
ter chromatids still connected. These cells nev- 
ertheless re-replicate their DNA, resulting in the 
formation of diplochromosomes in the subse- 
quent mitosis (Fig. 4C). Repeated cycles of 
abortive mitosis and DNA re-replication may 
cause formation of the polyploid or multinucle- 
ate cells observed by FACS and microscopy 
(Fig. 3). Paradoxically, spread diplochromo- 
somes typically appeared as pairs of chromo- 
somes whose centromeric regions were not con- 
nected (Fig. 4C). Their nonrandom parallel ori- 
entation on the coverslips can only be explained, 
however, by assuming that all four chromatids 
had been connected by cohesion prior to the 
hypotonic spreading procedure. 

Our results suggest that cohesin cleavage is 
essential for sister chromatid separation and cy- 
tokinesis, even though only a minor amount of 
SCCl is cleaved in mitosis (9). It is therefore 
likely that the anaphase defects of cells in which 
separase activity is compromised by securin 
overexpression or deletion are similarly caused 
by defects in SCCl cleavage (22, 23). Because 
SCCl cleavage coincides with the disappear- 
ance of cohesin from centromeres (9), SCCl 
cleavage may preferentially dissolve cohesion at 
centromeres. It is possible that the cytokinesis 
defects induced by noncleavable cohesin are 
caused by a mechanical inability of the cleavage 
furrow to cut through chromosomes remaining 
in the fivrow plane. Alternatively, it is conceiv- 
able that a surveillance mechanism prevents cy- 
tokinesis in the presence of unseparated sister 
chromatids. 

Our observations also support the notion that 
sister separation is essential neither for cyclin B 
destruction and exit from mitosis nor for DNA 
re-replication in the next cell cycle (2, 4 4 ,  
21) -and is also not necessary for relocaliza- 
tion of Aurora-B from centromeres to the spin- 
dle midzone. Naturally occurring defects in 
separase activation and SCCl cleavage would 
therefore not simply block cell cycle progres- 
sion, but could instead cause chromosome non- 
disjunction events that could subsequently cause 
continued chromosomal instability by initiating 
chromosome breakage-fusion-bridge cycles 
(24). It will therefore be of interest to determine 
if defects in separase regulation contribute to the 
genomic instability observed in human tumors. 
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Vascular Abnormalities and 

Deregulation of VEGF in 


Lkbl-Deficient Mice 
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The LKB7 tumor suppressor gene, mutated in  Peutz-Jeghers syndrome, encodes 
a serinelthreonine kinase of unknown function. Here we show that mice wi th  
a targeted disruption of Lkb7 die at midgestation, wi th  the embryos showing 
neural tube defects, mesenchymal cell death, and vascular abnormalities. Ex- 
traembryonic development was also severely affected; the mutant placentas 
exhibited defective labyrinth layer development and the fetal vessels failed t o  
invade the placenta. These phenotypes were associated w i th  tissue-specific 
deregulation of vascular endothelial growth factor (VECF)expression, including 
a marked increase in the amount of VECF messenger RNA. Moreover, VEGF 
production in cultured Lkb7-'- fibroblasts was elevated in both normoxic and 
hypoxic conditions. These findings place Lkb7 in the VEGF signaling pathway 
and suggest that the vascular defects accompanying Lkbl loss are mediated at 
least in  part by VEGF. 

Germ line mutations of the LKBl gene cause 
Peutz-Jeghers syndrome, which is character- 
ized by gastrointestinal polyposis, abnormal 
melanin pigmentation, and increased risk of 
cancer (I). The Lkbl gene encodes a serinel 
threonine kinase of unknown function with 
no identified in vivo substrates and a ubiqui- 
tous expression pattern during mouse devel- 
opment (2). To study the function of Lkbl, 
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we generated Lkbl-deficient mice. 
Two independent gene-targeting strategies 

were used to functionally disrupt Lkhl in the 
murine germ line (3, 4). In Lkhl heterozygous 
(Lkblt'-) intercrosses, both Lkbl'" (n = 87) 
and Lkblt'- (n = 177) animals were observed 
at expected frequencies, whereas no Lkbl-'- 
animals were obtained. Analysis of Lkbl-'- 
embryos throughout embryonic development 
revealed no abnormalities before embryonic day 
7.5 (E7.5), and most embryos appeared to de- -. 

velop normally up to ~ g , ~ ~ ~ M a c r o s c o p i canaly-
sis Lkbl-'- E8.25 revealed 
lnultiple abnormalities, including a failure of the 
embrvo to turn. a defect in neural tube closure. 
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lineages in the Lkhl-.'- embryos at E8.5 and 
E9.5 (5). The expression of the mesodermal 
marker brachyury (6) (T; Fig. IB) showed that 
although the notochord developed along the full 
length of the anteriorlposterior axis in the mu- 
tant embryos, it was misaligned and contorted. 
This was accompanied by defective somitogen- 
esis, which resulted in dysmorphic protrusive 
somites (arrowhead in Fig. IA), which failed to 

Fig. 1. Characteriza- 
tion of developmental 
arrest in Lkbl-'- em- 
bryos. (A) Light mi- 
crosco y of E9.25 
Lkbl+!+ (+I+) and 
Lkbl-'- ( - I - )  em- 
bryos show~ng un- 
turned embryos with 
open neural folds, a 
missing branchial arch 
(arrow), and aberrant 
somites (arrowhead). 
(0 and C) Whole- 

express engrailed 1 (7) at E9.5 (Enl; Fig. IC). 
No pronounced changes in the expression of 
Wnt3A (E8.5), F@ (E9.0), or Krox-20 (E9.0) 
were noted (8), suggesting that there was normal 
development of the mesoderm of the tail bud, 
forebrain, and primitive streak, and normal seg- 
mentation of the hindbrain. 

Mutant embryos at E9.25 had a translucent 
appearance, suggesting the possibility of vascu- 

mount in situ hybrid- 
ization of E9.5 (+/+) B C 
and (-I-) embryos 
with Brachyu~y (T) ex- 
pressed in the noto- 
chord and Engrailedl 
(Enl) expressed at the 
mid-hindbrain junc- 
tion and in the 
somites. 

lar defects (Fig. IA). To visualize endothe- 
lial cells, we subjected E8.5 and E9.5 embryos 
to whole-mount immunostaining for the plate- 
let endothelial cell adhesion molecule-l 
(PECAM-1) (9). Both mutant and wild-type 
embryos developed a paired dorsal aorta, 
but by E8.5, the mutant aorta was thin and 
discontinuous, particularly in the anterior 
part of the vessel (arrowhead in Fig. 2A). 
At E9.5, the lumen of the mutant aorta 
remained thin (arrows in Fig. 2B), with 
intersomitic branches terminating prema- 
turely in the mesenchyme. 

Histological sections of E9.5 LkblP'- 
neural folds often revealed large cystic de- 
generations near the dorsal aorta that occa- 
sionally contained embryonic blood cells (as- 
terisks in Fig. 2C). Additionally, the sur- 
rounding cephalic mesenchyme had a lower 
cell density and fewer developing capillaries 
than controls (Fig. 2C). The decreased cell 
density was due to increased cell death in the 
mesenchyme as determined by terminal de- 
oxynucleotidyl transferase-mediated dUTP 
nick end-labeling (TUNEL) (Fig. 2D) (10). 
This phenotype was limited to the E9.5 em- 
bryos; the E8.5 embryos showed similar 
numbers of TUNEL-positive nuclei regard- 
less of genotype (8). 

In addition to the endothelial and mesen- 
chymal defects, abnormalities were also ob- 
sewed in vascular smooth muscle cells 
(VSMCs) in E9.5 embryos as revealed by 

8 

C 

Fig. 2 (A and 0) Whole-mount PECAM-1 immunostaining of €8.5 (A) and 
E9.5 (0) Urbl+/+ (+I+) and Lkbl-/- (-I-) embryos. Discontinuities of 
the aortic vessel are indicated with an arrowhead in (A), and the deaease 
in the luminal diameter of the dorsal a& is noted by arrows in (B). (C) 
Hematoxylin and d n  (H&E)-stained transverse sections from E9.5 (+I+ 
and (-1-1 head folds demonstrating large ic degenerations (asterisks1 
and aberrant mesenchyme in the mutant (DFeU death in E9.5 +I+) and 
(-1-1 cephalic mesenchyme as assessed by TUNEL labeling (4. ~ o n s  
were counterstained with Hoechst (H). (E) Whde-mount smooth-muxle 
aain imrnunostaining of E9.5 (+I+) and (-I-) embryos. The absence of 
signal surrounding the mutant dorsal aorta and the ectopic VSMC signal in 
the head fdds of the mutant embryo is apparent. 
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staining with antibodies to  smooth-~nuscle 
actin (Sm-A) ( 9 ) .  Although Sm-A exprcssion 
i n  thc developing hcart was comparable in 
n~utant and control  umbryos ( f i g .  2E). 
L,kI~I . anbryos showed a cornplete ab- 
sence o f  VSMC staining in  tho dorsal tlorra 
and somitos. I n  addition. an unusual, strong 
cctopic S~I-A signal was detected i n  head 
Iblds o f  mutant embryos (Fig.  2E). This ec- 
topic VSMC' staining was cvenly distrihutcd 
within the ccplxllic niescnchynie and d id  not 
appcar to contribute to the supportive vascu- 
lar structirrcs (8).  Thcse obscrvations suggest 
that abnomlal VSMC' developrncnt may be 
one o f  the factors contributing to the vasuular 

%Oa 
21 1 

W 

+,+ 

' 50 

Genotype +I+ 4- Glut-1 

and mcscnchym;ll dcfccts. 
Analysis o f  oxt~aomhryonic tissues at E9.5 

rcvcalcd that the mutant yolk sacs lhiled to 
develop large vitelline vessels and an cxtcnsive 
capillary network (Fig. 3A). and they containcd 
large cavities that seqi~cstcrcd vast pools o f  em- 
bryonic blood (arroiv in Fig. 3A). There were 
rudimentary vessels between parietal and viscer- 
a l  leaves o f  the yolk sac. ivhich werc ct>npcstcrl 
by  nucleated embryonic blood cells (Fig. 3I3). 
'I'hc vitelline artcry was co~nplctoly atrctic in  

Embryo WI w2 w3 rnl m2 rn3 
Genotype +I+ 4- 

Fig. 4. Deregulation of VECF expression after loss of Lkb7 in embryos (A) and in cell culture (I3 and 
D). (A) VEGF in situ hybridization analysis of cross sections of E9.5 (+I+) and ( - I - )  conceptuses 
with embryo (e), yolk sac (y), placenta (p), and trophoblast giant cells (asterisks) indicated in the 
dark-field images (~20). (B) VEGF IeveIs in supernatants of (+I+) and ( - I - )  MEF cultures 
subjected t o  1% 0, for 24 hours. Error bars indicate the standard deviation in independent VECF 
ELlSA measurements. (C) Western blot analysis of glucose transporter 1 (Glut-1) in normoxia (21% 
0,) and hypoxia (1% 0,) in lysates from (+I+) and ( - I - )  MEFs, showing comparable induction 
of Glut-1 in both. (D) VECF Levels in supernatants of wild-type (w l ,  w2, w3) and mutant (m l ,  m2, 
m3) cultures, each generated from independent littermate embryos. Error bars as in (B). 

Lkhl yotk sacs. etTcctively disconnecting the 
embryo from tlic yolk sac (vitelline) circulation. 

High expression o f  LbAl mKNA i n  the pla- 
centa ( 4 )  suggested that placental dcvelopmcut 
mipht also bc comprumiscd in  the L k h l  

Fig. 3. Characterization of E9.5 L k b l  ' I '  and Lkb7 ' yolk sacs (A and B) (sp), and maternal (ma) layers, demonstrating shallow invasion of decid- 
and placentas (A, C t o  E). (A) Yolk sac vasculature of E9.5 (+/+) and ua and rudimentary labyrinth layer in the mutant. (D and E) High 
(-/-) conceptuses. The rudimentary vasculature, lack of vitelline ves- magnification ( X  100) of fetal vessels invading the labyrinth layer in 
sels, and pools of embryonic blood (arrow) are apparent in the mutant. (+/+) [arrows in (D), HE], but not in (- I - )  placenta. In situ hybridiza- 
(B) Cross section of H&E-stained wild-type yolk sac, demonstrating t ion of adjacent sections with flk-1 and f l t - 7 ,  showing the absence of 
congestion of mutant blood islands with nucleated embryonic blood cells flk- 1 in the mutant labyrinth layer (E) (flk-7, la) and comparable expres- 
(-/--). Magnification, X400. (C) Low-power ( ~ 4 0 )  cross section of sion of f l t -7  in wild-type and mutant spongiotrophoblast layers rlt-7 in 
(+/+) and ( - I - )  placentas with labyrinthine (la), giant cell (gc), spongio (0) and (E)]. 
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conceptuses. Mutant placentas at E9.5 were oe- 
dematous, hemorrhagic, and small in diameter 
(Fig. 3A). The connection between placenta and 
the embryo (chorio-allantoic tiision) in Lkhl- -

conceptuses was delayed compared with con- 
trols, but had occurred by E9.5. However, inva- 
sion of embryonic blood vessels (arrows in Fig. 
3D) into the placenta did not occur in the mutant 
(Fig. 3E), and embryo-derived (nucleated) 
erythrocytes were not detected in mutant placen- 
tas. The lacunae in Lkhl placentas were 
abnormally congested with maternal erythro- 
cytes and by E10.5 the blood lacunae had rup- 
tured, leading to massive hemorrhaging. In situ 
hybridization (10) with a probe for VEGF re- 
ceptor flk-1, which detects migrating allantoic 
vessels in the placenta ( I I ) ,  confirmed the lack 
of fetal blood vessels in the rudimentary laby- 
rinth layer (la in Fig. 3E). The spongiotropho- 
blast layer (sp in Fig. 3, D and E) was less 
organized in the mutant and contained more 
VEGF receptor flt-1 ( 1 2 )  negative giant cells 
than did the controls. As expected, ,fit-1 was 
expressed in the maturing fetal vessels in the 
labyrinth layer of the wild-type (la in Fig. 3D) 
but not in the mutant placentas (Fig. 3E). The 
spongiotrophoblast marker s n i i l  and the vascu- 
lar development marker TgllP, were expressed 
normally in the mutant placentas (8). 

In the embryo jlk-I, ,/It-I. . sna l ,  uno' Tgflp,  
were expressed at comparable levels (8). How- 
ever, expression of another key regulator of 
embryon~c vascular development, V E G F  (13,  

14).  was found to be deregulated in both the 
embryonic and extraembryonic compartments 
at E8.5 ( 8 ) and E9.5 (Fig. 4A). The L k h l  
placentas exhibited markedly diminished V E G F  

mRNA expression ( p in Fig. 4A) particularly in 
the trophoblast giant cells (asterisk in Fig. 4A), 
whereas the Lkhl embryos expressed abnor- 
mally elevated levels of V E G F  in several tissues 
including the mesenchyme, heart, and yolk sac 
(y and e in Fig. 4A). 

To investigate whether Lkbl directly regu- 
lates VEGF expression, we isolated primary 
mouse embryonic fibroblasts (MEFs) from E8.5 
wild-type and mutant embryos, expanded them 
in culture for 2 weeks ( I S ) ,  and then subjected 
the cells to hypoxic conditions (1% 0,) for 24 
hours to induce VEGF expression (16). Analy- 
sis of VEGF levels in culture supernatants (Fig. 
4B) revealed that the mutant MEFs produced 
significantly higher levels of VEGF than con- 
trols ( 1  65.0 t- 3 1.9 versus 44.5 ? 6.2 pg/ml, 
respectively) in hypoxic conditions. 

The elevated VEGF levels in the mutant 
MEF could have resulted from an increased 
HIF-I-mediated hypoxia response or from a 
deregulation of basal VEGF expression. Be-
cause the HIF-I levels remained undetectable in 
MEFs, we assayed the expression of Glut 1 (17). 
a HIF-I-responsive marker of hypoxia, before 
and after exposure of the cells to hypoxia (Fig. 
4C). There was a comparable induction of Glutl 
in wild-type and mutant MEFs, suggesting that 

loss of Lkhl had not changed the HIF-I re-
sponse to hypoxia. In addition, VEGF secretion 
in normoxic conditions was significantly higher 
in the mutant than in wild-type MEFs (80.3 ? 

13.9 versus 12.3 + 5.4 pg/ml) (Fig. 4D). These 
results indicate that loss of Lkhl leads to in- 
creased basal and induced expression of VEGF 
in fibroblasts. 

In summary, we have demonstrated that dis- 
ruption of Lkhl results in multiple developmen- 
tal defects resulting in embryonic lethality and 
establishes Lkhl as a critical regulator of mam- 
malian vascular development. his phenotype 
was associated with tissue-specific deregulation 
of V E G F  expression. Whereas V E G F  was sig- 
nificantly down-regulated in extraembryonic tis- 
sues, embryonic VEGF was markedly up-regu- 
lated. Disruption of the murine V H L  tumor sup- 
pressor gene exhibits a similar extraembryonic 
down-regulation of VEGF ( la) ,  and while the 
expression of V E G F  in V H L  embryos has 
not been reported, V H L  loss in other systems has 
been found to lead to up-regulation of V E G F  

(lY,20). Exploring well-characterized pathways 
regulating V E G F  expression, we found unex- 
pectedly that HIF-1 does not appear to play a 
role in Lkhl-mediated VEGF expression based 
on unaltered Glut-l levels (Fig. 4C) and unde- 
tectable HIF-ICY in L k h l  MEF cultures (8 ) .  
Similarly, neither the ~ 4 2 1 4 4 " ~ ~  nor the p38 
kinase pathways appear to be deregulated based 
on unaltered levels of activated p42144""PK or 
p38 kinases in L k h l  MEF cultures (8). 

Our findings have established a genetic link 
between Lkhl and V E G F  regulation, thereby 
placing Lkbl in the VEGF signaling pathway. 
This suggests that the vascular defects accom- 
panying Lkbl loss that we describe are mediat- 
ed at least in part by VEGF, thereby providing a 
basis for the vascular phenotype. Most impor- 
tant, our results also provide a rationale for the 
increased risk of cancer incidence in Peutz-
Jeghers patients (21) by demonstrating that loss 
of Lkbl confers an increased angiogenic poten- 
tial in certain cell types by up-regulation of 
VEGF. 
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