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Background: M a h g n a n t per ipheral nerve sheath t u m o r ( M P N S T ) cells overexpress PDGF receptor-j8, w h i c h increases 

intracel lular ca lc ium w h e n activated. 

Results: C a l c i u m / c a l m o d u l i n (CaM) is involved i n sustained phosphory la t ion o f A k t and p r o m o t i o n o f cell survival i n an 

M P N S T cell l ine. 

Conclus ion: M P N S T cells evade n o r m a l cell death t h r o u g h CaM-dependent sustained act ivat ion o f A k t . 

Significance: A c t i v a t i o n of C a M by abnormal ly expressed g r o w t h fac tor receptors may cont r ibu te to N F l t u m o r f o r m a t i o n . 

\ ' 

Neurofibromatosis type 1-derived Schwann cells isolated 

from malignant peripheral nerve sheath tumors ( M P N S T s ) 

overexpress P D G F receptor-/? and generate an aberrant intra­

cellular ca lc ium increase in response to P D G F - B B . Us ing the 

h u m a n M P N S T Schwann ceil l ine ST88-14 , we demonstrate 

that, in addition to a transient phosphorylation of Akt , 

P D G F - B B stimulation produces an atypical sustained phos­

phorylation of A k t that is dependent on ca lc ium and calmodul in 

( C a M ) . T h e sustained A k t phosphorylation did not occur in 

P D G F - B B - s t i m u I a t e d normal h u m a n Schwann cells or ST88-14 

cells stimulated with stem cell factor, whose receptor is also 

overexpressed in S T 8 8 - 1 4 cells. T h e sustained A k t phosphory­

lation induced by P D G F - B B was inhibited by pretreatment of 

the cells with either the intracellular ca lc ium chelator l ,2-bis(2-

aminophenoxy)ethane-A/,Ar,A/',A!"-tetraacetic acid tetrakis(ace-

toxymethyl) ester ( B A P T A - A M ) or the C a M antagonist W 7 , 

whereas the transient portion was not inhibited. A k t also co-

immunoprecipitated wi th C a M in a P D G F - B B - d e p e n d e n t m a n ­

ner, suggesting that direct interaction between A k t and C a M is 

involved in the sustained phosphorylation of Akt . Furthermore, 

we provide evidence that anti-apoptotic effects of P D G F - B B on 

serum-deprived S T 8 8 - 1 4 cells can be inhibited by W 7 , implicat­

ing the P D G F - B B - i n d u c e d activation of c a l c i u m / C a M in pro­

moting cell survival, presumably through sustained A k t activa­

tion. W e conclude that the activation of the c a l c i u m / C a M / A k t 

pathway residting from st imulation of overexpressed P D G F 

receptor-/S may contribute to the survival and tumorigenicity of 

M P N S T cells. 

Elevated express ion o f g r o w t h f ac to r s and the i r recep tors is a 

c o m m o n charac ter i s t ic o f t u m o r cells, i n c l u d i n g m a n y o f the 

S c h w a n n ce l l Ones d e r i v e d f r o m n e u r o f i b r o m i n - d e f i c i e n t 

m a l i g n a n t p e r i p h e r a l nerve sheath t u m o r s ( M P N S T s ) . ^ These 

t u m o r s are associated w i t h n e u r o f i b r o m a t o s i s type 1 ( N F l ) ( 1 , 

2) , w h i c h is a h u m a n genet ic d i so rde r caused b y m u t a t i o n s i n 

the t u m o r suppressor gene t h a t encodes the GTPase -ac t iva t ing 

p r o t e i n n e u r o f i b r o m i n . N F l - d e r i v e d ce l l hnes have elevated 

levels o f receptors , such as the E G F recep to r (3) a n d c - K i t (4), 

t h a t t y p i c a l l y are n o t expressed b y S c h w a n n cells. These abno r ­

m a l l y expressed recep tors l i k e l y p l a y a r o l e i n the d e v e l o p m e n t 

o f M P N S T s . A l t e r a t i o n s i n g r o w t h f a c t o r r e c e p t o r - m e d i a t e d 

s i gna l i ng m a y also be caused b y the a c t i v a t i o n o f recep tors char­

ac te r i s t i ca l ly present o n n o r m a l S c h w a n n cells b u t overex­

pressed i n M P N S T cells, w h i c h is the case f o r P D G F receptor- jS 

(PDGFR- j8) (5) . A c t i v a t i o n o f PDGFR- i3 i n M P N S T ce l l l ines 

induces an increase i n i n t r ace l l u l a r c a l c i u m and p h o s p h o r y l a ­

t i o n o f c a l m o d u l i n ( C a M ) kinase I I , s igna l ing events t h a t d o n o t 

h a p p e n w h e n PDGFR-jS is s t i m u l a t e d i n n o r m a l S c h w a n n 

cells (6) . 

T h e s e r i ne / t h r eon ine kinase A k t / P K B is a c e n t r a l d o w n ­

s t r eam c o m p o n e n t o f g r o w t h f a c t o r r e c e p t o r - m e d i a t e d s ignal ­

i n g a n d plays an essential ro le i n c o n t r o l l i n g n o r m a l ce l l sur­

v iva l , p r o l i f e r a t i o n , a n d m i g r a t i o n (7) . T h e q u e s t i o n o f h o w A k t 

s igna l ing can med ia t e such diverse ce l lu la r f u n c t i o n s m a y be 

e x p l a i n e d i n p a r t by the th ree d i f f e r e n t A k t i s o f o r m s ( A k t l ( a ) , 

A k t 2 (/3), a n d A k t 3 (y ) ) t h a t m a k e u p the A k t f a m i l y . These 

i s o f o r m s appear t o p l ay u n i q u e as w e l l as o v e r l a p p i n g roles i n 

the ce l l (8) . 
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D y s r e g u l a t i o n o f the A k t p a t h w a y can lead t o t u m o r f o r m a ­

t i o n b y a l t e r i n g c r i t i c a l b i o l o g i c a l o u t c o m e s w i t h i n the ce l l . A k t 

a c t i v a t i o n occurs t h r o u g h b o t h P I 3 K - d e p e n d e n t a n d - i n d e ­

penden t pa thways . D u r i n g P I 3 K - d e p e n d e n t ac t i va t i on , b i n d i n g 

o f a g r o w t h f a c t o r t o i t s r ecep to r t y ros ine kinase r ec ru i t s a n d 

activates P I 3 K , w h i c h t h e n catalyzes the c o n v e r s i o n o f m e m ­

brane p h o s p h a t i d y l i n o s i t o l 3 ,4-bisphosphate to p h o s p h a t i d y h -

n o s i t o l 3 ,4 ,5- t r isphosphate . A k t is t r ans loca ted to t h e p lasma 

m e m b r a n e , w h e r e i t is a n c h o r e d t h r o u g h i t s p l e c k s t r i n h o m o l ­

ogy d o m a i n t o p h o s p h a t i d y h n o s i t o l 3 ,4 ,5- t r i sphosphate a n d 

becomes ac t iva ted t h r o u g h p h o s p h o r y l a t i o n i n the kinase 

d o m a i n at T h r - 3 0 8 b y P D K l ( p r o t e i n - d e p e n d e n t kinase-1) a n d 

i n tbe r e g u l a t o r y d o m a i n at Ser-473 b y m T O R C 2 ( m a m m a l i a n 

ta rge t o f r a p a m y c i n c o m p l e x 2) (9). T h e P I3 I<- independen t 

pa thways t h a t act ivate A k t are less w e l l cha rac te r i zed and 

i n c l u d e d i r e c t i n t e r a c t i o n s b e t w e e n Ras GTPase -ac t i va t i ng 

p r o t e i n a n d A k t (10), as w e l l as C a M - m e d i a t e d ac t i va t i on , 

w h i c h can occur t h r o u g h d i r e c t associa t ion o f A k t w i t h e i ther 

C a M ( 1 1 - 1 3 ) o r C a M - a c t i v a t e d C a M kinase kinase (14). 

I n th i s s tudy, w e e x a m i n e d the ro le o f c a l c i u m / C a M i n 

P D G F - B B - s t i m u l a t e d A k t p h o s p h o r y l a t i o n i n the N F l - d e r i v e d 

M P N S T ceU l i ne ST88-14 , w h i c h overexpresses PDCFR-^S a n d 

p roduces an a b n o r m a l increase i n i n t r ace l lu l a r c a l c i u m as a 

resu l t o f P D G F - B B s t i m u l a t i o i t (6) . W e f o u n d tha t c a l c i u m / 

C a M - d e p e n d e n t a n d - i n d e p e n d e n t m e c h a n i s m s act c o n c u r ­

r e n t l y t o i n f l u e n c e A k t p h o s p h o r y l a t i o n , b u t w i t h d i f f e r e n t 

k ine t i c s . F u r t h e r m o r e , w e s h o w t h a t t h e c a l c i u m / C a M - d e p e n -

d e n t A k t p h o s p h o r y l a t i o n i n d u c e d b y P D G F - B B suppor t s sur­

v iva l u n d e r c o n d i t i o n s t h a t p r o m o t e apoptosis , suggest ing a 

p o t e n t i a l m e c h a n i s m b y w h i c h these cells evade n o r m a l p r o ­

g r a m m e d ce l l dea th a n d p r o m o t e tumor igenes i s . 

E X P E R I M E N T A L P R O C E D U R E S 

Cell Culture and Growth Factor Treatment—The N F l - d e ­

r i v e d M P N S T ce l l l i n e S T 8 8 - 1 4 (ob ta ined f r o m Jona than 

Fletcher , B r i g h a m a n d W o m e n ' s H o s p i t a l , Bos ton , M A ) was 

g r o w n i n D M E M ( I n v i t r o g e n ) s u p p l e m e n t e d w i t h 5% FBS. T h e 

day be fo re an e x p e r i m e n t , ceUs were p l a t e d at a dens i ty o f 

150,000 c e l l s / 3 5 - m m d i sh ( i m m u n o b l o t t i n g expe r imen t s ) or 

1.5-2 X 10* c e l l s / l O G - m m d i sh ( i m m u n o p r e c i p i t a t i o n e x p e r i ­

m e n t s ) a n d i n c u b a t e d o v e r n i g h t i n D M E M a n d 5% FBS. Fou r 

h o u r s p r i o r to g r o w t h f a c t o r t r e a tmen t , the s e r u m - c o n t a i n i n g 

m e d i u m was rep laced w i t h D M E M w i t h o u t FBS to reduce the 

s t i m u l a t o r y effects o f the s e rum. 

H u m a n S c h w a n n cells w e r e p repa red f r o m h u m a n p e r i p h ­

era l nerve (ob t a ined f r o m D r . P a t r i c k W o o d , M i a m i P ro j ec t to 

C u r e Paralysis, U n i v e r s i t y o f M i a m i M i U e r Schoo l o f M e d i c i n e , 

M i a m i , FL) b y the m e t h o d o f Casella etal (15) . T h e e p i n e u r i u m 

was r e m o v e d f r o m the nerves, a n d the nerves were c u t i n t o 

2 - m m segments a n d p l aced o n 3 5 - m m tissue c u l t u r e dishes 

c o n t a i n i n g D M E M a n d 10% FBS. T h e nerve segments were 

a l l o w e d to incuba te f o r 2 weeks i n the presence o f 2 JU,M f o r s k o -

l i n ( C a l b i o c h e m ) a n d 10 n g / m l n e u r e g u l i n jSl (a g i f t f r o m 

A m g e n , T h o u s a n d Oaks, C A ) . T h e fascicles we re dissocia ted 

w i t h collagenase, a n d the d issocia ted cells we re p laced o n c o l ­

lagen-coated tissue c u l t u r e dishes. T h e cells we re g r o w n i n 

D M E M a n d 5% FBS s u p p l e m e n t e d w i t h 10 n g / m l n e u r e g u l i n 

(il. D i f f e r e n t i a l adhes ion was used to r e m o v e c o n t a m i n a t i n g 

f i b rob l a s t s each t i m e the cells we re passaged a n d be fo re the 

cells w e r e p l a t ed f o r a n e x p e r i m e n t . Fou r h o u r s be fo re g r o w t h 

f a c t o r a d d i t i o n , the g r o w t h m e d i u m was r e m o v e d f r o m the ceUs 

a n d rep laced w i t h D M E M w i t h o u t s e rum, n e u r e g u l i n (il, o r 

f o r s k o l i n t o reduce t h e s t i m u l a t o r y effects o f these agents. 

Western Blot Analysis—The cells o n 3 5 - m m c u l t u r e dishes 

were t r ea ted w i t h P D G F - B B (PeproTech , Rocky H i l l , NJ) o r 

s t e m ce l l f a c t o r (SCF; R & D Systems, M i n n e a p o U s , M N ) at a 

c o n c e n t r a t i o n o f 20 n g / m l . For some expe r imen t s , the i n h i b i ­

to rs L Y 2 9 4 0 0 2 (50 ^AM) , w o r t m a n n i n (0.2 / X M ) , B A P T A - A M (25 

f j , M ) ( C a l b i o c h e m ) , W 7 (10 JU.M), a n d W 5 (10 ^.u) ( B I O M O L , 

P l y m o u t h M e e t i n g , P A ) w e r e added 30 m i n p r i o r t o g r o w t h 

f a c t o r t r e a t m e n t . A t the des ignated t i m e po in t s , cells we re 

p laced o n ice, washed t w i c e w i t h c o l d PBS c o n t a i n i n g 1 m M N a F 

a n d 1 m M Na3V04. , a n d i m m e d i a t e l y s o l u b i l i z e d i n 50 - 1 0 0 pd o f 

sample b u f f e r . C e l l u l a r p r o t e i n s w e r e separated o n 4 - 1 2 % 

N u P A G E b i s - t r i s gels ( I n v i t r o g e n ) a n d t h e n t r an s f e r r ed t o a 

P V D F m e m b r a n e ( P e r k i n E l m e r L i f e Sciences). A f t e r b l o c k i n g 

i n T B S a n d 0.05% T w e e n 20 c o n t a i n i n g 5% n o n f a t d r y m i l k , t he 

m e m b r a n e was i n c u b a t e d o v e r n i g h t at 4 °C w i t h p r i m a r y a n t i ­

body; a n t i - N F l (Santa C r u z B i o t e c h n o l o g y , Santa C r u z , C A ) ; 

a n t i - p h o s p h o - E R K ( p E R K ) l / 2 , a n t i - p h o s p h o - A k t ( p A k t ) , a n b -

A k t , a n t i - p o l y ( A D P - r i b o s e ) po lymerase (PARP) , an t i -c leaved 

P A R P ( N e w E n g l a n d Biolabs , Bever ly , M A ) ; o r a n t i - G A P D H 

( T r e v i g e n , G a i t h e r s b u r g , M D ) . T h e m e m b r a n e was washed 

f o u r t imes w i t h T B S a n d 0.05% T w e e n 20 a n d t h e n i n c u b a t e d 

w i t h t h e a p p r o p r i a t e ho r se rad i sh pe rox idase -con juga t ed sec­

o n d a r y a n t i b o d y (Pierce or Jackson I m m u n o R e s e a r c h L a b o r a ­

tor ies ) . I m m u n o r e a c t i v i t y was de tec ted by enhanced c h e m i l u ­

minescence (Pierce a n d P e r k i n E l m e r L i f e Sciences). Exposed 

f i l m s w e r e s e m i q u a n t i t a t i v e l y analyzed b y d e n s i t o m e t r y u s ing 

N I H ImageJ so f tware . 

Co-immunoprecipitation—At des ignated t i m e p o i n t s a f te r 

g r o w t h f a c t o r t r e a t m e n t , S T 8 8 - 1 4 cells ( 1 . 5 - 2 X lO'^ cells) we re 

so lub i l i z ed i n 1 m l o f l y s i s / i m m u n o p r e c i p i t a t i o n b u f f e r (150 

m M N a C l , 10 m M T r i s , 1 m M E D T A , 1% T r i t o n X - 1 0 0 , 0.5% 

N o n i d e t P-40, protease i n h i b i t o r m i x t u r e ( C a l b i o c h e m ) , 50 m M 

NaF, a n d 1 m M N a - ^ V O J , c e n t r i f u g e d to r e m o v e i n so lub l e 

m a t e r i a l , a n d i n c u b a t e d w i t h 2 pg o f r a b b i t a n t i - C a M m o n o c l o ­

na l a n t i b o d y (Ep i tomics , B u r l i n g a m e , C A ) f o r 1 h at 4 °C. P r o ­

t e i n A /G-aga rose (15 jal; Pierce) was added, a n d t h e m i x t u r e 

was i n c u b a t e d o v e r n i g h t at 4 °C w i t h m i x i n g . T h e agarose p e l ­

lets we re co l l ec t ed b y c e n t r i f u g a t i o n a n d washed th ree t imes 

w i t h l y s i s / i m m u n o p r e c i p i t a t i o n b u f f e r . A f t e r the last wash , 15 

pd o f 2.5 X r e d u c i n g sample b u f f e r was added to the agarose 

pellets . T h e e lu t ed p r o t e i n s we re separated o n 4 - 1 2 % N u P A G E 

gels a n d t r a n s f e r r e d t o P V D F m e m b r a n e s f o r W e s t e r n b l o t 

analysis. T h e b lo ts we re i m m u n o s t a i n e d f o r A k t a n d C a M . T h e 

p r o t e i n bands o n f i l m s w e r e s e m i q u a n t i t a t i v e l y ana lyzed b y 

d e n s i t o m e t r y u s ing ImageJ so f tware . 

Cell Survival Studies~ST88-l4 cells were p l a t e d at a dens i ty 

o f 150,000 c e l l s / 3 5 - m m tissue c u l t u r e d i sh . T h e f o l l o w i n g day, 

the m e d i u m was r e m o v e d , a n d the cells we re washed once to 

r e m o v e traces o f s e r u m before a d d i n g l o w glucose m i n i m u m 

essential m e d i u m ( M E M ; I n v i t r o g e n ) w i t h o u t s e r u m supple ­

m e n t a t i o n . T h e C a M i n h i b i t o r W 7 or W 5 o r veh ic le (Me2SO) 

was added 30 m i n p r i o r t o P D G F - B B s t i m u l a t i o n . T h e cells 

APRIL19,2013-VOLUME288-NUMBER16 JOURNAL OF BIOLOGICAL CHEMISTRY 1 1 0 6 7 



PDGF Signaling in NFl Schwann Cells 

Neurofibromin 

pErk 1/2 

Erk 

p-AktS473 

Akt 

GAPDH 

ST88-14 nhSc 

FIGURE 1 . C o m p a r i s o n of basa l levels of Akt a n d ERK112 phosphory la t ion 
a n d express ion in ST88-14 cel ls a n d n h S c . Total cell lysates were prepared 
f r o m cells tha t were serum-starved for 4 h p r i o r t o harvest ing and analyzed by 
Western b lo t t i ng . The di f ference in neu ro f i b rom in expression be tween t he 
t w o cell types was demons t ra ted by immunos ta i n i ng w i t h a polyc lonal an t i ­
body whose ep i tope maps w i t h i n t he C te rm inus of h u m a n neu ro f i b rom in . 
Immunos ta in ing for pERKl /2 and pAkt^ " ' ' " * " was done using appropr ia te 
phosphospec i f ic ant ibod ies . Perox idase-conjugated secondary ant ibod ies 
were used for v isual izat ion, after w h i c h the blots were s t r ipped and reprobed 
w i t h ant i -Ak t and anti-ERK ant ibod ies . GAPDH was used as a load ing con t ro l . 
Not ice t ha t there are similar levels o f to ta l Ak t and p A k t ^ ' " ' ' ' ' " f o r t h e t w o cell 
types bu t marked ly d i f fe rent amoun ts of to ta l ERK and pERK. The results 
s h o w n are representat ive o f th ree or more i ndependen t exper iments . 

were i n c u b a t e d f o r 24 b a n d t h e n harves ted i n sample b u f f e r . 

Cleavage o f nuc lear P A R P was analyzed b y W e s t e r n b l o t t i n g . 

Statistics—All expe r imen t s w e r e p e r f o r m e d at least t h ree 

t imes . Sta t is t ical analyses w e r e done u s i n g G r a p h P a d P r i s m 

so f twa re . Student 's t test was used t o c o m p a r e b e t w e e n t w o 

g roups w i t h s ign i f i cance a t p < 0.05. 

R E S U L T S 

ERK, but Not Al<t, Shows Altered Basal Levels of Phosphoryl­

ation and Expression—Previous w o r k f r o m o u r l a b o r a t o r y (6) 

suggested tha t the a typ ica l increase i n i n t r ace l l u l a r c a l c i u m 

r e s u l t i n g f r o m PDGFR- j3 a c t i v a t i o n i n N F l - d e r i v e d S c h w a n n 

cells m a y i n f l u e n c e r e c e p t o r - m e d i a t e d s igna l ing cascades, par ­

t i c u l a r l y the P 1 3 K / A k t a n d M A P K pa thways . P r i o r to e x a m i n ­

i n g P D G F - B B - i n d u c e d s igna l ing i n N F l - d e r i v e d S T 8 8 - 1 4 cells, 

w e assessed the basal levels o f p h o s p h o r y l a t i o n a n d express ion 

o f A k t a n d E R K l / 2 t o d e t e r m i n e w h e t h e r c o n s t i t u t i v e l y ele­

va ted Ras-GTP, i n h e r e n t t o N F l - d e r i v e d cells, af fects these 

pa thways i n u n s t i m u l a t e d cells. S T 8 8 - 1 4 cells we re c o m p a r e d 

w i t h n o r m a l h u m a n S c h w a n n cells (nhSc) u n d e r s e r u m - f r e e 

c o n d i t i o n s t o r e m o v e c o n t r i b u t i o n s f r o m s e r u m - i n d u c e d s ig­

na l ing . T h e S T 8 8 - 1 4 cells expressed a n unde tec tab le level o f 

n e u r o f i b r o m i n (Fig. 1) a n d h a d 4 - f o l d m o r e Ras-GTP t h a n nbSc 

(data n o t s h o w n ) , cons i s ten t w i t h the o r i g i n a l c h a r a c t e r i z a t i o n 

o f the S T 8 8 - 1 4 cel l hne as w e l l as o t h e r N F l - d e r i v e d M P N S T 

S c h w a n n cells (16). 

T h e basal levels o f b o t h A k t p h o s p h o r y l a t e d at Ser-473 

(pAkt^ '" ' • '^ '*) a n d t o t a l A k t were c o m p a r a b l e be tween nhSc a n d 

ST88-14 cells (Fig. 1). I n cont ras t , ST88-14 cells h a d increased 

a m o u n t s o f p E R K l / 2 (Fig. 1). In t e re s t ing ly , the a m o u n t o f t o t a l 

E R K p r o t e i n was m a r k e d l y h ighe r i n nhSc, even t h o u g h p E R K 

was greater i n ST88-14 cells (Fig. 1). These data i m p l y tha t , at 

least i n u n s t i m u l a t e d S T 8 8 - 1 4 cells, the N F l p h e n o t y p e has n o 

apprec iable e f fec t o n the P I 3 K / A k t pa thway , whereas t h e 

M A P K p a t h w a y shows a subs tan t ia l increase i n basal a c t i v i t y 

re la t ive t o nhSc. 

Growth Factor Activation of Akt and MAPK Pathways—We 

analyzed the t i m e course o f A k t a n d E R K l / 2 p h o s p h o r y l a t i o n 

a f te r a c t i v a t i o n b y e i ther SCF or P D G F - B B . Each o f these 

g r o w t h f ac to r s has i ts r ecep to r overexpressed i n the S T 8 8 - 1 4 

cel l l i ne (4, 5) . O v e r a 2 - h t i m e p e r i o d , m a x i m u m p h o s p h o r y l a ­

t i o n o f A k t at Ser-473 o c c u r r e d w i t h i n 5 m i n f o l l o w i n g s t i m u ­

l a t i o n o f ST88-14 cells w i t h e i ther SCF (Fig. 2A) o r P D G F - B B 

(Fig. 2 5 ) . H o w e v e r , pAkt^'"'"'*^^ r e t u r n e d t o nea r ly u n s t i m u l a t e d 

levels (0 m i n ) w i t h i n 1 h af te r SCF t r e a t m e n t (Fig. 2A), whereas 

a h i g h level o f pAkt^^'^'*^^ i n P D G F - B B - t r e a t e d cells was sus­

t a i n e d f o r > 2 h (Fig. 2 5 ) . A s i m i l a r c o m p a r i s o n b e t w e e n nbSc 

a n d S T 8 8 - 1 4 cells a f t e r s t i m u l a t i o n w i t h P D G F - B B revealed a 

t r an s i en t p h o s p h o r y l a t i o n o f A k t at Ser-473 i n nhSc (Fig. 2Q 

re la t ive t o the sus ta ined p h o s p h o r y l a t i o n o f A k t at Ser-473 i n 

S T 8 8 - 1 4 cells (Fig. 2D). 

T o d e t e r m i n e w h e t h e r sus ta ined a c t i v a t i o n o f the M A P K 

p a t h w a y also occurs i n ST88-14 cells a f te r P D G F - B B s t i m u l a ­

t i o n , the b lo ts we re i m m u n o s t a i n e d f o r p E R K l / 2 . S i m i l a r t o the 

i n i t i a l k ine t i c s o f SCF- or P D G F - B B - i n d u c e d pAkt^'^"^"^^^ f o r m a ­

t i o n descr ibed above, m a x i m u m p h o s p h o r y l a t i o n o f E R K l / 2 i n 

S T 8 8 - 1 4 cells o c c u r r e d w i t h i n 5 m i n . T h e i n i t i a l p h o s p h o r y l a ­

t i o n o f E R K l / 2 was n o t as r a p i d i n nbSc, w h i c h appeared t o 

peak b e t w e e n 5 a n d 30 m i n (Fig. 2 ( f } . T h e P D G F - B B - i n d u c e d 

increase i n p E R K l / 2 levels i n ST88-14 cells was sus ta ined at 

least 30 m i n longer t h a n t h a t i n ST88-14 ceUs s t i m u l a t e d w i t h 

SCF (Fig. 2, A a n d 5 ) o r i n nhSc s t i m u l a t e d w i t h P D G F - B B (Fig. 

2, C a n d D). H o w e v e r , by 120 m i n , the a m o u n t o f p E R K l / 2 i n 

P D G F - B B - t r e a t e d S T 8 8 - 1 4 cells h a d r e t u r n e d t o u n s t i m u l a t e d 

levels (0 m i n ) (Fig . 2 , 5 a n d D ) . These observa t ions i nd i ca t e tha t , 

re la t ive t o A k t , the M A P K p a t h w a y i n ST88-14 cells is n o t i c e ­

ab ly less suscept ible t o sus ta ined a c t i v a t i o n b y P D G F - B B . 

Intracellular Calcium Chelator BAPTA-AM and CaM 

Antagonist W7 Inhibit Sustained but Not Transient Akt Ser-473 

Phosphorylation—On t he basis o f o u r p rev ious f i n d i n g s tha t 

P D G F - B B s t i m u l a t i o n ehci ts an increase i n i n t r a c e l l u l a r ca l ­

c i u m i n N F l - d e r i v e d S c h w a n n ce l l l ines, i n c l u d i n g ST88-14 

cells, a n d t h a t th i s i n t r a c e l l u l a r c a l c i u m increase does n o t o c c u r 

i n P D G F - B B - s t i m u l a t e d nhSc (6), we des igned e x p e r i m e n t s t o 

d e t e r m i n e w h e t h e r the P D G F - B B - s t i m u l a t e d in t raceUular ca l ­

c i u m increase was respons ib le f o r t h e sus ta ined A k t Ser-473 

p h o s p h o r y l a t i o n . S T 8 8 - 1 4 cells we re p r e i n c u b a t e d w i t h the 

i n t r a c e l l u l a r c a l c i u m che la tor B A P T A - A M f o r 30 m i n p r i o r t o 

P D G F - B B s t i m u l a t i o n . Fig . 3A shows t h a t B A P T A - A M t rea t ­

m e n t s i g n i f i c a n t l y i n h i b i t e d the sus ta ined (120 m i n ) p h o s p h o ­

r y l a t i o n o f A k t at Ser-473 w i t h o u t a f f e c t i n g the t r ans i en t (30 

m i n ) p h o s p h o r y l a t i o n . T h i s resu l t indica tes t h a t P D G F - B B 

induces b o t h a t r ans ien t c a l c i u m - i n d e p e n d e n t a n d a sus ta ined 

c a l c i u m - d e p e n d e n t p h o s p h o r y l a t i o n o f A k t at Ser-473. 

T o e s t ab l i sh w h e t h e r C a M is i n v o l v e d i n t h e s u s t a i n e d 

c a l c i u m - m e d i a t e d c o m p o n e n t o f A k t Ser-473 p h o s p h o r y l a ­

t i o n , w e p r e - i n c u b a t e d S T 8 8 - 1 4 cel ls f o r 30 m i n w i t h t h e 

C a M a n t a g o n i s t W 7 (10 / A M ) b e f o r e P D G F - B B t r e a t m e n t . 

S i m i l a r t o B A P T A - A M - t r e a t e d cel ls , o n l y t h e s u s t a i n e d 

c o m p o n e n t (120 m i n ) o f A k t Ser -473 p h o s p h o r y l a t i o n was 
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FIGURE 2.Time course of Akt Ser-473 and E R K l / 2 phosphorylat ion after growth factor stimulation. Cells were plated at a density of 1.5 X 10^ cel ls/35-mm tissue 
culture dish for ST88-14 cells or type I col lagen-coated dish for nhSc, and t he fo l lowing day, they were serum-starved for 4 h p r io r to being treated w i th g rowth factors 
(20 ng /m l for bo th SCF and PDGF-BB) f o r t h e indicated t imes. Total cell lysates were prepared and subjected to Western b lot analysis for pAkt, pERKl/2, and GAPDH 
(loading control). Phosphorylat ion of Akt and ERKl/2 over a 2-h t ime period is compared in SCF-stimulated (A) and PDGF-BB-stimulated (S) ST88-14 cells and in 
PDGF-BB-stimulated nhSc (Q and PDGF-BB-stimulated ST88-14 cells (D).The results shown are representative of three independent experiments. 
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FIG URE 3. Effect of intracellular calcium chelator BAPTA-AM a n d CaM antagonist W7 on PDGF-BB- induced transient a n d sustained phosphorylat ion of Akt 
at Ser-473. ST88-14 cells were serum-starved for 4 h and then pretreated w i th vehicle, 25 /MM BAPTA-AM (A), 10 / X M W7 (fi), or 10 /xM W5 (fi) for 30 min prior to PDGF-BB 
st imulat ion. Cells were harvested at 0 min (untreated), 30 min (to represent transient phosphorylat ion), and 120 min (to represent sustained phosphorylat ion), and 
total cellular protein was subjected t o Western blot analysis. Blots were immunosta ined for pAkt^'^''^'^ and GAPDH (loading control), fo l lowed by peroxidase-
conjugated secondary antibodies. Results are mean ± S.E. f rom three (A) or four (fi) independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

i n h i b i t e d i n the p resence o f W 7 ( F i g . 3B). For a c o n t r o l , we 

used t h e less p o t e n t C a M i n h i b i t o r W 5 , w h i c h a p p e a r e d t o 

h a v e less o f a n e f f e c t (F ig . 3B). These c o m b i n e d da ta i n d i c a t e 

t h a t the s u s t a i n e d p h o s p h o r y l a t i o n o f A k t a t Ser -473 i n 

P D G F - B B - s t i m u l a t e d S T 8 8 - 1 4 cel ls is c a l c i u m / C a M - d e p e n -

den t , whe reas t r a n s i e n t A k t p h o s p h o r y l a t i o n is n o t . 

PI3K Inhibitors Blocl< PDGF-BB-induced Ai<t Ser-473 

Phosphorylation—The dependence o f P D G F - B B - i n d u c e d t r a n ­

s ien t ( c a l c i u m / C a M - i n d e p e n d e n t ) a n d sus ta ined ( c a l c i u m / 

C a M - d e p e n d e n t ) A k t Ser-473 p h o s p h o r y l a t i o n o n P I 3 K ac t iv ­

i t y was e x a m i n e d b y p r e i n c u b a t i n g cells f o r 30 m i n w i t h 50 jXM 

L Y 2 9 4 0 0 2 p r i o r t o s t i m u l a t i o n w i t h P D G F - B B . I n the presence 
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FIGURE 4. Effect of PI3K inhibit ion with L Y 2 9 4 0 0 2 on P D G F - B B - s t i m u ­
lated t ransient a n d sus ta ined Akt Ser -473 phosphory la t ion . ST88-14 cells 
were serum-starved for 4 h and t h e n pre t reated w i t h vehic le or 50 JXM 
LY294002 for 30 m in pr ior t o PDGF-BB (20 ng /m l ) s t imu la t ion . Cells were 
harvested at 0 m in (untreated) , 15 m in (to represent t rans ient phosphory la ­
t ion) , and 120 min (to represent sustained phosphory la t ion) , and to ta l cel lular 
p ro te in was sub jec ted t o Western b lo t analysis. Blots were immunos ta ined 
for pAkt^""^"*", pERK, and GAPDH ( loading cont ro l ) , f o l l owed by peroxidase-
con juga ted secondary ant ibod ies . Results are representat ive of th ree Inde­
p e n d e n t exper iments . 

o f the P I 3 K i n h i b i t o r , the re was a l m o s t a c o m p l e t e i n h i b i t i o n o f 

A k t Ser-473 p h o s p h o r y l a t i o n over the 1 2 0 - m i n t i m e p e r i o d 

(Fig. 4 ) . A s i m i l a r e f f ec t was o b t a i n e d w i t h 0.2 / X M w o r t m a n n i n 

(data n o t s h o w n ) . These resul ts i nd ica t e t h a t b o t h the c a l c i u m / 

C a M - i n d e p e n d e n t a n d -dependen t c o m p o n e n t s o f A k t phos ­

p h o r y l a t i o n r e q u i r e P I 3 K ac t iv i ty . 

Co-immunoprecipitation of CaM witii Alct—Because b o t h 

the i n t r ace l l u l a r c a l c i u m che la tor B A P T A - A M a n d the C a M 

an tagon is t W 7 i n h i b i t e d o n l y the susta ined (120 m i n ) c o m p o ­

n e n t o f P D G F - B B - i n d u c e d A k t p h o s p h o r y l a t i o n , we c o n s i d ­

e red t h e p o s s i b i l i t y t h a t C a M in te rac t s d i r e c t l y w i t h A k t t o f o r m 

a f u n c t i o n a l c o m p l e x t h a t c o u l d be i n v o l v e d i n m a i n t a i n i n g A k t 

i n a p h o s p h o r y l a t e d state. T o estabhsh w h e t h e r d i r e c t i n t e rac ­

t i o n s b e t w e e n C a M a n d A k t o c c u r i n a P D G F - B B - d e p e n d e n t 

m a n n e r , w e ca r r i ed o u t c o - i m m u n o p r e c i p i t a t i o n e x p e r i m e n t s 

i n w h i c h C a M was i m m u n o p r e c i p i t a t e d f r o m ST88-14 cells 

t r ea t ed w i t h P D G F - B B f o r e i ther 30 o r 120 m i n . W e consis­

t e n t l y f o u n d t h a t A k t was associated w i t h C a M i n u n s t i m u l a t e d 

ceUs a n d t h a t P D G F - B B s t i m u l a t i o n increased the a m o u n t o f 

th i s associa t ion over the 1 2 0 - m i n t i m e p e r i o d (Fig. 5) . These 

resul ts i nd ica t e t h a t P D G F - B B induces a d i r e c t a n d sus ta ined 

associa t ion o f C a M w i t h A k t , w h i c h co inc ides w i t h the sus­

t a ined p h o s p h o r y l a t i o n o f A k t . 

CaM Antagonist W7 Blocl<s the Anti-apoptotic Effect of 

PDGF-BB in ST88-14 CeUs—Given t ha t A k t a c t i v a t i o n p r o ­

mo te s cel l su rv iva l , we n e x t inves t iga ted w h e t h e r P D G F - B B 

s t i m u l a t i o n c o u l d enhance S T 8 8 - 1 4 cel l su rv iva l u n d e r c o n d i ­

t i o n s t h a t w o u l d be expec ted to d r i v e the cells t o w a r d apoptos is 

and, i f so, w h e t h e r th i s su rv iva l s t i m u l u s is dependen t o n C a M . 

T o i n d u c e apoptosis , cells we re c u l t u r e d i n l o w glucose M E M 

u n d e r c o n d i t i o n s o f s e r u m d e p r i v a t i o n . T r e a t m e n t w i t h 

P D G F - B B alone o r a f te r a 3 0 - m i n p r e t r e a t m e n t w i t h W 7 or t h e 

c o n t r o l ana log W 5 was used to d e t e r m i n e the dependence o f 

P D G F - B B - i n d u c e d ceU su rv iva l o n C a M . Ce l lu l a r m o r p h o l o g y 

(Fig. 6, A-F) a n d cleavage o f nuc lea r P A R P (Fig. 6, G a n d H) 

w e r e used t o evaluate the a p o p t o t i c status o f the cells a f te r 24 h . 

Relat ive t o cells g r o w n i n m e d i u m c o n t a i n i n g s e r u m (Fig. 6A), 

the cells m a i n t a i n e d i n s e r u m - f r e e / l o w glucose M E M f o r 24 h 

s h o w e d cel l c o n t r a c t i o n a n d r o u n d i n g (Fig . 6B, arrowheads), 

charac te r i s t i c o f cells u n d e r g o i n g ce l l death , w i t h s i g n i f i c a n t 

Time (min): 0 30 120 

T ime (min): 

FIGURE 5. P D G F - B B - d e p e n d e n t co- immunoprec ip i ta t ion of Akt with 
C a M . ST88-14 cells (1.5 X lOVtlme po in t ) were serum-starved for 4 h and 
t h e n t rea ted w i t h 20 n g / m l PDGF-BB for 0 (unt reated) , 30, and 120 m in . Cells 
were solubi l ized in lysis buffer , and t he lysates were incuba ted ove rn igh t w i t h 
ant l -CaM an t i body and prec ip i ta ted w i t h p ro te in A/G-agarose. I m m u n o p r e ­
c ip i ta ted Ak t was de tec ted by Western b lo t t i ng (WB) us ing an an t i body t o 
to ta l A k t Results are mean ± S.E. f r o m f ive i n d e p e n d e n t exper iments . *, p < 
0. 05. IP, i m m u n o p r e c i p i t a t i o n . 

cleavage o f P A R P . P D G F - B B added to s e r u m - f r e e / l o w glucose 

M E M he lped m a i n t a i n e d n o r m a l ce l lu la r m o r p h o l o g y (Fig. 6C) 

a n d p r even t ed P A R P cleavage, i n d i c a t i n g t h a t P D G F - B B p r o ­

mo te s su rv iva l u n d e r these c o n d i t i o n s . T h e a n t i - a p o p t o t i c 

e f f ec t o f P D G F - B B was b l o c k e d by the C a M an tagon is t W 7 , 

w h i c h caused ce l l c o n t r a c t i o n a n d r o u n d i n g (Fig . 6D, arrow­

heads) a n d p r o d u c e d P A R P cleavage b e y o n d t h a t o f the s e r u m -

f r e e / l o w glucose m e d i u m alone. T h i s resu l t suggests t h a t C a M 

m a y have a n a d d i t i o n a l r o l e i n p r o m o t i n g su rv iva l t h a t is i n d e ­

p e n d e n t o f P D G F - B B s t i m u l a t i o n . I n contras t , cells p r e t r ea t ed 

w i t h the c o n t r o l ana log W 5 (Fig. 6 £ ) s h o w e d less cel l con t r ac ­

t i o n a n d r o u n d i n g a n d P A R P cleavage t h a n the \ V 7 - t r e a t e d 

cells. SCF, w h i c h p r o d u c e d o n l y a t r ans ien t p h o s p h o r y l a t i o n o f 

A k t at Ser-473 (Fig. 2 ^ ) , s h o w e d m i n i m u m effect iveness i n 

r e v e r s i n g the o u t c o m e s o f s e r u m d e p r i v a t i o n a n d l o w glucose, 

1. e. m o r p h o l o g y associated w i t h d y i n g cells (Fig. 6F) , a n d p r e ­

v e n t i n g P A R P cleavage. C o n s i d e r e d toge ther w i t h o u r evidence 

t h a t W 7 i n h i b i t s o n l y the sus ta ined p o r t i o n o f A k t Ser-473 

p h o s p h o r y l a t i o n (Fig. 3 5 ) , these resul ts suggest t h a t P D G F - B B -

i n d u c e d a c t i v a t i o n o f C a M plays a n i m p o r t a n t r o l e i n p r o m o t ­

i n g su rv iva l o f ST88-14 cells, m o s t l i k e l y t h r o u g h sus ta ined A k t 

a c t i va t i on . 

D I S C U S S I O N 

N e u r o f i b r o m i n - d e f i c i e n t cells genera ted f r o m N F l t u m o r s 

charac te r i s t i ca l ly h y p e r p r o l i f e r a t e as a consequence o f t h e i r 

c o n s t i t u t i v e l y elevated Ras a c t i v i t y a n d subsequent a c t i v a t i o n o f 

s igna l ing pa thways i n v o l v e d i n the r e g u l a t i o n o f ce l l g r o w t h ( 1 , 

1 7 - 1 9 ) . N F l - d e r i v e d S c h w a n n cells also have been s h o w n to 

overexpress g r o w t h f a c t o r recep tors ( 3 - 5 ) , w h i c h , w h e n c o u ­

p l e d w i t h abe r ran t i n t r a c e l l u l a r s igna l ing , can cause these cells 

t o express p h e n o t y p i c t ra i t s charac te r i s t i c o f t u m o r s , such as 
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FIGURE 6. Effect of C a M antagonis t W7 on P D G F - B B - i n d u c e d cell surv iva l . Shown is t he m o r p h o l o g y o f ST88-14 cells Incubated for 24 h in normal m e d i u m 
(DMEM and 5% FBS) (A), serum- f ree / low glucose MEM (fi), MEM + 20 n g / m l PDGF-BB (Q, MEM + 20 n g / m l PDGF-BB -P 10 / iM W7 (D), MEM -1- 20 n g / m l PDGF-BB 
+ 10 /XM W5 (£), or MEM + 20 n g / m l SCF ( f ) . W7 or W5 was added to the m e d i u m 30 m in p r i o r t o PDGF-BB treatment. / I rrow/^eac/s in fi and D indicate cells w i t h 
morpho log ies consistent w i t h dy ing cells. Sca/e bar = 100 /xm. G a n d /-/, af ter Incubat ing ST88-14 cells for 24 h under the cond i t ions ind icated in / \ - f , cells were 
harvested, and to ta l cellular p ro te in was subjected t o Western b lo t analysis. Blots were immunos ta ined for cleaved PARP, PARP, and GAPDH ( loading cont ro l ) , 
f o l l o w e d by perox idase-con jugated secondary ant ibod ies . Results are mean ± S.E. f r o m four i ndependen t exper iments . *, p < 0.05; * * , p < 0.01. 

u n r e g u l a t e d g r o w t h a n d su rv iva l . I n th i s s tudy, w e f o c u s e d o n 

the a typ ica l i n t r ace l l u l a r c a l c i u m s ignahng c o u p l e d t o the ac t i ­

v a t i o n o f overexpressed P D G F R - ^ (6), a n d w e have d e m o n ­

s t ra ted tha t c a l c i u m / C a M plays a necessary ro le i n a sus ta ined 

b u t n o t t r ans i en t A k t p h o s p h o r y l a t i o n r e s u l t i n g f r o m 

P D G F - B B s t i m u l a t i o n . W e also present evidence tha t P D G F -

B B - i n d u c e d a c t i v a t i o n o f C a M has a p r o s u r v i v a l i n f l u e n c e o n 

S T 8 8 - 1 4 cells p laced u n d e r c o n d i t i o n s t h a t p r o m o t e cel l death , 

suggest ing t h a t P D G F - B B - i n d u c e d sus ta ined A k t a c t i v a t i o n 

m a y b e a m e c h a n i s m b y w h i c h N F l - d e r i v e d M P N S T cells evade 

apoptosis . 

I n o u r i n i t i a l cha rac te r i za t ion , w e f o u n d t h a t the ex t en t o f 

A k t express ion a n d p h o s p h o r y l a t i o n i n u n s t i m u l a t e d S T 8 8 - 1 4 

cells was essential ly the same as i n nhSc, i n d i c a t i n g t h a t c o n s t i ­

t u t i v e l y elevated Ras -GTP was n o t a f f e c t i n g the basal ( u n s t i m u ­

lated) levels o f p A k t a n d t h a t t he re was n o a m p l i f i c a t i o n o r 

overexpress ion o f A k t by the S T 8 8 - 1 4 cells. I n con t r a s t a n d 

cons i s ten t w i t h e levated Ras -GTP as an u p s t r e a m ac t iva to r o f 

the M A P K pa thway , p E R K was s i g n i f i c a n t l y increased i n the 

u n s t i m u l a t e d ST88-14 cells re la t ive t o nhSc, w h i c h is i n agree­

m e n t w i t h p rev ious charac te r iza t ions o f the ST88-14 ce l l l i ne 

(16, 18, 20) a n d o the r n e u r o f i b r o m i n - d e f i c i e n t ce l l types (18, 

20) . In t e re s t ing ly , even t h o u g h ST88-14 cells h a d levels o f p E R K 

t h a t we re c o n s t i t u t i v e l y elevated, t h e a m o u n t o f t o t a l E R K p r o ­

t e i n was r educed c o m p a r e d w i t h t h a t expressed by nbSc. T h u s , 

re la t ive t o nbSc, the levels o f p E R K w e r e h ighe r i n u n s t i m u l a t e d 

S T 8 8 - 1 4 cells even t h o u g h the a m o u n t o f t o t a l E R K p r o t e i n was 

l o w e r . T h i s resu l t m i g h t suggest t ha t c h r o n i c e l eva t ion o f p E R K 

i n S T 8 8 - 1 4 cells resul ts i n a negat ive feedback m e c h a n i s m t h a t 

reduces the express ion o f E R K p r o t e i n i n a n e f f o r t t o h m i t E R K 

ac t i va t i on . 

A l t h o u g h nbSc t y p i c a l l y d o n o t express recep tors f o r SCF, 

PDGFR-jS is expressed by b o t h nhSc a n d S T 8 8 - 1 4 cells (6), 

w h i c h a l l o w e d us t o c o m p a r e P D G F - B B a c t i v a t i o n o f t h e P I 3 K / 
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A k t s igna l ing p a t h w a y be tween the t w o ce l l types. O u r resul ts 

s h o w t h a t the d u r a t i o n o f P D G F - B B - s t i m u l a t e d A k t Ser-473 

p h o s p h o r y l a t i o n i n ST88-14 cells ex t ended b e y o n d 120 m i n , 

whereas i n P D G F - B B - s t i m u l a t e d nhSc, pAkt**" '^^^ h a d 

r e t u r n e d t o nea r ly u n s t i m u l a t e d levels by 60 m i n . T h e l onge r 

d u r a t i o n o f A k t p h o s p h o r y l a t i o n was also speci f ic t o P D G F - B B -

m e d i a t e d s igna l ing i n the S T 8 8 - 1 4 ceUs because s t i m u l a t i o n 

w i t h SCF resu l t ed i n a t i m e course f o r pAl<t f o r m a t i o n t h a t was 

t rans ient , s i m i l a r t o t h a t f o r P D G F - s t i m u l a t e d nhSc. A p rev ious 

s tudy f r o m our l a b o r a t o r y s h o w e d t h a t there is a n increase i n 

i n t r a c e l l u l a r c a l c i u m i n response t o P D G F - B B s t i m u l a t i o n o f 

N F l - d e r i v e d S c h w a n n cel l l ines b u t n o t nhSc a n d t h a t th i s ca l ­

c i u m response is associated w i t h C a M a c t i v a t i o n as i n d i c a t e d by 

C a M kinase I I p h o s p h o r y l a t i o n (6). O n the basis o f t h i s earher 

w o r k , we hypo thes i zed t h a t a c a l c i u m / C a M - d e p e n d e n t m e c h ­

a n i s m was responsible f o r sus ta ined A k t p h o s p h o r y l a t i o n . 

O u r studies w i t h the in t raceUular c a l c i u m che la to r 

B A P T A - A M a n d the C a M an tagon is t W 7 d e m o n s t r a t e t h a t the 

P D G F - B B - i n d u c e d c a l c i u m a c t i v a t i o n o f C a M is respons ib le f o r 

the sus ta ined p o r t i o n o f A k t Ser-473 p h o s p h o r y l a t i o n a n d tha t 

the t r ans i en t p h o s p h o r y l a t i o n o f A k t at Ser-473 is a separate 

event i n d e p e n d e n t o f e i ther c a l c i u m o r C a M . T h i s is a no tab le 

obse rva t ion because i t shows tha t A k t p h o s p h o r y l a t i o n can be 

r egu la t ed c o n c u r r e n t l y b y m o r e t h a n one m e c h a n i s m , i n th i s 

case, c a l c i u m / C a M - i n d e p e n d e n t a n d -dependen t mechan i sms . 

Previous r epor t s i n w h i c h C a M was s h o w n to be i n v o l v e d i n A k t 

a c t i v a t i o n i n c l u d e C a M associa t ion w i t h the S H 2 (Src h o m o l ­

ogy 2) d o m a i n o f the 8 5 - k D a r e g u l a t o r y s u b u n i t o f P I 3 K (21) 

a n d C a M a c t i v a t i o n o f C a M kinase kinase, w h i c h t h e n proceeds 

to phospho ry l a t e A k t d i r e c t l y (14). H o w e v e r , i n o u r hands, 

e x p e r i m e n t s t o c o - i m m u n o p r e c i p i t a t e C a M w i t h the 8 5 - k D a 

r e g u l a t o r y s u b u n i t o f P I 3 K o r t o b l o c k sus ta ined A k t p h o s p h o ­

r y l a t i o n w i t h the speci f ic C a M kinase kinase i n h i b i t o r S T O 6 0 9 

p r o v i d e d n o evidence f o r e i ther o f these t w o m e c h a n i s m s 

o c c u r r i n g i n P D G F - B B - s t i m u l a t e d S T 8 8 - 1 4 cells (data n o t 

s h o w n ) . 

M o r e r ecen t studies w i t h mouse m a m m a r y c a r c i n o m a a n d 

h u m a n breast cancer ce l l l ines have p r o v i d e d evidence f o r a n 

E G F - i n d u c e d d i r ec t associa t ion b e t w e e n C a M a n d A k t t h a t 

m a y serve t o t ranslocate A k t t o the p lasma m e m b r a n e , w h e r e i t 

becomes ac t iva ted (12, 13). O u r f i n d i n g t h a t P D G F - B B 

increases the f o r m a t i o n o f a C a M a n d A k t i m m u n o p r e c i p i t a b l e 

c o m p l e x i n ST88-14 cells is cons i s ten t w i t h th i s type o f f u n c ­

t i o n a l c o m p l e x b e i n g f o r m e d b e t w e e n the t w o molecules , 

a l t h o u g h i t r ema ins t o be d e t e r m i n e d w h e t h e r the P D G F - B B -

i n d u c e d f o r m a t i o n o f th i s c o m p l e x serves to t rans locate A k t t o 

the p lasma m e m b r a n e o r o the r sites w i t h i n the ce l l . N o n e t h e ­

less, o u r c o - i m m u n o p r e c i p i t a t i o n results , t oge the r w i t h the 

i n h i b i t i o n o f sus ta ined A k t p h o s p h o r y l a t i o n by W 7 and, t o a 

lesser extent , by the weaker an tagon is t W 5 , s t r o n g l y suggest 

t h a t th i s P D G F - B B - i n d u c e d phys ica l associa t ion b e t w e e n C a M 

and A k t is responsible f o r i ts susta ined ac t i va t i on . 

A m a j o r d i f f e r e n c e be tween o u r resul ts a n d those o f D e b etal. 

(12) a n d C o t i c c h i a et al. (13) is tha t , i n mouse m a m m a r y a n d 

h u m a n breast cancer ce l l l ines, t r e a t m e n t w i t h the C a M antag­

on i s t W 7 b l o c k e d a l l o f A k t p h o s p h o r y l a t i o n , whereas i n o u r 

studies w i t h ST88-14 cells, W 7 i n h i b i t e d o n l y sus ta ined A k t 

p h o s p h o r y l a t i o n w i t h o u t a d i sce rn ib le e f f ec t o n the t r ans i en t 

p o r t i o n . T h u s , t h e i r resul ts i nd ica t e t h a t a l l o f the E G F - i n d u c e d 

A k t a c t i v a t i o n o c c u r r e d t h r o u g h one C a M - d e p e n d e n t m e c h a ­

n i s m , whereas o u r resul ts c lear ly i nd ica t e t h a t t w o separate 

m e c h a n i s m s are i n v o l v e d c o n c u r r e n t l y i n the a c t i v a t i o n o f A k t . 

B o t h t h e c a l c i u m / C a M - d e p e n d e n t a n d - i n d e p e n d e n t m e c h ­

anisms were sensit ive to the P I 3 K i n h i b i t o r s L Y 2 9 4 0 0 2 a n d 

w o r t m a n n i n , i n d i c a t i n g t h a t each is P I 3 K - d e p e n d e n t a n d 

requ i res A k t t o associate w i t h p h o s p h a t i d y l i n o s i t o l 3 ,4 ,5- t r is­

phospha t e at the p lasma m e m b r a n e p r i o r t o a c t i v a t i o n b y phos­

p h o r y l a t i o n . I t is w o r t h c o n s i d e r i n g i n th i s c o n t e x t t ha t t w o 

b i n d i n g sites f o r c a l c i u m / C a M have been i d e n t i f i e d w i t h i n A k t 

(11). O n e o f these sites is at the N t e r m i n u s o f the kinase cata­

l y t i c d o m a i n , a n d the o the r is w i t h i n the f i r s t h a l f o f the p l eck ­

s t r i n h o m o l o g y d o m a i n , w h i c h also is the d o m a i n necessary f o r 

A k t t o associate w i t h p h o s p h a t i d y l i n o s i t o l 3 ,4 ,5- t r i sphosphate 

at the p lasma m e m b r a n e . I t is possible t ha t c a l c i u m / C a M b inds 

the p l e c k s t r i n h o m o l o g y d o m a i n o f ac t iva ted A k t , t he r eby 

re leas ing i t f r o m the m e m b r a n e a n d p r e v e n t i n g o r de l ay ing i ts 

i n a c t i v a t i o n by an A k t phosphatase (22). 

A l t h o u g h we c o u l d n o t ascer ta in d e f i n i t i v e l y t h a t A k t plays a 

d i r e c t r o l e i n the P D G F - B B - i n d u c e d su rv iva l o f s e r u m - d e p r i v e d 

S T 8 8 - 1 4 cells, o u r resul ts do show t h a t the P D G F - B B - i n d u c e d 

c a l c i u m / C a M response is necessary f o r th i s su rv iva l . By b l o c k ­

i n g t h e C a M - d e p e n d e n t sus ta ined A k t p h o s p h o r y l a t i o n w i t h 

W 7 or b y s t i m u l a t i n g the cells w i t h SCF, w h i c h p r o d u c e d o n l y a 

t r ans ien t A k t response, w e s h o w e d tha t t r ans i en t a c t i v a t i o n o f 

A k t is n o t s u f f i c i e n t to c o u n t e r a c t the a p o p t o t i c response 

(PARP cleavage) i n d u c e d b y s e r u m a n d glucose d e p r i v a t i o n . 

G i v e n the suggested ro l e o f C a M i n d i r e c t i n g A k t t o spec i f ic 

i n t r a c e l l u l a r sites (12, 13), toge the r w i t h r ecen t evidence i n d i ­

c a t i n g t h a t d i s t i n c t subce l lu la r poo ls o f A k t are i m p o r t a n t f o r i t s 

spec i f ic f u n c t i o n s (23), i t is possible tha t , i n S T 8 8 - 1 4 cells, C a M 

m a y serve t o target ac t iva ted A k t t o a p a r t i c u l a r i n t r ace l l u l a r 

site(s) w h e r e a n t i - a p o p t o t i c substrates f o r A k t reside. 

I t is n o t k n o w n w h e t h e r the re is a n A k t i s o f o r m dependence 

f o r N F l , a n d i n f o r m a t i o n o n th is t o p i c f o r o the r Ras - induced 

t u m o r s is l i m i t e d . O n e Ras- induced m o d e l i n w h i c h A k t iso­

f o r m spec i f i c i t y has been s tud ied is m u t a n t K-Ras -med ia t ed 

l u n g t u m o r i g e n e s i s (24), i n w h i c h A k t l was i d e n t i f i e d as the 

o n l y A k t i s o f o r m r e q u i r e d f o r t u m o r i n i t i a t i o n a n d p rogress ion . 

T h i s s t u d y is cons i s ten t w i t h A k t l k n o c k - o u t m i c e b e i n g 

g r o w t h - i m p a i r e d (25). H o w e v e r , o the r s tudies have l i n k e d A k t -

dependen t ce l l s u rv iva l to A k t 3 (26) or, i n some t u m o r ceU l ines, 

a l i t h ree A k t i s o f o r m s (27), suggest ing t h a t the su rv iva l f u n c t i o n 

o f an A k t i s o f o r m m a y be ce l l l ine - spec i f i c . Indeed , w i t h respect 

to p o t e n t i a l the rapeu t i c targets, i t w i l l be i m p o r t a n t to ascer ta in 

w h e t h e r a p a r t i c u l a r A k t i s o f o r m is responsible f o r i ts sus ta ined 

p h o s p h o r y l a t i o n m e d i a t e d b y c a l c i u m / C a M i n N F l t u m o r ceUs. 

T o date, emphasis has been p laced p r i m a r i l y o n h o w g r o w t h 

f ac to r s a f f ec t p r o h f e r a t i o n o f N F l t u m o r cells. A l o n g th i s l i ne , 

E G F has been s h o w n t o be t h e m o s t p o t e n t g r o w t h f a c t o r f o r 

s t i m u l a t i n g p r o l i f e r a t i o n o f N F l - d e r i v e d S c h w a n n ceUs (3), 

whereas P D G F - B B is o n l y sUght ly s t i m u l a t o r y (5), a n d there is 

l i t t l e i f any s t i m u l a t i o n o f p r o l i f e r a t i o n b y SCF (4). T h u s , P D G F -

BB, w h i c h does n o t appear t o have a m a j o r r o l e i n p r o l i f e r a t i o n 

o f M P N S T cells, m a y enhance t h e i r su rv iva l b y s t i m u l a t i n g a 

c a l c i u m / C a M - d e p e n d e n t m e c h a n i s m i n v o l v e d i n m a i n t a i n i n g 

A k t i n a n act ive state. W e p ropose t h a t P D G F s igna l ing a l lows 
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N F l S c h w a n n cehs t o evade n o r m a l p r o g r a m m e d cel l dea th a n d 

t h a t t h i s abe r ran t su rv iva l is a c o m p o n e n t o f t u m o r f o r m a t i o n . 
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