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ART I CLES 

An g i o g en e s i s ,  t h e  f o rm at i o n  o f  n e w  b l o o d  v e sse l s  f ro m  p re-
e x i s t i n g  v a sc u l a t u re ,  i n v o l v e s  c o o rd i n a t e d  en d o t h e l i a l -c e l l
p ro l i f era t i o n ,  m i g ra t i o n  an d  t u b e  f o rm at i o n .  Th i s  p ro c e ss i s
i n f l u en c e d  b o t h  b y  g ro w t h  f a c t o rs ,  su c h  a s  v a sc u l ar en d o t h e -
l i a l  g ro w t h  f a c t o r (VEG F) ,  an d  b y  c e l l  a d h e s i o n  m o l e c u l e s
su c h  a s  i n t e g ri n s 1 ,2 .  An g i o g en e s i s  i s  a  h a l l m ark  o f  c an c er,  a s
w e l l  a s  v ari o u s  i sc h e m i c  d i se a se s su c h  a s  re t i n o p a t h y  o f  p re -
m at u ri t y 3,  i m p l y i n g  t h a t  an t i -an g i o g en i c  d ru g s are  l i k e l y  t o  b e
o f  i m p o rt an c e  i n  t h e  t re a t m en t  o f  t h e se  d i se a se s.  El u c i d a t i n g
t h e  p re c i se  m o l e c u l ar m e c h an i sm s o f  an g i o g en i c  re g u l a t i o n  i s
t h ere f o re  i m p o rt an t  i n  d e t erm i n i n g  ra t i o n a l  s t ra t e g i e s  f o r
su c h  an t i -an g i o g en i c  a p p ro a c h e s.

VEG F h a s b e en  i d en t i f i e d  a s  a  m a j o r an g i o g en i c  f a c t o r a c t -
i n g  t h ro u g h  en d o t h e l i a l  c e l l -sp e c i f i c  re c e p t o rs ,  i n c l u d i n g
VEG F re c e p t o r-2  (VEG FR-2 ; a l so  c a l l e d  Fl k -1 ) 4 .  Th e  i m p o r-
t an c e  o f  t h e  VEG F/VEG FR-2 sy st e m  i n  an g i o g en e s i s  i s  su p -
p o rt e d  st ro n g l y  b y  t h e  l a c k  o f  v a sc u l ar d e v e l o p m en t  an d  e arl y
e m b ry o n i c  l e t h a l i t y  i n  m i c e  b o t h  h e t ero z y g o u s f o r an d  d e f i -
c i en t  i n  VEG FR-2  ( re f s .  4 –6 ) .  I n  m an y  t u m o rs  an d  i sc h e m i c
d i se a se s,  VEG F p ro d u c t i o n  i s  e l e v a t e d ,  i n d u c i n g  a d u l t  p a t h o -
l o g i c a l  an g i o g en e s i s  an d  f u rt h er e m p h a s i z i n g  t h e  i m p o rt an c e
o f  VEG F i n  n e o v a sc u l ari z a t i o n .  St ra t e g i e s  t o  b l o c k  VEG F an d
VEG F re c e p t o r s i g n a l i n g  an d  f u n c t i o n  h a v e  re su l t e d  i n  s i g n i f -
i c an t  i n h i b i t i o n  o f  t u m o r an g i o g en e s i s  an d  su c h  re a g en t s  are
p re sen t l y  i n  c l i n i c a l  t ri a l s 1 ,7 ,8 .  Se v era l  m e m b ers  o f  t h e  i n t e g ri n
f a m i l y  are  a l so  i m p l i c a t e d  i n  an g i o g en e s i s 9 –1 8 .  Th e  l arg e st
b o d y  o f  d a t a  h a s l i n k e d  !v "3 an d  !v "5 i n t e g ri n s (b o t h  re c e p -
t o rs  f o r v i t ro n e c t i n  an d  o t h er e x t ra c e l l u l ar m a t ri x  m o l e c u l e s)

w i t h  b l o o d -v e sse l  d e v e l o p m en t 1 1 –1 8 .  Part i c u l ar a t t en t i o n  h a s
b e en  p a i d  t o  t h e  ro l e  o f  !v "3 i n t e g ri n  i n  an g i o g en e s i s  a s  i t  i s
p ro m i n en t  o n  p ro l i f era t i n g  v a sc u l ar en d o t h e l i a l  c e l l s 1 3,1 4 .
Fu rt h erm o re ,  b l o c k a d e  o f  !v "3 i n t e g ri n  w i t h  m o n o c l o n a l  an -
t i b o d i e s  o r l o w -m o l e c u l ar-w e i g h t  an t a g o n i s t s  i n h i b i t s  b l o o d -
v e sse l  f o rm at i o n  i n  a  v ari e t y  o f  i n  vi vo m o d e l s 1 7 ,  i n c l u d i n g
t u m o r an g i o g en e s i s 1 1 –1 3 an d  n e o v a sc u l ari z a t i o n  d u ri n g  o x y -
g en -i n d u c e d  re t i n o p a t h y 1 9 .  I n  a  re c en t  re p o rt ,  a  s i n g l e  sm a l l -
m o l e c u l e  i n h i b i t o r o f  b o t h  !v "3 an d  !v "5 i n t e g ri n s  i n h i b i t e d
t u m o r an g i o g en e s i s  i n  an i m a l  m o d e l s 2 0 .  Ta k en  t o g e t h er,  t h e se
i n h i b i t i o n  d a t a  su g g e st  c ri t i c a l  ro l e s  f o r !v "3 an d  !v "5 i n  an -
g i o g en e s i s ,  an d  h i g h l i g h t  t h e i r i m p o rt an c e  a s  p o t en t i a l  t ar-
g e t s  i n  an t i -an g i o g en i c  t h era p y .  I n  f a c t ,  t h e  !v "3-i n t e g ri n
an t a g o n i st ,  Vi t a x i n ,  i s  p re sen t l y  i n  c l i n i c a l  t ri a l s 2 1 .

I n  c o n t ra st  w i t h  t h e se  i n h i b i t o r s t u d i e s ,  m i c e  l a c k i n g  !v , "3
o r "5 i n t e g ri n s  e x h i b i t  e x t en s i v e  d e v e l o p m en t a l  an g i o g en e -
s i s 2 2 –2 4 .  Al l  !v -n u l l  m i c e  h a v e  e x t en s i v e  sp ro u t i n g  an g i o g en e s i s
an d  d e v e l o p  n o rm a l l y  u n t i l  e m b ry o n i c  d a y  9 .5  an d  a p p ro x i -
m at e l y  2 0 % o f  t h e m  su rv i v e  t o  b i rt h 2 2 .  "3-n u l l  m i c e  are  b o t h
v i a b l e  an d  f ert i l e  an d  d e v e l o p m en t a l  an g i o g en e s i s ,  i n c l u d i n g
p o st n a t a l  n e o v a sc u l ari z a t i o n  o f  t h e  re t i n a ,  a p p e ars  t o  b e  "3-
i n d e p en d en t 2 3.  "5-n u l l  m i c e  are  a l so  v i a b l e  an d  f ert i l e  an d
h a v e  n o  d e f e c t s  i n  w o u n d  h e a l i n g ,  su g g e st i n g  t h a t  a d u l t  an -
g i o g en e s i s  i s  u n a f f e c t e d  i n  t h e se  an i m a l s 2 4 .  Th e se  re su l t s  i n d i -
c a t e  t h a t  t h e  p re c i se  ro l e  o f  !v i n t e g ri n s  i n  an g i o g en e s i s  i s
l i k e l y  t o  b e  m o re  c o m p l e x  t h an  i n i t i a l l y  t h o u g h t  an d  ra i se  t h e
q u e st i o n  o f  t h e  i m p o rt an c e  o f  !v "3 an d  !v "5 i n t e g ri n s  i n  a d u l t
p a t h o l o g i c a l  an g i o g en i c  p ro c e sse s.  U s i n g  g en e t i c a l l y  d e f i -

En h an c ed  p at h o l o g i c a l  an g i o g en esi s i n  m i c e  l ac k i n g
"3 i n t eg ri n  o r "3 an d "5 i n t eg ri n s
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Inhibit ion of  !v"3 or !v"5 int egrin funct ion has been report ed t o suppress neovascularizat ion
and t umor growt h, suggest ing t hat  t hese int egrins are crit ical modulat ors of  angiogenesis.
Here we report  t hat  mice lacking "3 int egrins or both "3 and "5 int egrins not  only support
t umorigenesis, but  have enhanced t umor growt h as well . Moreover, t he t umors in t hese int e-
grin-def icient  mice display enhanced angiogenesis, st rongly suggest ing t hat  neit her "3 nor "5
int egrins are essent ial for neovascularizat ion. We also observed t hat  angiogenic responses t o
hypoxia and vascular endothelial growt h factor (VEGF) are augment ed signif icant ly in t he ab-
sence of  "3 int egrins. We found no evidence t hat  t he expression or funct ions of  other int egrins
were alt ered as a consequence of  t he "3 def iciency, but  we did observe elevat ed levels of  VEGF
receptor-2 (also cal led Flk-1) in "3-nul l  endothelial cel ls. These dat a indicat e t hat  !v"3 and !v"5
int egrins are not  essent ial for vascular development  or pathological angiogenesis and high-
l ight  t he need for furt her evaluat ion of  t he mechanisms of  act ion of  !v-int egrin ant agonist s in
ant i-angiogenic t herapeut ics.
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c i en t  m i c e ,  w e  h a v e  t e st e d  t h e  re q u i re m en t s  f o r "3, o r t h e
c o m b i n a t i o n  o f  "3 an d  "5 i n t e g ri n s ,  i n  a d u l t  n e o v a sc u l ari z a -
t i o n  b y  m o n i t o ri n g  p a t h o l o g i c a l  an g i o g en e s i s .  H ere  w e  re p o rt
t h e  f o l l o w i n g  re su l t s : 1 )  t u m o r g ro w t h  an d  an g i o g en e s i s  n o t
o n l y  are  su p p o rt e d ,  b u t  w ere  e v en  en h an c e d  i n  "3-d e f i c i en t
an d  "3/"5Ðd o u b l y  d e f i c i en t  m i c e ; 2 )  d e sp i t e  t h e  p ara l l e l  ro l e s
o f  !v "3 an d  !v "5 i n  an g i o g en e s i s ,  !v "5 an d  o t h er i n t e g ri n s
t e st e d  w ere  n o t  u p re g u l a t e d  i n  re sp o n se  t o  "3 d e f i c i en c y  i n
en d o t h e l i a l  c e l l s ; an d  3)  en h an c e d  VEG F-i n d u c e d  an g i o g en i c
re sp o n se s i n  "3-n u l l  m i c e  m a y  b e  d u e ,  a t  l e a st  i n  p art ,  t o  t h e
e l e v a t e d  VEG FR-2  l e v e l s  o b serv e d  i n  "3-d e f i c i en t  en d o t h e l i a l
c e l l s .

Tumor angiogenesis is enhanced in "3-def icient  mice
G i v en  t h a t  a d u l t  t u m o r an g i o g en e s i s  c an  b e  i n h i b i t e d  b y
b l o c k a d e  o f  !v "3 i n t e g ri n 1 1 –1 3,1 7 ,  w e  i n v e st i g a t e d  w h e t h er "3 d e -
f i c i en c y  h a d  an y  e f f e c t  o n  a d u l t  t u m o r an g i o g en e s i s .  "3-n u l l
an d  w i l d -t y p e  m i c e  w ere  i n j e c t e d  su b c u t an e o u s l y  w i t h
m u ri n e  t u m o r c e l l s ; e i t h er m e l an o m a (B1 6 F0 ) o r l u n g  c arc i -
n o m a  ( C M T1 9T)  c e l l s .  As  sh o w n  i n  Fi g .  1 a ,  t u m o rs  n o t  o n l y
g re w  i n  b o t h  l i n e s,  b u t  t u m o r s i z e  w a s en h an c e d  s i g n i f i c an t l y
i n  t h e  "3-d e f i c i en t  m i c e  w h en  c o m p are d  w i t h  c o n t ro l s  ( P <
0 .0 2  f o r #16 F0  an d  P < 0 .0 1  f o r C M T1 9T) .  Re p re sen t a t i v e  e x -
a m p l e s  o f  B1 6 F0  an d  C M T1 9T t u m o rs  are  sh o w n  i n  Fi g .  1 c.
Th e  g ro w t h  o f  a  h u m an  m e l an o m a  (A3 7 5 SM )  c e l l  l i n e  w a s

a l so  t e st e d  b y  su b c u t an e o u s i n j e c t i o n  i n t o  i m m u n o c o m p ro -
m i se d  (Ra g -2 )  m i c e  an d  Ra g -2 /"3-n u l l  m i c e  (Fi g .  1 b ) .  I n  c o n -
c o rd an c e  w i t h  t h e  o t h er t u m o r m o d e l s ,   A3 7 5 SM  t u m o rs  w ere
s i g n i f i c an t l y  l arg er i n  Ra g -2 /"3-n u l l  m i c e  ( P < 0 .0 0 3) (Fi g .  1 b ) .  

Se c t i o n s o f  t u m o rs  w ere  st a i n e d  w i t h  h e m a t o x y l i n  an d
e o s i n  ( H & E) .  M i c ro v e sse l s  w ere  e v i d en t  i n  t u m o rs  i n  b o t h
w i l d -t y p e  an d  "3-n u l l  m i c e  (Fi g .  1 d ) .  I m m u n o st a i n i n g  w i t h
an t i b o d i e s  t o  v ari o u s en d o t h e l i a l  m ark ers ,  i n c l u d i n g  v a sc u l ar
en d o t h e l i a l  (VE) -c a d h eri n ,  l a m i n i n -1  an d  p l a t e l e t  en d o t h e -
l i a l -c e l l  a d h e s i o n  m o l e c u l e -1  ( PEC AM -1 )  (Fi g .  1 e) ,  VEG FR-2
an d  Te k  ( d a t a  n o t  sh o w n ) ,  e st a b l i sh e d  t h a t  t h e  b l o o d  v e sse l s
i n  t h e  "3-n u l l  m i c e  e x p re sse d  a l l  o f  t h e  t e st e d  m ark ers  o f  en -
d o t h e l i a l  c e l l s .  Bl o o d -v e sse l  d en s i t y  w a s q u an t i f i e d  b y  c o u n t -
i n g  t h e  n u m b er o f  v e sse l s  p er u n i t  are a  a c ro ss en t i re  t u m o r
se c t i o n s.  "3-n u l l  m i c e  h a d  s i g n i f i c an t l y  e l e v a t e d  n u m b ers  o f
v e sse l s  p er sq u are  m i l l i m e t er o f  t u m o r w h en  c o m p are d  w i t h
w i l d -t y p e  c o n t ro l s  ( P < 0 .0 3)  (Fi g .  1 f ) .  I m p o rt an t l y ,  v e sse l  d en -
s i t y  i n  n o n  t u m o r-b u rd en e d  a d u l t  sc ru f f -sk i n  w a s c o m p ara b l e
b e t w e en  "3-n u l l  an d  w i l d -t y p e  m i c e  (Fi g .  1 g)  su g g e st i n g  t h a t
t h e  en h an c e d  t u m o r an g i o g en i c  re sp o n se  w a s n o t  d u e  t o  e l e -
v a t e d  b l o o d -v e sse l  d en s i t y  i n  u n t re a t e d  "3-n u l l  sk i n .

"3 /"5-def icient  mice have enhanced t umor angiogenesis
Be c a u se  !v "3 an d  !v "5 i n t e g ri n s  are  re l a t e d  re c e p t o rs  an d  are
b o t h  t h o u g h t  t o  b e  i n v o l v e d  i n  an g i o g en e s i s 1 5,2 0 ,  i t  i s  p o ss i b l e

a b c d

f

g

Fig. 1 Tumor growth and angiogenesis are en-
hanced in "3-deficient mice. a , Measurement of
murine B16F0 (left) and CMT19T (right) subcutaneous
tumors grown in wild-type (! ) and "3-null (" ) mice.
Bars show mean tumor volume in mm3 ± s.e.m. for 10-
day-old tumors. *, P < 0.02; **, P < 0.01. b,
Measurement of human A375SM s.c. tumors grown in
Rag-2 (! ) and Rag-2/"3-null (" ) mice. Bars show mean
tumor weight in mg ± s.e.m. for 36-day-old tumors. *,
P < 0.003. c, Macroscopic appearance of 10-day-old
B16F0 (top) and CMT19T (bottom) tumors grown in
wild-type (left) and "3-null (right) mice. d, H&E-
stained sections of B16F0 tumors from wild-type (left)
and "3-null (right) mice; microvessels (arrows) are
clearly visible. e, VE-cadherin (top panels), laminin-1
(middle), and PECAM-1 (bottom) staining patterns in
sections of B16F0 tumors from wild-type (left) and "3-
null (right) mice. Tumor vessels from "3-null mice ex-
press all the endothelial markers tested. f , Microvessel
density in B16F0 tumors was significantly greater in "3-
null (" ) mice than in wild-type (! ) mice (*, P < 0.03).
g, In untreated skin sections vessel density was identi-
cal in wild-type (! ) and "3-null (" ) mice. Scale bars: 1
cm (c); 50 µm (d and e).
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Fig. 2 "3/"5-null mice show enhanced tumor growth and angiogenesis. a,
Measurement of B16F0 (left) and CMT19T (right) s.c. tumors in wt (! ) and
"3/"5-null (" ) mice. The mean tumor volume in mm3 ± s.e.m. is given for 10-
day-old tumors. *, P < 0.05; **, P < 0.007. b, Measurement of human LS180 s.c.
tumors grown in Rag-2 (! ) and Rag-2/"3/"5-null (" ) mice. The mean tumor
weight in mg ± s.e.m. is presented for 21-day-old LS180 tumors (*, P < 0.003).
c, Macroscopic appearance of 10-day-old B16F0 (top) and CMT19T (bottom)
tumors grown in control (left) and "3/"5-null (right) mice. d, In H&E-stained
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t h a t  i n  t h e  a b sen c e  o f  b o t h  "3 an d  "5 i n t e g ri n s  an g i o g en e s i s
w o u l d  b e  c o m p l e t e l y  b l o c k e d .  To  t e st  t h i s ,  w e  e x a m i n e d  su b -
c u t an e o u s #16 F0  an d  C M T1 9T t u m o rs  i n  "3/"5Ðd o u b l y  d e f i -
c i en t  m i c e .  Re su l t s  sh o w e d  t h a t  t u m o r g ro w t h  w a s n o t  o n l y
su p p o rt e d  i n  t h e se  m i c e ,  b u t  a l so  t h a t  t u m o rs  w ere  s i g n i f i -
c an t l y  l arg er w h en  c o m p are d  w i t h  c o n t ro l s  (Fi g .  2 a ) .
Si m i l arl y ,  su b c u t an e o u s g ro w t h  o f  c o l o n  c arc i n o m a  (LS1 8 0 )
i n  Ra g -2 /"3/"5-n u l l  m i c e  w a s s i g n i f i c an t l y  en h an c e d  c o m -
p are d  w i t h  c o n t ro l s  ( P < 0 .0 1 4 )  (Fi g .  2 b ) .  Re p re sen t a t i v e  e x -

a m p l e s  o f  #16 F0  an d  C M T1 9T t u m o rs  are  sh o w n  i n  Fi g .  2 c.
H i s t o l o g i c a l  an a l y s i s  o f  an  H & E-st a i n e d  t u m o r se c t i o n  (Fi g .
2 d )  an d  i m m u n o d e t e c t i o n  o f  PEC AM -1  (Fi g .  2 e) ,  VE-c a d h eri n ,
l a m i n i n -1  an d  VEG FR-2  ( d a t a  n o t  sh o w n )  re v e a l e d  t h a t  an -
g i o g en i c  b l o o d  v e sse l s  w ere  c l e arl y  d e t e c t a b l e  i n  t h e  "3/"5-
n u l l  m i c e .  M o re o v er,  t u m o rs  f ro m  t h e se  m i c e  w ere
s i g n i f i c an t l y  h y p er-v a sc u l ari z e d  w h en  c o m p are d  w i t h  c o n -
t ro l s  ( P < 0 .0 0 8 )  (Fi g .  2 f ) .  I n  c o n t ra st ,  b l o o d -v e sse l  d en s i t y  i n
u n c h a l l en g e d  "3/"5-n u l l  sk i n  w a s c o m p ara b l e  t o  c o n t ro l  sk i n

sections of tumors from "3/"5-null mice microvessels are clearly visible (arrows).
e, Microvessels were detected by PECAM immunostaining of tumors in control
(left) and "3/"5-null (right) mice. f, Microvessel density in B16F0 tumors was
significantly higher in "3/"5-null (" ) mice than in wild-type (! ) mice. *, P <
0.008. g, In untreated skin sections vessel density was the same in wild-type (! )
and "3/"5-null (" ) mice. Scale bars: 1 cm (c); 50 µm (d and e).

a b c d

e f g

Fig. 3 "3 deficiency does not affect the expression or function of other inte-
grins. a , Surface iodination and immunoprecipitation of "3, !v, "5, "1, !1,
!2 and !5 integrin subunits from lung-derived wild-type (wt) and "3-null
(Ð/Ð) endothelial cells. b , Immunofluorescence staining of wild-type and "3-
null endothelial cells stained with antibodies to "3, !v, "1 and !5. "3-subunit
was absent and !v-subunit was reduced in "3-null endothelial-cell focal con-
tact sites. Scale bar: 5 µm. c and d , In adhesion assays (c), and migration as-
says (d), "3-null endothelial cells had background activity on vitronectin
(VN), but responses on fibronectin (FN), collagen (COLL) and laminin-1
(LM-1) were normal. Adhesion and migration values are given as mean per-
centages ± s.e.m. relative to wild-type cell activity on FN.*P < 0.003;**P <
0.000007. ! , wild-type cells; " , "3-null cells.

a

b

c d
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(Fi g .  2 g) .  Th u s,  o u r d a t a  p ro v i d e  s t ro n g  e v i d en c e  t h a t  d e f i -
c i en c y  o f  e i t h er "3 a l o n e ,  o r b o t h  "3 an d  "5 i n t e g ri n s ,  c an  en -
h an c e  t u m o r g ro w t h  an d  an g i o g en e s i s . Th e se  d a t a
d e m o n st ra t e  t h a t  !v "3 an d  !v "5 i n t e g ri n s are  n o t  e ssen t i a l  f o r
t u m o r an g i o g en e s i s .

"3 def iciency does not  af fect  ot her int egr in subuni t s
Ap art  f ro m  t h e  t w o  re c e p t o rs ,  !v "3 an d  !v "5, o t h er i n t e g ri n s

su c h  a s  t h e  f i b ro n e c t i n  re c e p t o r !5"1 an d  t h e  c o l l a g en
re c e p t o rs  !2"1 an d  !1"1 h a v e  a l so  b e en  su g g e st e d  t o  p l a y
ro l e s  i n  an g i o g en e s i s 9 –1 4 ,2 5.  Th i s  ra i se s  t h e  p o ss i b i l i t y
t h a t  o t h er i n t e g ri n s  m a y  c o m p en sa t e  f o r "3 d e f i c i en c y .
W e  c o m p are d  t h e  e x p re ss i o n  p ro f i l e s  an d  f u n c t i o n s o f
i n t e g ri n s  i n  w i l d -t y p e  an d  "3-n u l l  en d o t h e l i a l  c e l l s .
Su rf a c e  i o d i n a t i o n  f o l l o w e d  b y  i m m u n o p re c i p i t a t i o n  o f
"3 an d  !v i n t e g ri n s  sh o w e d  a  c o m p l e t e  l o ss  o f  "3 i n t e -
g ri n  an d  re d u c e d  l e v e l s  o f  !v i n t e g ri n  i n  t h e  "3-n u l l  en -
d o t h e l i a l  c e l l s .  H o w e v er,  n o  c h an g e s i n  su rf a c e
e x p re ss i o n  o f "5,  "1,  !1 ,  !2 o r !5 i n t e g ri n s  w ere  d e t e c t e d
b y  su rf a c e  i o d i n a t i o n  an d  i m m u n o p re c i p i t a t i o n  (Fi g .
3a ) .  W e st ern -b l o t  an a l y s i s  a l so  sh o w e d  n o  d i f f eren c e  i n
t o t a l  "5-su b u n i t  l e v e l s  i n  en d o t h e l i a l  c e l l s  ( d a t a  n o t
sh o w n ) .  Fo c a l  c o n t a c t  d i s t ri b u t i o n  o f  i n t e g ri n s  i n  t h e
"3-n u l l  en d o t h e l i a l  c e l l s  w a s e x a m i n e d  b y  i m m u n o f l u o -
re sc en c e  u s i n g  an t i b o d i e s  t o  v ari o u s  i n t e g ri n s ,  i n c l u d -
i n g  "3,  !v ,  "1 an d  !5 i n t e g ri n s .  Ap art  f ro m  t h e  a b sen c e
o f  d e t e c t a b l e  "3 i n t e g ri n  i n  t h e  "3-n u l l  en d o t h e l i a l  c e l l s ,
!v e x p re ss i o n  a p p e are d  t o  b e  so m e w h a t  re d u c e d  an d
t h ere  w ere  n o  c h an g e s i n  "1 o r !5 i n t e g ri n  p a t t ern s (Fi g .
3b ) .

To  t est  w h et h er t h e  l o ss o f  "3 i n t eg ri n s h ad  an y  e f f ec t
o n  t h e  f u n c t i o n s o f  o t h er i n t eg ri n s,  w e  p erf o rm ed  ad h e-
si o n  an d  m i g rat i o n  assay s o n  f i b ro n ec t i n ,  c o l l ag en ,
l am i n i n -1  an d  v i t ro n ec t i n .  In  ad h esi o n  assay s,  w i l d -t y p e
an d  "3-n u l l  en d o t h e l i a l  c e l l s ad h ered  eq u a l l y  w e l l  t o  f i -
b ro n ec t i n ,  c o l l ag en  an d  l am i n i n -1 .  In  c o n t rast  t o
w i l d –t y p e  c e l l s,  "3-n u l l  c e l l s sh o w ed  b ac k g ro u n d  l ev e l s o f
ad h esi o n  t o  v i t ro n ec t i n  (Fi g .  3c) .  In  m i g rat i o n  assay s,  "3-
n u l l  en d o t h e l i a l  c e l l s h ad  n o rm al  m i g rat o ry  ab i l i t i es o n
m o st  su b st rat es,  b u t  m i g rat i o n  w as ab l a t ed  o n  v i t -
ro n ec t i n  (Fi g .  3d ) .  Th ese  d at a  sh o w  n o  ev i d en c e  f o r c o m -

p en sat i o n  b y  o t h er i n t eg ri n s i n  resp o n se t o  "3 d ef i c i en c y .

"3 def iciency enhances VEGF-induced blood-vessel  growt h
Si n c e  "3-n u l l  m i c e  ex h i b i t ed  en h an c ed  t u m o r an g i o g en esi s,  w e
so u g h t  t o  i n v est i g a t e  t h e  e f f ec t  o f  "3 d e f i c i en c y  i n  an o t h er
ad u l t  n eo v asc u l ari z a t i o n  assay .  H y p o x i a-i n d u c ed  ret i n a l  n eo -
v asc u l ari z a t i o n  i n  n eo n at a l  m i c e  i s a  m o d e l  f o r t h e  i sc h em i c
d i sease  ret i n o p a t h y  o f  p rem at u ri t y ,  an d  i t  p ro v i d es a  u se f u l

a b

c

Fig. 4 Hypoxia-induced retinal angiogenesis is enhanced in "3-null mice. a, Flat
mounts of retinas from wild-type (left) and "3-null (right) mice that have undergone
hypoxia-induced retinal angiogenesis show extensive areas of neovascularization with
excessive development of vascular glomeruli (arrowheads) in the "3-null retinas. b,
Quantification of vascular glomeruli in wild-type (! ) and "3-null (" ) retinas (n = 9Ð12
mice per genotype; *, P < 0.02). c, Cross-sections of eyes from wild-type (left) and "3-
null (right) mice showing retinal neovascularization internal to the inner limiting mem-
brane in both genotypes (arrowheads) with excessive development of vascular
glomeruli in the "3-null retinas (arrows). V, vitreous; ILM, inner limiting membrane;
GCL, ganglion cell layer; IPL, inner plexiform layer. Scale bars: 100 µm (a); 50 µm (c).

a b

c
Fig. 5 "3 deficiency enhances VEGF-induced vessel growth in vivo and in vitro. a ,
Quantification of microvessels infiltrating Matrigel implants in wild-type (! ) or "3-
null (" ) mice in the presence or absence of VEGF shows augmented VEGF-induced
angiogenesis in the "3-null mice compared with VEGF-induced angiogenesis in wild-
type mice. *, P < 0.05. VEGF-induced angiogenesis in wild-type mice was signifi-
cantly enhanced compared with PBS controls. **, P < 0.015. b , In ex vivo aortic ring
assays microvessel numbers were counted from wild-type (! ) and "3-null (" ) aortic
rings grown in the presence of DMEM (left panel), FCS (middle) or VEGF (right). "3-
null samples had elevated angiogenic responses to VEGF (n = 5Ð7 mice per geno-
type; *, P < 0.05). c, Low-power light micrographs of representative wild-type (left)
and "3-null (right) aortic ring microvessels grown in the presence of VEGF.
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m et h o d  t o  q u an t i f y  n eo v asc u l ari z a t i o n  i n  "3-n u l l  m i c e .
Po st n a t a l  d ay  7  ( P7 )  m i c e  w ere  p l ac ed  i n  7 5% o x y g en  f o r f i v e
d ay s c au si n g  c en t ra l  av asc u l ari z a t i o n  o f  b o t h  w i l d -t y p e  an d  "3-
n u l l  ret i n as ( d a t a  n o t  sh o w n ) .  Th i s i n c u b at i o n  w as f o l l o w ed  b y
h o u si n g  t h e  m i c e  f o r f i v e  f u rt h er d ay s ( u n t i l  P1 7 )  u n d er n o r-
m o x i c  c o n d i t i o n s a f t er w h i c h  n eo v asc u l ari z a t i o n  w as d e t ec t ed
b y  p erf u si o n  o f  t h e  en t i re  v asc u l a t u re  w i t h  a  n o n -d i f f u si b l e  f l u -
o resc e i n -d ex t ran  so l u t i o n .  In  f l a t -m o u n t ed  w i l d -t y p e  an d  "3-
n u l l  ret i n as,  w e  d e t ec t ed  areas o f  n eo v asc u l ari z a t i o n  an d
v asc u l ar g l o m eru l i  (Fi g .  4 a ) .  Vasc u l ar g l o m eru l i  are  h i g h l y  p ro -
l i f era t i v e  c l u st ers o f  t o rt u o u s v esse l s t h a t  are  p ro d u c ed  i n  re-
sp o n se  t o  an g i o g en i c  st i m u l i  an d  p ro t ru d e  t h ro u g h  t h e  i n n er
l i m i t i n g  m em b ran e .  Th e n u m b ers o f  g l o m eru l i  w ere  c o u n t ed
t o  c o m p are  ret i n a l  n eo v asc u l ari z a t i o n  i n  w i l d -t y p e  an d  "3-n u l l
m i c e .  W e  o b serv ed  s i g n i f i c an t l y  e l ev a t ed  n u m b ers o f  v asc u l ar
g l o m eru l i  i n  "3-n u l l  m i c e  a t  P1 7  (Fi g .  4 a an d  b )  an d  i n  ret i n a l
c ro ss-sec t i o n s (Fi g .  4 c) .  Th ese  d a t a  p ro v i d e  ev i d en c e  t h a t  "3-
n u l l  m i c e  sh o w  en h an c ed  n eo v asc u l ari z a t i o n  n o t  o n l y  i n  t u -
m o rs b u t  a l so  i n  h y p o x i a-i n d u c ed  ret i n o p at h y .

VEG F ex p ressi o n  i s e l ev a t ed  i n  h y p o x i a-i n d u c ed  ret i n a l  an -
g i o g en esi s an d  i s t h o u g h t  t o  b e  t h e  m a j o r an g i o g en esi s-st i m u -
l a t i n g  f ac t o r i n  t h i s sy st em 2 6 ,2 7 . Bec au se  h y p o x i a-i n d u c ed
ret i n a l  n eo v asc u l ari z a t i o n  w as en h an c ed  i n  t h e  "3-n u l l  m i c e ,
w e  h y p o t h esi z ed  t h a t  VEG F-st i m u l a t ed  an g i o g en esi s p er se

m i g h t  b e  e l ev a t ed  i n  "3-d e f i c i en t  m i c e .  M at ri g e l  i m -
p l an t s i m p reg n at ed w i t h  VEG F o r PBS ( i n  t h e  p res-
en c e  o f  h ep ari n 4 4 )  w ere  ad m i n i st ered

su b c u t an eo u sl y  t o  w i l d -t y p e  an d  "3-n u l l  m i c e  an d
b l o o d -v esse l i n f i l t rat i o n  o f  t h e  i m p l an t s w as q u an t i -
f i ed .  In  c o n t rast  t o  PBS c o n t ro l s,  VEG F i n d u c ed  an -
g i o g en i c  resp o n ses i n  b o t h  w i l d -t y p e  an d  "3-n u l l
m i c e  an d  t h i s resp o n se  w as s i g n i f i c an t l y  e l ev a t ed  i n
"3-n u l l  m i c e  w h en  c o m p ared  w i t h  c o n t ro l s (Fi g .  5a ) .

Fu rt h er an a l y si s o f  VEG F-i n d u c ed  n eo v asc u l ari z a -
t i o n  resp o n ses w as c arri ed  o u t  u si n g  ex  vi vo ao rt i c
ri n g  assay s.  W i l d -t y p e  an d  "3-n u l l  ao rt i c  ri n g s w ere
em b ed d ed  i n  M at ri g e l  i n  t h e  p resen c e  o r ab sen c e  o f
seru m  o r VEG F an d  t h e  n u m b ers o f  v asc u l ar sp ro u t s

p er ao rt i c  ri n g  o v er a  p eri o d  o f  1 4  d ay s i n  c u l t u re  w ere  assessed .
In  t h e  ab sen c e  o f  seru m  o r VEG F,  v ery  l i t t l e  v esse l  o u t g ro w t h
w as d e t ec t ed  i n  e i t h er w i l d -t y p e  o r "3-n u l l  sam p l es,  w h ereas
seru m  i n d u c ed  n eo v asc u l ari z a t i o n  t o  a  s i m i l ar ex t en t  i n  b o t h .
H o w ev er,  i n  t h e  p resen c e  o f  VEG F,  t h e  t o t a l  n u m b er o f  v esse l
sp ro u t s w as s i g n i f i c an t l y  h i g h er f o r "3-n u l l  sam p l es w h en  c o m -
p ared  w i t h  w i l d -t y p e  c o n t ro l s ( P < 0 .0 5)  (Fi g .  5b ) .
Rep resen t a t i v e  m i c ro g rap h s o f  v esse l s sp ro u t i n g  f ro m  ao rt i c
ri n g s g ro w n  i n  t h e  p resen c e  o f  VEG F are  sh o w n  i n  Fi g .  5c.

Elevat ed VEGFR-2 levels in "3-nul l  endot hel ial  cel ls
Si n c e  "3-n u l l  m i c e  h ad  e l ev a t ed  resp o n ses t o  VEG F,  w e  t est ed
w h et h er t h e  "3-n u l l  en d o t h e l i a l  c e l l s  h ad  e l ev a t ed  l ev e l s o f
VEG FR-2 .  Fl o w  c y t o m et ri c  an a l y si s sh o w ed  t h a t  "3-n u l l  en -
d o t h e l i a l  c e l l s  ex p ressed  s i g n i f i c an t l y  h i g h er l ev e l s o f  su rf a c e
VEG FR-2  t h an  w i l d -t y p e  c o n t ro l  en d o t h e l i a l  c e l l s  ( P < 0 .0 1 4 )
(Fi g .  6 a )  an d  d en si t o m et ri c  an a l y ses o f  w est ern  b l o t s ap p ro x i -
m at e l y  t h ree-f o l d  m o re  t o t a l  VEG FR-2  (Fi g .  6 b ) .  I n  ad d i t i o n ,
t u m o r-d eri v ed  en d o t h e l i a l  c e l l s f ro m  "3-n u l l  m i c e  a l so  h ad  e l e-
v a t ed  l ev e l s o f  t o t a l  VEG FR-2  (Fi g .  6 b ) .  Tu m o r-d eri v ed  en d o t h e-
l i a l  c e l l s f ro m  w i l d -t y p e  an d  "3-n u l l  m i c e  b o t h  h ad  c o n si st en t l y
e l ev a t ed  t o t a l  VEG FR-2  l ev e l s w h en  c o m p ared  w i t h  l u n g -d e-
ri v ed  en d o t h e l i a l  c e l l s.  M o reo v er,  w e  sh o w ed  t h a t  t ran sd u c t i o n
o f  "3-n u l l  en d o t h e l i a l  c e l l s w i t h  h u m an  "3 i n t eg ri n  n o t  o n l y  i n -

a

b

c

Fig. 6 Enhanced VEGFR-2 expression on "3-null endothelial
cells. a, Flow-cytometric analysis of VEGFR-2 surface-expres-
sion levels showed that "3-null (right) endothelial cells ex-
pressed significantly higher levels of VEGFR-2 relative to
wild-type controls (left). Bold line, VEGFR-2-labeled cells;
thin line, negative control. Bar chart shows means ± s.e.m. of
relative surface VEGFR-2 expression in wild-type (! ) and "3-
null (" ) endothelial cells compared with negative control (n
= 3; *, P < 0.014). b, Western-blot analysis of VEGFR-2 levels
in wild-type and "3-null endothelial cells that were either
grown in culture or isolated from tumors directly. Bar charts
represent densitometry results (means ± s.e.m.) from 2Ð4 in-
dependent experiments that show that "3-null (" ) endothe-
lial cells express 2Ð3-fold more VEGFR-2 than wild-type
controls (! ). Western blotting for HSC-70 provided loading
controls. c, "3-null endothelial cells were infected with con-
trol retrovirus (mock), or with virus containing human "3 in-
tegrin ("3.1) and mock-infected wild-type cells were used as
controls. Western-blot analyses confirmed that "3 levels were
restored in "3-null cells infected with "3.1. In "3-null cells in-
fected with "3.1, VEGFR-2 expression was reduced to wild-
type levels. Western blotting for HSC-70 provided loading
controls. Bar charts represent densitometry results (means ±
s.e.m., n = 3) of relative "3 integrin and VEGFR-2 levels.
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d u c ed  "3 ex p ressi o n  i n  t h ese  c e l l s ,  b u t  a l so  red u c ed  t h e  ab er-
ran t  l ev e l s o f  VEG FR-2  t o  w i l d -t y p e  l ev e l s (Fi g .  6c) ,  su g g est i n g
t h a t  "3 i n t eg ri n  c an  reg u l a t e  VEG FR-2  ex p ressi o n .

Discussion
O u r o b serv a t i o n s,  t h a t  "3-n u l l  o r "3/"5-n u l l  m i c e  n o t  o n l y
su p p o rt  t u m o r an g i o g en e s i s  an d  t u m o r g ro w t h ,  b u t  e v en  
e x h i b i t  a u g m en t e d  re sp o n se s,  w ere  u n e x p e c t e d  an d  c a l l  f o r a
re c o n s i d era t i o n  o f  t h e  f u n c t i o n s o f !v i n t e g ri n s  i n  an g i o g en e -
s i s .

Th e  i n t e g ri n  re c e p t o rs , !v "3 an d  !v "5,  h a v e  b e en  i m p l i c a t e d
i n  an g i o g en e s i s  b y  t h e i r e x p re ss i o n  i n  v a sc u l ar sp ro u t s  an d  b y
e x p eri m en t s  b l o c k i n g  an g i o g en e s i s  s t i m u l a t e d  b y  g ro w t h  f a c -
t o rs ,  b y  t u m o rs 1 1 –1 3 o r i n  h y p o x i a -i n d u c e d  re t i n a l  an g i o g en e -
s i s 1 6 ,1 9 .  Th e se  d a t a  h a v e  b e en  i n t erp re t e d  t o  su g g e st  t h a t
an t a g o n i s t s  o f  !v "3 i n t e g ri n  i n h i b i t  an g i o g en e s i s  b y  b l o c k i n g
i t s  l i g an d -b i n d i n g  f u n c t i o n s w i t h  c o n se q u en c e s su c h  a s  re -
d u c e d  p ro l i f era t i o n  an d  m i g ra t i o n  an d  i n c re a se d  a p o p t o s i s  o f
en d o t h e l i a l  c e l l s 1 1 –1 8 .  Th u s !v "3 i n t e g ri n  h a s b e en  t h o u g h t  t o
b e  e ssen t i a l  f o r b o t h  d e v e l o p m en t a l  an d  p a t h o l o g i c a l  an g i o -
g en e s i s ,  an d  t h i s  h a s l e d  t o  t h e  g en era t i o n  o f  !v "3 an t a g o n i st s
a s p o t en t i a l  an t i -an g i o g en i c  t h era p e u t i c s 2 1 .

H o w e v er,  i t  i s  a l so  k n o w n  t h a t  m i c e  l a c k i n g  !v i n t e g ri n s 2 2

an d  o t h ers  d e f i c i en t  i n  "3 o r "5 i n t e g ri n s 2 4 ,2 5 ,  c an  su p p o rt  d e -
v e l o p m en t a l  an g i o g en e s i s .  W h a t  w a s n o t  k n o w n  t h u s f ar i s
w h e t h er t h e  a b sen c e  o f  t h e se  i n t e g ri n s  h a s an y  i m p a c t  o n
p a t h o l o g i c a l  an g i o g en e s i s .  I n  c o n t ra st  w i t h  t h e  i n h i b i t o r
d a t a ,  o u r re su l t s  sh o w  n o t  o n l y  t h a t  n e i t h er !v "3 n o r !v "5 i n -
t e g ri n  i s  re q u i re d  f o r su c h  an g i o g en e s i s ,  b u t  a l so  t h a t ,  i n  t h e i r
a b sen c e ,  t h ere  i s  an  i n c re a se d  an g i o g en i c  re sp o n se .
Fu rt h erm o re ,  t h e  en h an c e d  an g i o g en i c  re sp o n se s i n  t h e  "3-
n u l l  an d  "3/"5-n u l l  m i c e  l e a d  t o  en l arg e d  t u m o rs ,  a g a i n  i n
m ark e d  c o n t ra st  w i t h  t h e  b l o c k i n g  d a t a  w h ere  !v "3 an t a g o -
n i st s  i n h i b i t  t u m o r g ro w t h .  O u r i n  vi vo f i n d i n g s a p p e ar t o  b e
su p p o rt e d  b y  re c en t  i n  vi t ro o b serv a t i o n s t h a t  !v "3 an t a g o -
n i st s  en h an c e  t h e  d i f f eren t i a t i o n  o f  en d o t h e l i a l  c e l l s  i n t o
t u b e s 2 8 .  I n  o rd er t o  g en era t e  v e sse l s ,  en d o t h e l i a l  c e l l s  n e e d  t o
p ro l i f era t e ,  su rv i v e  an d  m i g ra t e  i n t o  a v a sc u l ar t i ssu e .  As  d i s-
c u sse d  a b o v e ,  t h e se  p ro c e sse s w ere  p re v i o u s l y  t h o u g h t  t o  b e
d e p en d en t  o n  !v "3 i n t e g ri n ,  b u t  o u r d a t a  i n d i c a t e  t h a t  t h i s  i s
n o t  t h e  c a se .  H o w  c an  t h e se  d i sc re p an c i e s  b e t w e en  t h e  b l o c k -
i n g  an d  g en e t i c  a b l a t i o n  d a t a  b e  e x p l a i n e d ?

A f i rst  p o ss i b i l i t y  i s  t h a t  g en e t i c  a b l a t i o n  u n d ere st i m a t e s
t h e  i m p o rt an c e  o f  !v "3 an d  !v "5 i n t e g ri n s  b e c a u se  o f  so m e
so rt  o f  c o m p en sa t o ry  re sp o n se  b y  o t h er a d h e s i o n  m o l e c u l e s .
W e  f a i l e d  t o  d e t e c t  u p re g u l a t i o n  i n  l e v e l s  o r a c t i v i t i e s  o f  o t h er
i n t e g ri n s  i n c l u d i n g  !v "5 i n  "3-n u l l  en d o t h e l i a l  c e l l s .
Ad d i t i o n a l l y ,  "3/"5-n u l l  m i c e  sh o w  t h e  sa m e  en h an c e d  t u m o r
g ro w t h  an d  an g i o g en e s i s  a s  d o  "3-n u l l  m i c e .  Th i s  i n d i c a t e s
t h a t  !v "5 i n t e g ri n  i s  u n l i k e l y  t o  c o m p en sa t e  f o r t h e  a b sen c e
o f  !v "3 i n t e g ri n  an d  t h a t  n e i t h er !v "3 n o r !v "5 i n t e g ri n are  e s-
sen t i a l  i n  an g i o g en e s i s .  H o w e v er,  o t h er m e c h an i sm s o f  c o m -
p en sa t i o n  c an n o t  b e  ru l e d  o u t .

A se c o n d  p o ss i b l e  e x p l an a t i o n  f o r t h e  d i sc re p an c y  i s  t h a t
t h e  b l o c k i n g  e x p eri m en t s m a y  o v ere st i m a t e  t h e  c o n t ri b u t i o n s
o f  !v "3 i n  an g i o g en e s i s .  Asse ssm en t  o f  t h e  i m p a c t  o f  k n o w n
!v "3 an t a g o n i s t s  su c h  a s  LM 6 0 9  ( re f .  1 7 )  i n  "3-n u l l  an d  w i l d -
t y p e  m i c e  w o u l d  b e  o f  g re a t  i n t ere st .  H o w e v er,  LM 6 0 9  d o e s
n o t  re a c t  w i t h  m o u se  !v "3 an d  t h u s u se  o f  p e p t i d e  an t a g o n i st s
m a y  b e t t er a d d re ss sp e c i f i c i t y  o f  t h e se  re a g en t s  i n  f u t u re  st u d -
i e s .  C ro ss-t a l k  b e t w e en  !v "3 an d  o t h er i n t e g ri n s  su c h  a s  !5"1
h a s b e en  su g g e st e d  t o  a f f e c t  an g i o g en e s i s 1 0 ,2 5. Tran s-d o m i n an t

i n h i b i t i o n  o f  o t h er i n t e g ri n s  b y  i n t erf eren c e  w i t h  "3 i n t e g ri n s
h a s a l so  b e en  d e m o n st ra t e d 2 9 .  I n  f a c t ,  c ro ss-t a l k  a m o n g  i n t e -
g ri n s  i s  a  w e l l  e st a b l i sh e d  p h en o m en o n 30 –33.  Ba se d  o n  t h e se
p ri o r re su l t s ,  i t  i s  p o ss i b l e  t h a t  t h e  an t i b o d i e s  an d  l o w -m o l e c -
u l ar-w e i g h t  an t a g o n i s t s  o f  i n t e g ri n s ,  h o w e v er sp e c i f i c  t h e y
are ,  c o u l d  b e  i n h i b i t i n g  o t h er i n t e g ri n s ,  o r e v en  o t h er 
f u n c t i o n s,  i n d i re c t l y .  Bl o c k i n g  an d  o t h er e x p eri m en t s  h a v e
h i g h l i g h t e d  t h e  i m p o rt an c e  o f  !5,  !1 an d  !2 i n  an g i o g en e -
s i s 1 0 ,1 2 –1 4 ,2 5,34 an d  i t  i s  c l e ar t h a t  !v "3 an d  !v "5 are  n o t  t h e  o n l y
i n t e g ri n s  i n v o l v e d  i n  an g i o g en e s i s .

A t h i rd  p o ss i b l e  e x p l an a t i o n  c o u l d  b e  an  a l t ere d  m e c h a -
n i sm  o f  an g i o g en e s i s  i n  t h e  "3-n u l l  m i c e .  Re c en t  d a t a  h a v e  i n -
d i c a t e d  t h a t  i n  p a t h o l o g i c a l  an g i o g en e s i s ,  so m e  en d o t h e l i a l
c e l l s  i n  n e w l y  f o rm e d  b l o o d  v e sse l s  c an  o ri g i n a t e  f ro m  b o n e
m arro w Ðd eri v e d  s t e m  c e l l s 35–38 .  Th e  d i f f eren c e s b e t w e en  !v "3
b l o c k i n g  an d  g en e t i c  a b l a t i o n  re su l t s  m a y  re l a t e  t o  d i f f er-
en c e s i n  s t e m -c e l l  m o b i l i z a t i o n .  N o t a b l y ,  i n  a  re c en t  s t u d y  o f
p l a c en t a l  g ro w t h  f a c t o r (Pl G F) -d e f i c i en t  m i c e ,  d e v e l o p m en t a l
an g i o g en e s i s  w a s n o rm a l ,  b u t  l o ss  o f  Pl G F i m p a i re d  p a t h o l o g -
i c a l  an g i o g en e s i s .  H ere  t h e  d i f f eren c e s w ere  a t t ri b u t e d  t o  i n -
h i b i t i o n  o f  m o b i l i z a t i o n  o f  b o n e  m arro w Ðd eri v e d  en d o t h e l i a l
c e l l s  i n  t h e  Pl G F-n u l l  m i c e 39 .  W h i l e  m o b i l i z a t i o n  o f  b o n e  m ar-
ro w  c o u l d  b e  en h an c e d  i n  "3-n u l l  m i c e ,  su c h  a  p o ss i b i l i t y
w o u l d  n o t  e x p l a i n  o u r ex  vi vo re su l t s  an d  t h e  p re c i se  m e c h a -
n i sm  w o u l d  re q u i re  f u rt h er e l u c i d a t i o n  e sp e c i a l l y  c o n c ern i n g
t h e  ro l e  o f  VEG FR-2 .  An  a l t ern a t i v e  m e c h an i sm  i s  t h a t  a b -
sen c e  o f  !v i n t e g ri n s  c o u l d  c o m p ro m i se  re c ru i t m en t  o f  l e u k o -
c y t e s  an d  t h a t  t h i s  i n  t u rn  c o u l d  a l l o w  f a st er t u m o r g ro w t h .

O u r o b serv a t i o n  t h a t  t u m o rs  are  a c t u a l l y  l arg er i n  m i c e
l a c k i n g  !v "3 o r b o t h  !v "3 an d  !v "5 i n t e g ri n s  an d  t h a t  an g i o -
g en e s i s  i s  a c t u a l l y  en h an c e d  i n  t h e se  m i c e  su g g e st  t h a t ,  ra t h er
t h an  b e i n g  re q u i re d  f o r an g i o g en e s i s ,  t h e se  i n t e g ri n s  m i g h t
n o rm a l l y  h a v e  a  ro l e  i n  l i m i t i n g  an g i o g en e s i s  i n  vi vo.  To  c i t e
o n e  p o t en t i a l  e x a m p l e ,  d u ri n g  t h e  g ro w t h  o f  n e w  v e sse l s ,  l i g -
a t e d  an d  u n l i g a t e d  i n t e g ri n s  m i g h t  p ro v i d e  p o s i t i v e  an d  n e g -
a t i v e  s i g n a l s  f o r en d o t h e l i a l  c e l l  g ro w t h  an d / o r su rv i v a l ,  o n l y
a l l o w i n g  t h e  f o rm at i o n  o f  v e sse l s  i n  t h e  p re sen c e  o f  a p p ro p ri -
a t e  e x t ra c e l l u l ar m a t ri x  l i g an d s.  I n t e g ri n  an t a g o n i s t s  c o u l d
t h en  m i m i c  t h e  u n l i g a t e d  s t a t e  an d  i n h i b i t  v e sse l  g ro w t h .  I n
t h i s  sc en ari o ,  t h e  a b sen c e  o f  t h e se  i n t e g ri n s  w o u l d  re su l t  i n  a
l o ss  o f  t h e  n e g a t i v e  s i g n a l s  an d  c o u l d  l e a d  t o  en h an c e d  an g i o -
g en e s i s ,  a s  w e  o b serv e d .

O u r o b serv a t i o n  o f  e l e v a t e d  l e v e l s  o f  VEG FR-2  e x p re ss i o n
o n  "3-n u l l  en d o t h e l i a l  c e l l s  su g g e st s  o n e  m e c h an i sm  b y
w h i c h  !v "3 i n t e g ri n  c o u l d  n e g a t i v e l y  re g u l a t e  an g i o g en e s i s .
O n  t h e  o n e  h an d ,  t h i s  c o u l d  s i m p l y  b e  so m e  k i n d  o f  an g i o -
g en i c  c o m p en sa t o ry  re sp o n se  t o  t h e  a b sen c e  o f  "3 i n t e g ri n s;
o n  t h e  o t h er h an d ,  t h i s  re su l t  c o u l d  re f l e c t  a  m e c h an i sm  n o r-
m a l l y  i n  p l a y .  I n d e e d ,  t h e se  t w o  p o ss i b i l i t i e s  c o u l d  re p re sen t
t w o  a sp e c t s  o f  t h e  sa m e  m e c h an i sm .  I n t era c t i o n s b e t w e en  "3
i n t e g ri n s  an d  VEG FR-2  h a v e  b e en  re p o rt e d 4 0 ,4 1 .  I f  a  n o rm a l
f u n c t i o n  o f  !v "3 ( an d  p erh a p s a l so  !v "5) i n t e g ri n  w ere  re g u l a -
t i o n  o f t h e  VEG F/VEG FR-2  s i g n a l i n g  p a t h w a y ,  t h en  a b sen c e
o f  !v "3 c o u l d  l e a d  t o  i t s  d y sre g u l a t i o n .  O n e  p o ss i b i l i t y ,
a m o n g  m an y  t h a t  c o u l d  b e  i m a g i n e d ,  i s  t h a t  !v "3 n o rm a l l y
a c t s  a s  a  n e g a t i v e  re g u l a t o r o f  VEG FR-2  e x p re ss i o n  an d  f u n c -
t i o n  an d  a b l a t i o n  o f  !v "3 c a u se s u p re g u l a t i o n  o f  VEG FR-2  ( a s
w e  o b serv e ) .  I n h i b i t o rs  o f  !v "3 c o u l d  t h en  a c t  b y  c a u s i n g  d y s-
re g u l a t i o n  o f  VEG FR-2 .  Al t h o u g h  b e y o n d  t h e  sc o p e  o f  t h i s
s t u d y ,  t h e se  re su l t s  ra i se  so m e  i m p o rt an t  q u e st i o n s.  Fo r e x -
a m p l e ,  c o n s i d eri n g  t h e  p ri m a c y  o f  VEG F/VEG FR-2  s i g n a l i n g
i n  an g i o g en i c  p ro c e sse s,  t h e  t ru e  f u n c t i o n  o f  !v "3 c o u l d  b e  t o
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a c t  a s  a  re g u l a t o ry  b a l an c e  b e t w e en  i n d u c i n g  an d  i n h i b i t i n g
an g i o g en e s i s .

H ere  w e  p re sen t  s t ro n g  e v i d en c e  t h a t  "3 an d  "3/"5-n u l l  m i c e
su p p o rt  an d  e v en  sh o w  en h an c e d  p a t h o l o g i c a l  an g i o g en i c  re -
sp o n se s an d  t u m o r g ro w t h .  Al t h o u g h  b l o c k i n g  s t u d i e s  h a v e
i m p l i c a t e d  !v "3 an d  !v "5 a s h a v i n g  m a j o r ro l e s  i n  n e o v a sc u -
l ari z a t i o n ,  o u r f i n d i n g s d e m o n st ra t e  t h a t  t h e se  i n t e g ri n s  are
n o t  e ssen t i a l  f o r t h i s  p ro c e ss.  Th e  e f f i c a c y  o f  !v "3 an t a g o n i st s
i n  an g i o g en e s i s  i n h i b i t i o n  i s  n o t  i n  d i sp u t e  h ere—su c h  i n -
h i b i t o rs  m a y  y e t  p ro v e  t o  b e  e f f e c t i v e  t h era p e u t i c s .  H o w e v er,
o u r d a t a  i n d i c a t e  t h a t  a  m o re  t h o ro u g h  u n d erst an d i n g  o f  t h e
p re c i se  m e c h an i sm s o f  a c t i o n  o f  t h e se  i n h i b i t o rs  an d  o f  t h e
ro l e s  o f  !v "3 an d  !v "5 i n t e g ri n s  i n  an g i o g en e s i s  i s  re q u i re d .

M et hods
Ant ibodies. Antibodies against VEGFR-2, PECAM, VE-cadherin, !5 inte-
grin and biotinylated antibodies against  "3 integrin were purchased
from Pharmingen (Bedford, UK). Rabbit polyclonal antibodies against
human "3 and "5 integrins were gifts from B. Coller and L. Reichardt, re-
spectively. Rabbit polyclonal antibody against  "1 integrin was as de-
scribed42. Antibody against  !v integrin was either purchased from
Chemicon (Harrow, UK) or for immunofluorescence was a gift  from E.
Ruoslahti. LM609 was purchased from Chemicon. Antibody against
laminin-1 was purchased from Sigma (Poole, UK). Antibody against  the
heat-shock protein HSC-70 was purchased from Autogen Bioclear
(Wiltshire, UK). Conjugated secondary antibodies were purchased from
Biosource (Nivelles, Belgium).

Ext racel lular mat rix reagent s. Fibronectin for cell culture was purchased
from Sigma. Rat fibronectin for functional assays was purchased from
Gibco BRL (Paisley, UK) and collagen, vitronectin, laminin-1 were obtained
from Collaborative Biomedical Research (Bedford, Massachusetts).

Mouse t ransplants. Age- and sex-matched control and integrin-deficient
mice on a mixed genetic background (C57BL6/129Sv) were given single s.c.
injections of either 1 $ 106 B16F0 or CMT19T cells and collected ten days
after injection (n = 9Ð12 mice per group). Rag2- and Rag2/integrin-deficient
mice were given single s.c. injections of either 2 $ 106 LS180 or A375SM cells
and collected 3Ð5 wk after injections (n = 3Ð11 mice per group).

Quant if icat ion of blood-vessel densit y. Blood-vessel density was quanti-
fied by counting the total numbers of PECAM+/laminin-1+ blood vessels
across whole sections of tumors (n = 3Ð6 per group).

Pr imary lung endot hel ial -cel l  isolat ion. Wild-type and "3-null mouse
lungs were minced, collagenase-digested (Gibco), strained and the re-
sulting cell suspension plated on flasks coated with a mixture of 0.1%
gelatin (Sigma), 10 mg/ml fibronectin (Sigma) and 30 µg/ml Vitrogen
(Collaborative Biomedical Research). Endothelial cells were purified by a
single negative (FC%-RII/III antibody; Pharmingen) and two posit ive
(ICAM-2; Pharmingen) cell sorts using anti-rat IgG-conjugated mag-
netic beads (Dynal, Wiltshire, UK) producing a >97% pure population
(J.C.L., unpublished data).

Immunof luorescence st aining. Subconfluent cultures of endothelial
cells and frozen tissue sections were immunostained as described23.

Int egr in-sur face iodinat ion and immunoprecipi t at ion. These experi-
ments were carried out as described42,23.

West ern blot t ing. Wild-type and "3-null endothelial cells were lysed
using RIPA buffer, and 100 µg of protein from each lysate were im-
munoprecipitated using the antibody VEGFR-2 followed by western-
blot analysis also using an antibody against VEGFR-2 (ref. 40).

Cel l  migrat ion and adhesion assays. Cell migration43,23 and adhesion23

assays were performed as described.

Hypoxia-induced ret inal  angiogenesis. This assay was carried out as
described16 using wild-type and "3-null mice.

In vivo M at r igel  p lug assay. This assay was carried out as described44 in
wild-type and "3-null mice. Using 200 µl of growth factor-reduced
Matrigel (Becton Dickinson, Beds, UK) containing 60 units /ml of he-
parin (Sigma), mixed with PBS or VEGF (60 ng/ml, R& D Systems, Oxon,
UK). Blood-vessel infiltration in 7-day pellets was quantified by analysis
of H&E-stained sections using a Zeiss Axioplan microscope.

Aort ic r ing assay. Mouse aortic ring assays were performed essentially
as described45. 1-mm thoracic aortic rings were placed between 2 layers
of 50 µl growth factor-reduced Matrigel supplemented with 20 U/ml
heparin (Sigma), and overlaid with 100 µl of DMEM with or without
VEGF (30 ng/ml). Microvessel outgrowth was visualized by phase mi-
croscopy and the number of vessels growing from each aortic ring was
counted every 2 d using a Zeiss Axioplan microscope.
FACS analysis. Wild-type and "3-null endothelial cells were incubated
with VEGFR-2 antibody followed by incubation with a FITC-conjugated
secondary antibody. Cells were then analyzed using a Becton Dickinson
FACSCalibur flow cytometer.

Isolat ion of  endot hel ial  cel ls f rom t ransplant s. CMT19T tumors
grown subcutaneously in wild-type and "3-null mice were collected 10
days after injection. Single-cell suspensions were generated by mincing
the tumors and digest ing them twice for 30 min at 37 ¡C with a mixture
of collagenases (Roche, Lewis, UK; and Gibco). Cell suspensions were
stained with an antibody against  VE-cadherin (1 µg per 1 $ 106 cells) fol-
lowed by incubation with antibody against rat IgG-FITC. VE-cadherin+

cells were sorted using a MoFlo (Cytomation, Frieburg, Germany) FACS
sorter resulting in a &90% pure population. 2 $ 106 VE-cadherin posit ive
endothelial cells were lysed in 200 µl RIPA buffer and used for VEGFR-2
immunoprecipitation as described above.

"3 t ransduct ion. The medium from a cell line (E86"3.1) producing
ecotropic retrovirus (gift from J. Marshall) was used to infect endothelial
cells with functional human "3 integrin. After 48 h endothelial cells in-
fected with the "3-integrin virus were selected from the non-infected
cells by magnetic bead (Dynal) sorting using the antibody against
human !v"3, LM609. Cells were lysed and VEGFR-2 was immunoprecip-
itated followed by western-blot analysis as described. Experiments were
repeated 3 times.

Animal  regulat ions. All animals were used in accord with United
Kingdom Coordination Committee on Cancer Research guidelines and
Home Office regulations.
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