respectively. As expected, the PDGFB
examined only three meningiomas, which cannot provide justifi- induced proliferation was not influenced by KDR inhibition. The
able conclusions. The KDR protein expression was detected in VEGFA-induced proliferative stimuli were abolished after KDR
31.4% of specimens (Otsukat al, 2004), and KDR mRNA was inhibition in benign meningiomas but not in IOMM-Lee cells.
demonstrated in 44.4% of samples (Preussgral, 2012). Those There are two possible ways to interpret these results. First, the
results show that KDR is not expressed in the majority of VEGFA-induced proliferative stimuli may be dependent on the
meningiomas. The data also provide no information about the binding of VEGFA to PDGFR as implied by the IOMM-Lee data.
expression level of KDR. Our finding that most examined Second, the VEGFA-induced cell proliferation may rely on both
meningiomas displayed no KDR protein expression does not KDR and PDGFR binding to VEGFA. Because some meningiomas
contradict previous studies. In addition, the methods used may express detectable KDR the second possibility is preferable to the
influence the results. Our immunohistochemical data for KDR first.
expression show 87% positive specimens, but most meningiomas To further investigate the effect of VEGFA on PDGHRn
displayed low KDR levels. meningiomas, we determined whether VEGFA caused the
Contradicting results were reported by Huanet al (2005), who  tyrosine phosphorylation of PDGFR The protein lysates from
measured KDR and FLT-1 expression in various brain tumours VEGFA-treated primary meningioma cells were analysed with a
with qRT+PCR, using glyceraldehyde-3-phosphate dehydrogenaseragMan Protein Assay, which allowed for the quantification of
(GAPDH) to normalise and compare the results with those in tyrosine phosphorylation in meningiomas. We demonstrated that
HUVECSs. Of the brain tumours that were examined, meningiomas VEGFA induces concentration-dependent PDGFf§rosine phos-
had the highest KDR and FLT-1 levels. In contrast, we determined phorylation in meningiomas after 10 min. A comparison with
very low KDR RNA expression in most examined meningiomas. PDGFB-induced meningioma cells showed a similar increase
Huanget al (2005) also observed higher VEGF receptor levels in in the phosphorylation of PDGFR. The effect of VEGFA on
meningiomas compared with the brain. Our data showed that KDR KDR was not investigated because KDR was not detectable in the
expression was significantly decreased in meningiomas comparedmeningiomas used. Thus, the data suggest that VEGFA mediates
with the brain. These RNA findings were verified by measuring proliferation and migration through PDGFR, but not KDR, in
KDR with a TagMan Protein Assay. The reason for these meningiomas.
contradictory results cannot be satisfactorily explained because To determine if selective PDGHRRnhibitors, such as tandutinib,
the study does not state the number of examined samples. A fewhave a similar effect as sunitinib, which also inhibits KDR and
meningiomas show higher KDR expression compared with the several other receptor protein tyrosine kinases, we treated primary
brain. If a small specimen number was analysed, then that could meningioma cells with these two tyrosine kinase inhibitors.
account for the high KDR RNA levels. Tandutinib suppressed cell migration in primary meningiomas
Low or absent KDR expression suggests that mechanisms otheras effectively as sunitinib, in spite of the fact that tandutinib only
than VEGFA signalling through KDR influence angiogenesis in inhibits PDGFR.
meningiomas. We also investigated the effect of gambogic acid on primary
In addition to VEGF, PDGF signalling indirectly regulates meningiomas. Recently Liet al (2010) reported that gambogic
angiogenesis. Yang (2001) showed that nearly all meningiomasacid inhibits cell migration by suppressing PDGHERtyrosine
express PDGFB and PDGBEH vitro, and both were increased in  phosphorylation. The treatment of meningiomagn vitro with
WHO 11 meningiomas. Several groups have proposed an gambogic acid significantly inhibited cell migration. Furthermore,
autocrine mechanism in meningiomas, based on the co-expression gambogic acid inhibited the tyrosine phosphorylation of PDGBR
of PDGFB and PDGHR which regulate growth (Wanget al, 1990;  after stimulation with VEGFA, independent of the gambogic acid
Figarella-Brangeret al, 1994; Kuratsuet al, 1994; Mauroet al, concentration. These results support those of Liet al (2010),
1995). showing that gambogic acid inhibits cell migration by suppressing
In contrast, we showed that PDGFB expressign vitro and PDGFR tyrosine phosphorylation.
in vivo was significantly decreased compared with the brain and  The low expression or absence of KDR in meningiomas
dura. Further, PDGFB expressionin vivo and in vitro rose in both in vitro and in vivo, combined with the elevated level of
meningiomas compared with the brain. The significantly decreased PDGFm®, suggests that VEGFA primarily regulates VEGF-mediated
in viro PDGFR RNA levels in WHO 1lll meningiomas were  migration and proliferation through PDGFRB, not KDR, in
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meningiomas. This model is supported by our findings in which  ACKNOWLEDGEMENTS
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Abstract Apoptosis can be detected reliably by assayingstudy demonstrates that cleaved caspase-3 is detected and
for cleaved caspase-3, for which active caspase-3 antguanti®ed reliably in meningiomas by TPA.
bodies are used in several methods, such as immunocyto-
chemistry, enzyme-linked immunosorbent assay, andeywords Meningioma Apoptosis Caspase 3
western blot. In this study, we used TagMan protein assaffarnesol Tagman protein assays
(TPA), a novel method for protein detection and quanti®-
cation that detects proteins by ampli®cation of substitute
DNA templates. TPA uses antibodies and proximity liga-Introduction
tion for quantitative real-time PCR. Meningiomas are pri-
marily benign intracranial tumors. Primary cell cultures of Apoptosis, programmed cell death, is essential for normal
meningiomas are often unsuitable for sensitive proteirdevelopment and maintenance of multicellular organisms
detection methods. We optimized a TPA to detect activd1]. Its dysregulation effects the ability to avert apoptosis,
caspase-3 and evaluated its ability to detect farnesolhich has a signi®cant function in cancg}. [Caspase-3 is
induced apoptosis in primary meningioma cells. Thethe most important executioner caspase. Its activation is a
speci®city and sensitivity of the inactive and active casbhiochemical hallmark of early apoptosis, which renders the
pase-3 assay were determined using recombinant caspasietection of active caspase-3 in cells a reliable method of
3. Apoptosis was induced in meningiomas in the presencmeasuring apoptosis, for which antibodies against cleaved
of 0.21 M farnesol as shown by immunocytochemistry of caspase-3 are used in several methods such as immuno-
single-stranded DNA. Also, viability decreased by overstaining, enzyme-linked immunosorbent assay (ELISA),
90 % after treatment with 1.M farnesol for 24 h. The “ow cytometry, and western blot (WB).
TPA detected a signi®cant increase in active caspase-3 Recently, a new method for protein detection and quanti-
after treatment with 2 and UM farnesol for 2 h, which tation was developed. TagMan protein assay (TPA) is a
could not be detected using standard methods such amantitative PCR-based method for detecting proteins, based
western blot and immuno uorescence. In addition, TPAon proximity ligation assayq]. Each TPA comprises a pair of
determined that meningiomas show disparate sensitivitiegrotein-speci®c antibodies, polyclonal or a matched mono-
to low concentrations of farnesol. Caspase-3 expression fetlonal antibody pair that are linked to reporter oligonucleo-
signi®cantly in cells that were treated with 028l far- tides (Fig.1). On binding to target TPA probes in proximity,
nesol for 2 h. Further, by TPA, active caspase-3 peakethey are joined by DNA ligase, forming DNA templates,
after 2 h and declined with longer incubation times. Thiswhich are ampli®ed and analyzed by real-time PCR.
Meningiomas are the most common intracranial tumor.
They originate from the arachnoidal cap cells of the
_ meningeal cover of the spinal cord and brain, constituting
C. P@ster& ) H.Pfrommer M. S. Tatagiba F. Roser approximately 13 to 26 % of all intracranial pathologids [
Department of Neurosurgery, University of Tuebingen, L A .
Hoppe-Seyler-Str. 3, 72076 Tuebingen, Germany 5]. Meningiomas are categorized into three grades per the
e-mail: christina.p®ster@med.uni-tuebingen.de world health organization (WHO), for which there are
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Fig. 1 Schematic overview of Tagman protein assay method. TheB. 2. Binding stepprobe Aandprobe Bbind to their speci®c epitope in a
work ow consists of four steps. 1. Assay preparatio® &8nd %- cell lysate. 3. Ligation step: the assay probe oligonuidestin close
oligonucleotides are bound to either a polyclonal antibmdymonoclonal ~ proximity hybridize to a short connecting oligonucleotidesing DNA
antibody pair using a biotin-streptavidin interactiorf-oBgonucleo-  ligase. 4. Ampli®cation step: the ligation product is ampti and detected
tide ? antibody? probe A? 5%oligonucleotide? antibody? probe  using Tagman-based real-time PCR

several subtypes, based on histology. WHO | tumors arethical committee of the University of Tuebingen. Primary
benign meningiomas, atypical meningiomas are classi®etlltures were established from tumor tissue samples within
WHO Il and malignant meningiomas are WHO |IIl. 30 min of surgical removal. Samples were washed in
There are few stable meningioma cell lines, which arephosphate-buffered saline (PBS), reduced, passed through
primarily malignant p]. Thus, most meningioma cell cul- a ®Iter, and placed in Dulbecco's modi®ed Eagle's medium
ture research is conducted with primary meningioma cellstDMEM) with 10 % fetal bovine serum (FBS), 2 mmol/L
Comparable test conditions are dif®cult to achieve, becauseglutamine, and 0.1 % 10 mg/ml gentamycin (PAA, Pas-
primary meningioma cells undergo senescence in earlghing; Austria).
passages and alter their phenotype with ongoing culture Cells were plated in 25-mfntissue culture “asks and
[7]. Also due to their low proliferation rates cell numbers incubated at 37C in a humidi®ed atmosphere with 5 %
are limited. Thus, the use of commonly used methods irCO,. Medium was changed every 3+4 days, and cultures
such cells to detect cleaved caspase-3 is restricted. TPwere split with 600 | Accutase (PAA, Pasching; Austria).
combines small cell numbers with increased sensitivity Viable cells were stored in liquid nitrogen in 90 % med-
which could provide a reliable tool to detect and quantifyium/10 % dimethyl sulfoxide (DMSO).
apoptosis in meningiomas. To verify the identity of the tumor cells, primary
Many chemotherapeutic drugs induce apoptosis. Farneneningioma cultures were examined immunocytochemi-
sol is a polyprenyl alcohol in plant essential oil. Farnesolcally for vimentin, CD44, and epithelial membrane
induces caspase-3, -6, -7 and -9 but not caspase-8. hntigen (EMA), which are expressed in most meningiomas
addition farnesol inhibits survivin and BclB][ Farnesol (Fig. 2axc). Also, the cells were tested for negative
induces apoptosis in several tumor-derived cell lingés [ expression of CD34, an endothelial cell marker (not shown).
11] and has anti-tumor effects in vivo, suppressing pan-The malignant meningioma cell line IOMM-Lee was a kind
creatic tumor growth12). gift of A. Lal (Department of Neurological Surgery, Uni-
In this study we optimized a TPA to detect and quantifyversity of California, San Francisco, CA, USA). A karyo-
inactive and active caspase-3. To evaluate this assay wgram of IOMM-Lee cells was established using GIEMSA,
induced apoptosis in primary meningioma cells using farwhich coincides with literaturel[3]. IOMM-Lee expressed
nesol. On demonstrating that farnesol induces apoptosis ¥imentin and CD44 (Fig2d ? e). As control cell system a
meningiomas by immunocytochemical staining of singleprimary glioblastoma culture was used, which was a kind
stranded DNA, we observed that TPA detects farnesolgift of S. Noell (Department of Neurosurgery, University of
induced apoptosis in meningiomas at low concentrations.Tuebingen, Germany). This cell culture was tested for
positive expression of neuro®lament (not shown) and glial
®brillary acidic protein (GFAP) (Fig2f).
Materials and methods
Reagents and antibodies
Tumor specimens and cell culture )
The following antibodies were used to design Tagfan
Meningioma surgical specimens, arachnoidea, and durBrotein Assays: caspase-3 (Cat. No. AF-605-NA, R&D
were obtained from the Neurosurgical Department per th&ystems, Minneapolis, MN) and active caspase-3 (Cat. No.
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Fig. 2 Marker expression of primary cell cultures fatc represen- a? d vimentin, b ? e CD44, c EMA, f neuro®lament. Original
tative meningiomad ? e IOMM-Lee, andf glioblastoma. Positive magni®catiord 20
immunoreactivity appears as green staining (Alexa Fluor 488).

700182, Invitrogen, Carlsbad, CA). The secondary anticells were plated in 4-well glass slides, and allowed to remain
body was streptavidintalkaline phosphatase (R&D Sysin growth mediafor 24 h. After removal of the growth media,
tems, Minneapolis, MN). Anti-ssDNA was obtained from the slides were rinsed with PBS for 5 min followed by ®xation
Enzo Life Sciences Inc. (Farmingdale, NY), the secondaryn methanol for 15 min at 20 °C. The slides were rinsed two-
antibody for which was horseradish peroxidase-rat antitimes with PBS and all cells were blocked with 10 % horse
mouse IgM (Invitrogen, Carlsbad, CA). serum in PBS for 30 min at room temperature (RT). Slides

Anti-Vimentin, -GFAP, -neuro®lament, -CD44, and -CD34were incubated with primary antibodies over night &tCl
were purchased from Santa Cruz Biotechnology, Inc. (SantAfter a three-time wash with PBS, addition of the secondary
Cruz, CA). Secondary "uorescence antibodies were Alexauorescence antibody Alexa Fluor488(1:200)for1 hatRTin
Fluor 488 goat anti-mouse, goat anti-rabbit, and donkely antthe dark. After a two-time wash with PBS the slides were
goat (Invitrogen, Carlsbad, CA). Anti-EMA was purchasedmounted with DAPI-containing uorescence mounting
from DAKO (Glostrup, Denmark). Secondary antibody wasmedium (Vector Laboratories, Burlingame, CA).
Universal Biotinylated Anti-Mouse/Rabbit 1gG secondary
antibody from Vector Laboratories (Burlingame, CA). Cell treatment

Anti-GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) and -cleaved PARP1 (poly [ADP-ribose] polymerasé@rimary meningioma cell ( 10° cells/ml) were used to seed
1) were purchased from Santa Cruz Biotechnology, Inc6-well culture plates in DMEM medium containing 10 %
(Santa Cruz, CA), for which the secondary antibody wad-BS, for 48 h. Next, the cells were treated with increasing
goat anti-mouse/rabbit 1gG- alkaline phosphatase (Santeoncentrations of farnesol (0, 0.25, 0.5, 1, 2 M) in medium
Cruz, Santa Cruz, CA). Jurkat whole cell lysate and Jurkator 2, 4, and 6 h. The cells were washed twice with PBS and
whole cell lysate treated with staurosporine were obtainedlysed in cold lysis buffer [protein quant sample lysis kit
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). (Applied Biosystems, Foster City, CA)] per the manufac-

WB reagents (VectastafthABC-AmP) were purchased turer's protocol. Lysates were clari®ed by centrifugation at
from Vector Laboratories (Burlingame, CA). Farnesol was1,20® g for 10 min at 4°C and quanti®ed on an Eppendorf
obtained from SigmazAldrich Corporation (St. Louis, MO). Biophotometer (Eppendorf, Hamburg, Germany).

Immuno uorescence TagMar? protein assays

Animmunocytochemical analysis was performed on primanyAntibodies were labeled with biotin using the Biotin-XX
cell culture growing in a monolayer fashion in culture. The microscale protein labeling kit (Invitrogen, Carlsbad, CA)
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per the manufacturer. Biotinylated antibodies were labelegdontaining 10 % FBS, for 48 h. Next, the cells were treated
using the TagMal Protein Assay Open Kit (Applied with increasing concentrations of farnesol (0, 1, 2, 4, and
Biosystems, Foster City, CA) per the manufacturer's8 | M) in medium for 24, 48, and 72 h. After the growth
instructions. The speci®city of the caspase-3 assay wasedia was removed, the slides were rinsed with cold PBS,
determined using recombinant caspase-3 (Cat.Naand the cells were ®xed with ice-cold methanol for 20 min
H00000836-P02, Above, Taipei City, Taiwan). at - 20°C. The slides were rinsed twice with PBS and
TaqMan protein assay was performed using proteinncubated with 100 % formamide (Roth, Karlsruhe, Ger-
lysates in triplicates. The initial concentration of menin- many) for 20 min at 75C.
gioma protein lysate was 12159/l | and the initial input After cooling, the slides were incubated with 3 %®}
amount was 3 g. Samples were diluted to 5000, 2500, for 5 min at RT and blocked with 3 % goat nonfat dry
1250, 625, 312.5, and 0 ng protein per reaction. TPA wasilk in distilled water for 15 min at RT. The slides were
performed using the TagM&nprotein assay core reagents incubated for 15 min at RT with primary monoclonal
kit with master mix (Applied Biosystems) per the manu- anti-ssDNA per the manufacturer's protocol and with the
facturer's instructions14]. Real-time-PCR was performed secondary antibody (1:100 in PBS) for 15 min at RT.
on a StepOnE” Real-Time PCR System (Applied Bio- Stains were visualized using VectbrNovared (Vector
systems, Foster City, CA) using the standard instrumentaboratories, Burlingame, CA), and the slides were coun-
protocol for the TPA. terstained with hematoxylin (Merck, Darmstadt, Germany)
Data were analyzed using ProteinAs515tL.0 (Applied  and examined by light microscopy.
Biosystems, Foster City, CA), which uses b€t>-method
to calculate relative protein expression between untreatediability assay
controls and treated sample. Sample dilutions were
assayed, and the resulting Ct values were normalized to tHerimary meningioma cells in mid-log phase were used to
sample input, which requires accurate protein quantitationseed 4-well culture slides in DMEM medium, containing
Every 48-well plate included a no-protein control (NPC) to 10 % FBS, for 24 h. Then, the cells were treated with
calculateDCt values (Ct-value [sample]Ct-value [NPC]). increasing concentrations of farnesol (0, 0.4, 0.8, 1.2, 1.6
Then, a linear range was generated for each sample, andaad 21 M) in medium for 24 h. Cells were stained using
DCt-threshold was designated. The fold-change betweetmypan blue solution 0.4 % (Invitrogen Inc., Carlsbad, CA)
samples was calculated between the crossover points pkr the manufacturer's protocol and were analyzed under a
each linear trend line at thBCt threshold. light microscope.

Western blot Statistical analysis

Equal amounts of protein (20g) were resolved by sodium Statistical analysis was performed with GraphPad Prism,
dodecy! sulfatexpolyacrylamide gel electrophoresis (Nu¥/5.03 (GraphPad Software, La Jolla, USA). All results
pagé BisTris-Gel 4+12 %:; Invitrogen, Inc., Carlsbad, were expressed as meanstandard deviation (SD). Sta-
CA) and transferred to polyvinylidene di uoride Hybond-P tistical comparisons between two groups were made by
membrane (Invitrogen, Inc., Carlsbad, CA). Western blotdMlann+Whitney test. The level of signi®cance was set to
were enhanced using the VectasthinBC-AmP per the P\ 0.05. All tests were 2-sided. All data are expressed as
manufacturer's instructions. Membranes were blocked fomean SD.
5 min at RT and immunoblotted with primary antibodies
for 2 h at RT. Anti-GAPDH was used to con®rm equal
loading between samples. The blots were visualized witlResults
5-bromo-4-chloro-3-indolyl-1-phosphate  (BCIP) and )
nitroblue tetrazolium (NBT) per the manufacturer's Development of TagMdnh protein assays for caspase-3
instructions and the bands were analyzed using Imagesahd active caspase-3
1.45 s {ttp://rsbweb.nih.gov/ij/index.htril )

To optimize a TagMafl Protein Assay, the selected anti-
Immunocytochemistry of single-stranded DNA body has to be polyclonal or a quali®ed ELISA antibody
(ssDNA) pair. Polyclonal antibodies must be antigen-puri®ed and

raised against full-length antigen.
Monolayer cultures of meningioma cells were analyzed by The used caspase-3 antibody was antigen af®nity-
immunocytochemistry. The cells were treated, plated orpuri®ed polyclonal goat 1gG againgt. coli derived
4-well glass slides, and allowed to grow in DMEM, recombinant human caspase-3. After labeling biotinylated
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Fig. 3 Development of TPAs
for active and inactive caspase-3
using recombinant caspase-3.

a Linear regression linesf
caspase-3 assay with initial
input amounts of 2,000 pg
(grey) and 200 pg lglack).
Quantitation threshold set to
3.0. Linear range for caspase-3
assay was 0.394+100 and
1.95+500 pg for active caspase-
3 assay. LoweDCt values for
caspase-3 quantities over

100 pg are due to an excess of
target. By speci®c TPA, active
caspase-3 was signi®cantly
lower than caspase-8. This
result correlates with the WB
analysis of recombinant
caspase-3. The same
biotinylated antibodies were
used for western blot analysis as
in the TPA. Inactive and active
caspase-3 was detectable up to 1
and 5 ng, respectively.

¢ Caspase-3 quantity in random
meningioma cell lysategfey)
compared with recombinant
protein plack)

caspase-3 with oligonucleotides, we determined its speci- The passing criteria for TPA per Applied Biosystems are
®city using full-length recombinant caspase-3. The inpuDCt[ 5 for recombinant proteins anBCt[ 3 for cell
amount of caspase-3 was 200 and 2,000 pg. As shown igsates. Thus, the assays detected active and inactive cas-
Fig. 3a, the linear range for the caspase-3 assay wagase-3, but the ability to detect active caspase-3 by its
0.394+100 pg, resulting in BCt value of 6.4. The used speci®c TPA was signi®cantly lower versus caspase-3,
active caspase-3 antibody was a puri®ed recombinagbrrelating with our WB analysis of recombinant caspase-3
rabbit monoclonal antibody. The immunogen was a peptidéFig. 3b).
corresponding to the amino acids 171+175 of caspase-3. For WB analysis, the same biotinylated antibodies were
The TPA for active caspase-3 consisted of probe A casdsed in the TPA. Inactive caspase-3 was detectable to 1 ng
pase-3 and probe B active caspase-3. in untreated meningioma cell lysates. Active caspase-3 was
The speci®city for active caspase-3 was also determinedktected up to 5ng in apoptosis-induced treated
using recombinant caspase-3. Active caspase-3 waseningiomas.
detected in a linear range of 1.95+500 pg. et value Using a random untreated meningioma sample, D¢
for active caspase-3 was 5.19. for caspase-3 was determined. As shown in Big.the
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Fig. 4 Calibration of input quantity and quantitation threshold for 3.0. Slope oflinear regression linesvere comparable for 2.5+10
inactive and active caspase-3 in meningionae®o calibrate the input  input (3.01, 3.04, and 3.14) but "attened with lower input amounts.
guantity for the caspase-3 assay four untreated random meningiomasFor input determination of active caspase-3 250 to 10,000 ng cell
were examined using ®ve input amounts (100@d)( 5000 green), lysate was used. Active caspase-3 was detectable using 2.%t10
2500 plue), 250 (ellow), and 12.5 flack) ng cell lysate). Results of input. An initial input quantity of 5 g cell lysate was selected for

a representative meningioma are shown at a quantitation threshold dbth assays

linear range was 2.44+2,500 ng cell lysate resulting in @oncentration of active caspase-3 was +4.2.1
DCt of 7.3. In eight meningiomas, the concentration ofpgl g protein lysate in apoptosis-induced treated
caspase-3 was 21¢5 10.5 pgl g protein lysate. The meningiomas.
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Table 1 In"uence of quantitation threshold settings on fold-change daraspase-3 TPA and active caspase-3 TPA in a representative
meningioma

a
Meningioma Theoretical Observed fold-change at threshold setting
cell lysate (%) fold-change

0.5 1 2 3 4 5
100 1 1 1 1 1 1 1
50 0.5 0.44 0.45 0.46 0.48 0.5 0.51
25 0.25 0.25 0.25 0.25 0.25 0.25 0.26
25 0.025 0.03 0.029 0.027 0.025 0.023 0.021
0.125 0.00125 0.0035 0.0027 0.0016 0.001 0.0006 0.0004
b
Meningioma Theoretical Observed fold-change at threshold setting
cell lysate (%) fold-change

0.5 0.8 0.9 1 15 2

100 1 1 1 1 1 1 1
50 0.5 0.61 0.55 0.53 0.51 0.43 0.36
25 0.25 0.25 0.23 0.22 0.21 0.18 0.15
25 0.025 + + + + + +

Fold-changes at used quantitation threshold appear in bold

Calibration of input quantity and quanti®cation The fold-changes at a threshold setting of 3.0 (1.0, 0.5,
threshold 0.25, 0.025, 0.00125) most closely approximated the theo-
retical values (1.0, 0.48, 0.25, 0.025, 0.001). The active
To calibrate the ideal input quantity for the caspase-3aspase-3 assay detected its target at 100, 50, and 25 %
assay, four untreated random meningiomas were examinedeningioma. As shown in Tableh, a quanti®cation
with ®ve input amounts (10000, 5000, 2500, 250 andhreshold setting of 0.9 or 1.0 resulted in fold-change values
12.5 ng cell lysate). Figuréa shows a representative that were closest to the theoretical values. To determine the
meningioma. The slope of the linear regression lines weréold-change in subsequent experiments, we used a threshold
comparable for 2.5+1Dg of input (3.01, 3.04, 3.14) but of 3.0 for caspase-3 and 1.0 for active caspase-3.
“attened at lower amounts. Caspase-3 was detected in one
meningioma at 12.5 ng cell lysate. In three of four Determination of staurosporine-induced apoptosis using
meningiomas, caspase-3 was detected at input amounts aftive caspase-3 TPA
250 ng but the results differed signi®cantly compared to
with higher input amounts. To verify active caspase-3 as apoptotic marker the IOMM-
To calibrate the ideal input quantity for the active cas-Lee cell line and primary glioblastoma cells were cultured
pase-3 assay, four farnesol-treated random meningiomés the presence of &M staurosporine (STR) for 3 h.
were examined with ®ve input amounts (10000, 5000Staurosporine is a widely used apoptosis inducer. As shown
2500, 250 and 12.5 ng cell lysate). Active caspase-3 wam Fig. 5a, STR induced apoptosis in both cell types.
detectable at 2.5£100g of input amounts, as shown in IOMM-Lee displayed positive immuno uorescence stain-
Fig. 4b. Thus, an input quantity of 2.5+1@ cell lysate ing for active caspase 3 (Fi§B) and cleaved PARP1
was considered. Because 1L cell lysate led to loweDCt  (Fig. 5C). Primary glioblastoma cells only stained positive
values for higher amounts of cell lysates due to the availfor active caspase-3 (FiGE ? F).
ability of excess target, we selected an initial input quantity Next IOMM-Lee cell line and primary glioblastoma cell
of 51 g cell lysate for both assays. culture were seeded in 12-well culture plates in DMEM for 24 h
The quanti®cation threshold is used to calculate foldfor WB and TPA analysis. Cells were treated with increasing
changes between unknown and control samples. To calibratncentrations of STR (0.548M) for 4 h. Also cells were
the quanti®cation thresholds for both assays, cell lysatdseated withd M STRfor1,2,3,4,5,and 6 h. Allexperiments
were diluted to 100, 50, 25, 2.5, and 0.125 % meningiomaswvere conducted in replicates. WB analysis of STR-treated
Table 1a shows the fold-change results at various quanti®OMM-Lee cells displayed only barely detectable bands for
cation thresholds (0.5, 1, 2, 3, 4, and 5) for caspase-3.  cleaved PARP1, as shown in Figh. As negative control a
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Fig. 5 TPA detected staurosporine (STR) induced apoptosis irtreated IOMM-Lee cells. As negative control a purchased Jurkat
malignant meningioma cell line IOMM-Lee and primary glioblas- whole cell lysate was used. As positive control a purchased Jurkat
toma cell culturea Immuno uorescence staining of active caspase-3whole cell lysate treated with STR was used. GAPDH was used to
and cleaved PARPL1. Positive immunoreactivity appears as greecon®m equal loading between samples. STR-treated IOMM-Lee
staining (Alexa Fluor 488). Original magni®cati®r20. A+C IOMM- cells displayed only barely detectable bands for cleaved PARP1 and
Lee, DtF glioblastoma,A ? D active caspase-3 in untreated cells, no bands for active caspase€e3Active caspase-3 TPA showed, that

B ? E positive active caspase-3 cells after treatment witibSTR 51 M STR induced apoptosis in IOMM-Lee cells in a time-delayed
for 3 h, C IOMM-Lee cells stained positive for cleaved PARP1 after manner increasing with ongoing timd. Primary glioblastoma cells
treatment with 3 M STR for 3 h,F negative staining of glioblastoma displayed a 4-fold increased active caspase-3 expression after 1 h,
cells after treatment with 5M STR for 3 h.b WB analysis of  which peaked after 5 BBarsrepresent mean SD determined from
PARP1, cleaved PARPL1, inactive, and active caspase-3 in STRriplicate assays.P\ 0.05 versus control

purchased Jurkat whole cell lysate was used. As positiveaton glioblastoma displayed no bands for cleaved PARP1 and weak
apurchased Jurkat whole cell lysate treated with STR wak usebands for PARP1 (not shown). Active caspase-3 was not
Con®rming the immuno uorescence stainings primarydetectable in both cell types using WB (Fih).
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Analysis of apoptosis by active caspase-3 TPA showed;oncentrations, nearly all meningioma cells were dead, as

that 51 M STR induced apoptosis in IOMM-Lee cells in a shown in Fig.7a? b.

time-delayed manner (Fidc). Active caspase-3 increased  In addition, the effect of farnesol on control cells
4-fold after 2 h. After 5 h active caspase-3 expressiormalignant meningioma cell line IOMM-Lee and primary
doubled and increased further to a fold change of 12 afteglioblastoma were evaluated. IOMM-Lee displayed a via-
6 h. In contrast, primary glioblastoma cells displayed ability rate of 87.4 6.1 % (Fig.7c). After treatment with
4-fold increased caspase-3 expression after 1 h, whicB.41 M farnesol viability decreased to 28.1 16.0 %,
peaked after 5 h (fold change 25.0 3.0), as shown in showing a similar reaction as meningioma group 2. IOMM-

Fig. 5d. Lee cells treated with 1.PM farnesol showed no viability.
Primary glioblastoma displayed a different behavior. Via-
Farnesol induces apoptosis in meningiomas bility decreased from 90.8 4.6 % to 10.7 10.7 % after

treatment with 0.4 M farnesol (Fig.7d). But after treat-

To determine the concentration of farnesol that inducesnent with higher farnesol concentrations primary glio-
apoptosis, three primary meningioma cell cultures (WHOblastoma still showed low viability.
grade I£lll, Table2: 1+3) and primary glioblastoma cell
culture were cultured in the presence of 0.248 farnesol.  Determination of farnesol-induced apoptosis by TPA
After 24, 48, and 72 h, apoptotic cells were measured by
antibody-based assay to detect DNA damage (ssDNA)To determine if active caspase-3 TPA detects farnesol-
control cells were incubated with equal volumes of DMSO.induced apoptosis in meningiomas, malignant meningioma
Farnesol is a water-insoluble oil; thus, it was added directlycell line IOMM-Lee and as control a primary glioblastoma
to growth medium. cell culture were treated with either 60M farnesol for 1,

None of the meningiomas or glioblastoma underwent2, 3, and 4 h or with 8:200M farnesol for 3 h. As control
apoptosis after incubation with DMSO for 24 h, as showntwo other methods (immuno uorescence and WB) were
in Fig. 6a, (AxC). Farnesol induced apoptosis in eachused to detect apoptosis markers active caspase-3 and
meningioma sample and glioblastoma after 24 h at a coneleaved PARP1. IOMM-Lee cells displayed positive
centration of 0.2 M. Figure6a, (DxF) shows that the immuno uorescence staining for active caspase-3 (B&g.
number of apoptotic cells rose with increasing farnesoD) and cleaved PARP1 (Fi®a, E) after treatment with
concentrations in malignant meningioma. Further, apopto60 | M farnesol for 3 h. In addition, farnesol-treated glio-
sis increased after 48 h, as shown in FiQ. After 72 h, blastoma cells stained positive for active caspase-3
more than 50 % cells were dead in meningioma and glio{Fig. 8a, F). WB analysis detected bands of cleaved

blastoma cell cultures that were given 48l farnesol. PARPL1 in farnesol-treated IOMM-Lee cells after treatment
with 60, 80, 100, and 20D0M farnesol for 3 h, as shown in

Low concentrations of farnesol impair viability Fig. 8b. Also cleaved PARP1 bands were detected after

of meningiomas treatment with 6d M farnesol for 3 and 4 h and after

treatment with 100 M farnesol for 3 h (Fig8c). After

To determine the effects of farnesol on meningioma, eightreatment with 100 M farnesol for 4 h most IOMM-Lee
primary meningiomas (seven WHO grade | and one WHCcells were dead. WB analysis of inactive and active cas-
grade Il meningioma; Tabl@: 4+11), IOMM-Lee cell line, pase-3 showed similar results. Inactive caspase-3 bands
and primary glioblastoma were treated with increasingweakened with increasing farnesol concentrations, but
concentrations of farnesol for 24 h and stained with tryparshowed no bands for active caspase-3 (Blg. In addi-
blue; the control was incubated with 12 DMSO. All  tion, active caspase-3 bands were detected after treatment
experiments were conducted in replicates. with 60 | M farnesol for 3 and 4 h and after treatment with

The control group displayed a viability rate of 1001 M farnesol for 2 and 3 h (Fig3c). Inactive caspase-3
92.11 4.1 %. After treatment with 0.4 and 0I8V far-  bands weakened with increasing incubation time corre-
nesol meningiomas were divided into two groups. In groupsponding with the detection of active caspase-3 bands.
1, comprising ®ve meningiomas, farnesol had minor effects Figure8d shows the active caspase-3 TPA diagram.
on viability. Viable cell number decreased from Active caspase-3 TPA con®rmed the WB analysis dis-
926 29% to 87.0 41% and 74.0 21.6 %, playing highest active caspase-3 expression after 3 h. Also
respectively (Fig.7a). Group 2 reacted more severely with TPA showed higher sensitivity displaying an increased fold
0.4 and 0.8 M farnesol (30.25 8.6 %; 14.34 9.3 %), change after 1 h (fold change 2.9 0.4) and 2 h (fold
as shown in Fig7b. Both groups showed highly impaired change= 9.2 0.8) (Fig.8e). Active caspase-3 peaked
viability on treatment with 1.2 M farnesol (3.1 2.4 %; after 3 h (fold change 27.0 2.0). In addition, TPA
9.2 5.2 %). After treatment with higher farnesol detected increased active caspase-3 level after treatment
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Table 2 Histopathological data of used primary meningioma cell cultures, meningioma cell line IOMM-Lee, and control primary glioblastoma
cell culture

Case no. Gender Age WHO grade Histological subtype Recurrence Brain invasion Ki-67 [%]
Glioblastoma F 60 4 + - ? 20
IOMM-Lee [13] M 61 3 + ? ? 36
1 M 75 3 Anaplastic ? ? 20
2 F 53 2 Atypical ? ? 10
3 F 62 1 Meningothelial - - 3
4 F 76 2 Atypical ? ? 20
5 F 86 1 Meningothelial - - 4
6 F 52 1 Meningothelial - - 3
7 F 61 1 Meningothelial - - 2
8 M 55 1 Meningothelial - - 4
9 F 58 1 Transitional - - 3
10 F 47 1 Transitional - - 3
11 M 48 1 Transitional - - 2

M male, F female

Fig. 6 Farnesol induced
apoptosis in primary
meningioma cell cultures.

a ? b Immunocytochemical
staining of ssDNA of three
primary meningioma (WHO
grade I£l111) cells treated with
1+81 M farnesol. Cells were
analyzed for ssDNA after 24,
48, and 72 h of incubation.
Positive immunoreactivity
appears as red staining (Vector
NovaRed™). a (A+C) Control
cells were incubated with equal
volumes of DMSO. After 24 h,
none of the DMSO-treated
meningiomas showed apoptosis.
(D+F) Apoptotic cell number
rose with increasing farnesol
concentrations in meningiomas,
as shown in a representative
malignant meningioma.

b Apoptosis increased after 48 h
in both A+C) WHO Il and
(D+F) WHO | meningioma.
After 72 h, up to 50 % of all
meningioma cells were dead.
Original magni®catior® 10

with 81 M farnesol after 3 h. Active caspase-3 rose withActive caspase-3 TPA detects low concentrations
increasing farnesol concentrations and peaked atN0 of active caspase-3 in meningiomas
farnesol (not shown).

As shown in Fig.8f, primary glioblastoma cells dis- Six primary meningiomas (®ve WHO grade | and one
played a 4.5-fold increased active caspase-3 expressiafHO grade Il meningioma; Tablg: 4+9) were used to
after 1h, which peaked after 3 h (fold change seed 6-well culture plates in DMEM, containing 10 %
7.4 1.7). FBS, for 48 h. Next, the cells were treated with increasing
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Fig. 7 Farnesol impaired viability in eight primary meningioma and higher farnesol concentrations, nearly all meningioma cells in both
glioblastoma cell culture, and IOMM-Lee cell line. The effect of groups were deada. After treatment with 0.4 M farnesol viability of
farnesol on viability was determined using trypan blue. The controllOMM-Lee was decreased to 28.116.0 %, showing a similar
was incubated with 21 DMSO. a Group 1 (1 = 5) showed minor reaction as meningioma group 2. IOMM-Lee cells treated with
effects on viability after treatment with 0.4 and 0.81 farnesol 1.21 M farnesol showed no viability.d Primary glioblastoma
(87.0 4.1%; 74.0 21.6 %). Less than 5 % of cells were viable displayed a different behavior. Viability decreased from 90.8.6
after incubation with 1.2 M farnesol. b Farnesol signi®cantly to 10.7 10.7 % after treatment with 0.MUM farnesol. But after
impaired viability in group 21§ = 3) already at a concentration of treatment with higher farnesol concentrations primary glioblastoma
0.4 and 0.8 M (30.25 8.6 %; 14.34 9.3 %). Viability was  still showed low viability. Data shown are the mean cell nhum-
reduced more than 90 % at 1. farnesol. After treatment with ber SD determined from triplicate assay$.&ningioma= 8)

concentrations of farnesol (0, 0.25, 0.5, 1, 2,M) for 2, 4,  declined in meningiomas that were treated with OL.2%
and 6 h. Control cells were incubated with equal volumedarnesol P = 0.0001; Fig.9f). As shown in Fig.9d ? g,
of DMSO. Cells were lysed and quanti®ed, and proteiractive caspase-3 peaked at 2 h withM farnesol and fell
lysates were diluted to a 12l53/ml stock solution. TPA with longer incubations to baseline; the same pattern was
was performed using an initial amount ofl 5 protein  observed on treatment with 1 and 2/ farnesol (data not
lysate. shown).

As shown in Fig9a, after 2 h meningiomas that were
treated with 0.25+t1M farnesol showed no signi®cant
increase in active caspase-3. Treatment with 2 amdM4  Discussion
farnesol for 2 h up-regulated active caspase-3, indicating
early apoptosis. Three of six meningiomas displayed simin this study, we determined whether early apoptosis can be
ilar behavior. Active caspase-3 expression rose abruptlgetected and quanti®ed reliably using TPA by optimizing
after treatment with 2 or 4 M farnesol. In contrast, the an assay for caspase-3 and active caspase-3. Traditional
remaining three meningiomas upregulated active caspasegotein detection methods such as WB or ELISA displayed
with increasing farnesol concentrations (F8p). To  several limitations when used with primary meningioma
compare, inactive caspase-3 was also measured in thesell cultures. WB requires a high input quantity and has a
samples. Caspase-3 expression declined after treatmeotv sensitivity. Primary meningioma cell cultures have a
with 0.25+2I M farnesol (fold-change 0.41+0.71), but the slow growth rate and show replicative senescence, due in
41 M farnesol downregulated caspase-3 with a fold changgart to low or absent telomerase activity. The few stable
of 0.064 ¢ 93.6 %), as shown in FigAc. meningioma cell lines that exist are highly malignant,

Active caspase-3 increased in all six meningiomas aftewhereas meningiomas are primarily benign or genetically
treatment with 2 and 4M farnesol for 2h (B  altered. These cell lines were established by telomerase-
im = 0.014; B \m = 0.012; Fig.9e). Inactive caspase-3 mediated immortalization1, 16]. ELISAs require less
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Fig. 8 TPA detected farnesol-induced apoptosis in malignantwith other quantitative apoptosis detection methods, such
meningioma cell line IOMM-Lee and primary glioblastoma cell 55 £1|SA and ow cytometry, protein lysates from an
culture. a Immuno uorescence staining of active caspase-3 and . ! . .
cleaved PARP1. Positive immunoreactivity appears as green staininf;)(pe”ment can be used later to determine several protein
(Alexa Fluor 488). Original magni®cati@20.A Active caspase-3in €xpressions with regard to apoptosis. Also, TPA compares

untreated IOMM-Lee cells3 cleaved PARP1 in untreated IOMM-Lee protein quanti®cation and quantitative mRNA analysis
cells. C Active caspase-3 in untreated glioblastoma cdlis?ositive directly.

active caspase-3 IOMM-Lee cells after treatment with 60 farnesol Alth h t L beni
for 3 h. E Positive nuclear staining of cleaved PARP1 in 6@ ough most meningiomas are benign, some recur or

farnesol-treated IOMM-Lee cell§ Positive active caspase-3 glio- are resected subtotally due to their delicate location in
blastoma cells after treatment with 60/ farnesol for 3 hb ? cWB skullbased structures. Additionally, in a minority of
analysis of PARP1, cleaved PARP1, inactive, and active CaSpase':S[b‘atients, regrowth of tumor tissue after irradiation is a
farnesol-treated IOMM-Lee cells time- and concentration dependent, . . . .
As positive control a purchased Jurkat whole cell lysate treated withn@Or clinical problem. Despite several chemotherapeutic
STR was used. Bands for cleaved PARP1 were detected after treatmdiitals, medical interventions for these tumors are unsatis-

with 60 1 M farnesol for 3 and 4 h, also after treatment with 80, 100, factory [L7]. Thus, chemotherapeutic drugs without severe
and 200l M farnesol for 3 h. Caspase-3 bands weakened WithSide effects are favorable.

increasing farnesol concentrations and incubation time. The WB for = lind d tosis i It derived cell
concentration-dependent farnesol treatment showed no positive active arnesol Induced apoptosis In several tumor-derived ce

caspase-3 band)( Active caspase-3 bands were barely detectabldines [9+11, 18] and has anti-tumor effects in vival}].
showing positive bands after treatment with 160 farnesol for 3and  Further, tumor cells are considerably more sensitive to

4 h and with 100 M for 2 and 3 h €). d Active caspase-3 TPA  famesol-induced inhibition of growth and apoptosis than
diagram.e Active caspase-3 TPA con®rmed WB analysis TPA 9 pop
mhormal cells [9+21].

showed higher sensitivity and allowed accurate quanti®cation. IOM ) o ) )
Lee displayed a 3-fold increase of active caspase-3 expression after 1 h. After evaluation of TPA speci®city the widely applied

Active caspase-3 peaked after 3 h (fold charg@7.0 2.0).  apoptosis inducer staurosporine was used to determine
fcapsgg‘s"’g}’?)g'ggf‘esstg{gs ‘;eﬁ':ssr d;l.sﬂl,ayvigici 4;’;;‘;'2 d'”;;t‘iisesdhac(tf'g%\ctive caspase-3 as apoptotic marker in two different cel
change= 7.4 1.7). Bars represent mean SD determined from systems (IOMM-Lee and primary glioblastoma cells).
triplicate assays.P\ 0.05 versus control Apoptosis was veri®ed using immunocytochemical stain-
ing of ssDNA and determination of cleaved PARP1. Active
caspase-3 and cleaved PARP1 were analyzed by several
sample input and show a higher sensitivity than WB.methods (TPA, immuno uorescence, and WB). Immuno-
ELISAs are usually conducted using 96-well plates. In eachuorescence staining of active caspase-3 was positive for
well an exact cell number is pipetted. Primary meningiomaboth staurosporine-treated cell systems, whereas only
cells display tight celltcell junctions. When these cells arddOMM-Lee showed positive immuno uorescence for
completely separated meningioma cells show severelgleaved PARP1. WB analysis con®rmed the cleaved
impaired growth behavior, go into senescence, or diePARPL1 results, but active caspase-3 was not detectable in
Especially proliferating primary meningioma cells are both cell systems. TPA was able to detect and quantify
affected. This behavior in"uences further experimentsactive caspase-3 in staurosporine-treated IOMM-Lee and
negatively leading to false conclusions. glioblastoma cells. TPA analysis showed that staurosporine
The bene®ts of using primary meningioma cell culturesnduced apoptosis in IOMM-Lee cells in a time-delayed
are their morphological and genetical similarity to menin-manner in contrast to primary glioblastoma cells.
gioma cells in vivo and the variety in cell cultures sub- The effects of farnesol on primary meningioma cells
types. Thus, primary meningioma cell cultures remain thevere determined using immunocytochemical staining of
closest samples to in vivo conditions. ssDNA and a viability test (trypan blue). As control
Despite the limitations of primary meningioma cell IOMM-Lee and primary glioblastoma cells were also
cultures, recently developed TPAs have provided the pogreated with farnesol. Analysis of ssDNA showed that
sibility to quantify protein. TPA detects protein by quan- farnesol induced apoptosis in all three cell systems at a
titative PCR, based on proximity ligation assay. TPAconcentration of 0.2 M after 24 h. Furthermore apoptosis
requires considerably less sample input, which is arnncreased with farnesol concentration and incubation time.
advantage when slow growing primary cell cultures areViability test of primary meningioma cells, IOMM-Lee,
used. In this study TPA input quantity wad §, whereas and glioblastoma cells displayed a high sensitivity towards
Western blot input quantity was 4-fold higher. In addition, farnesol. Meningiomas reacted differently after treatment
TPA displays a high sensitivity of TPA detecting 0.4 pg with low farnesol concentrations. In Group 1 proliferation
caspase-3 and 2 pg active caspase-3, respectively. tecreased slowly with increasing farnesol concentrations
comparison Western blot detection was limited to 0.5 ng(0.4+0.8] M) and showed a highly impaired viability with
caspase-3 and 5 ng active caspase-3. Thus TPA showedl2 | M farnesol. Group 2 was more sensitive experiencing
1,000-fold higher sensitivity than Western Blot. Compareda 70 and 85 % decrease in proliferation at DM and
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Fig. 9 TPA results on farnesol-induced apoptosis. Six primaryin a representative farnesol-treated meningioma after 2 h. Quantita-
meningioma cell cultures were treated with increasing concentrationton threshold was set to 3.@ Active caspase-3 expression in a
of farnesol (0, 0.25, 0.5, 1, 2, andIM) for 2, 4, and 6 h. representative 4 M farnesol-treated meningioma after 2, 4, and 6 h.
a? b Active caspase-3 expression in farnesol-treated meningiomaSummary of TPA results & active caspase-3 aridnactive caspase-
after 2 h representing the different behavior of meningioma cells.3. Treatment with 2 and #M farnesol for 2 h signi®cantly increased

a Group 1 6= 3) showed a signi®cant increased active caspase-active caspase-3. Inactive caspase-3 expression decreased laW).25
expression after treatment with 2 orlM farnesol.b In group 2  with similar levels at higher concentrationg. Active caspase-3
(n= 3) active caspase-3 was upregulated with increasing farnesohcreased signi®cantly after 2 h witH M farnesol and declined with
concentrationsDCt values and the resulting linear regression lines arelonger incubations to baselin®ars represent mean SD (n = 6).
shown. Quantitation threshold was set to &.CGaspase-3 expression *P\ 0.05 versus control

0.81 M farnesol, respectively. After treatment with 1.2  Active caspase-3 and cleaved PARP1 were detected using
farnesol viability in group 2 was similar to group 1. immuno uorescence, WB, and TPA. Immuno uorescence
IOMM-Lee cells displayed a similar behavior towards stainings of active caspase-3 and cleaved PARP1 corre-
farnesol as group 2 meningiomas. sponded to those of staurosporine-induced apoptosis. In
To evaluate active caspase-3 TPA for determination ofddition, cleaved PARP1 was detected by WB in IOMM-
farnesol-induced apoptosis IOMM-Lee and glioblastoma_.ee after treatment with 60M farnesol showing the
cells were treated with high concentrations of farnesolhighest active caspase-3 level at 189 farnesol and after
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treatment for 3 h. WB detection of inactive and active

caspase-3 showed partly similar results as cleaved PARP1
but active caspase-3 was barely detectable using WB. In
addition, several bands of active caspase-3 were not

detectable and the band intensity did not correspond with6.

the cleaved PARP1 bands. Active caspase-3 TPA con-
®rmed the WB analysis of cleaved PARP1 also displaying

the highest active caspase-3 level atl8@ farnesol and 7.

after treatment for 3 h. In addition, TPA displayed signif-
icant higher sensitivity. Active caspase-3 was detectable8
after treatment with 8 M farnesol for 3 h.

The effect of low farnesol concentrations were evaluated

using TPA. By TPA, elevated active caspase-3 levels were9.

determined in all treated meningiomas after a short incu-
bation time at 2 M farnesol. Similar to its effects on

viability, the meningiomas showed disparate sensitivities tqo.

low concentrations of farnesol. In one group, active cas-
pase-3 did not up-regulate untill2Vl, increasing abruptly.

In the other group, active caspase-3 expression rose witpy
increasing farnesol concentrations.

Active caspase-3 was also measured at various incuba-
tion times. Signi®cantly elevated active caspase-3 levels
were noted in all meningiomas after 2 h, independent of, ,
farnesol concentration. With longer incubations, active
caspase-3 levels declined to baseline level.

Our results suggest that meningiomas are sensitive t&*

farnesol-induced apoptosis and inhibition of growth. Fur-

ther, meningiomas behave differently after treatment with4,

low concentrations of farnesol, which should be examined
further. TPA for active caspase-3 showed a signi®cant
higher sensitivity compared to standard protein detection
methods such as WB and immuno uorescence. The com-
bination of TPA to detect active caspase-3 and immuno-
cytochemistry of ssDNA is a valuable tool that can be used
to analyze and quantify apoptosis in primary cell cultures.
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