
consistently expressed CD31 and reacted 
with BS-1 lectin. 

In summary, our findings suggest that 
cells isolated with anti-CD34 or anti-Flk-1 
can differentiate into ECs in vitro. The in 
vivo results suggest that circulating 
MBCD34+ o r MBF l k l + cells may contribute 
to neoangiogenesis in adult species, consis­
tent with vasculogenesis, a paradigm other­
wise restricted to embryogenesis (2, 3). A 
potentially limiting factor in strategies de­
signed to promote neovascularization of 
ischemic tissues (20) is the resident popu­
lation of ECs that is competent to respond 
to administered angiogenic cytokines {21). 
This issue may be successfully addressed 
with autologous EC transplants. The fact 
that progenitor ECs home to foci of angio-
genesis suggests potential utility as autolo­
gous vectors for gene therapy. For anti­
neoplastic therapies, MBC D 3 4 + cells could 
be transfected with or coupled to antitumor 
drugs or angiogenesis inhibitors. For treat­
ment of regional ischemia, angiogenesis 
could be amplified by transfection of 
MBC D 3 4 + cells to achieve constitutive ex­
pression of angiogenic cytokines or provi­
sional matrix proteins or both (22). 
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The MMP pathway for colon cancer is 
characterized by genomic instability that 
leads to the accumulation of deletion and 
insertion mutations at simple repeat se­
quences (1-3). The fixation of these slip­
page-induced replication errors as muta­
tions (4) is associated with defects in DNA 
mismatch repair (5). Colorectal MMP+ tu­
mors frequently contain frameshift muta­
tions in the type II transforming growth 
factor-P (TGF-P) receptor gene (6) but are 
usually wild type for the p53 tumor suppres­
sor gene (I , 7). In addition to its central 
role in cell growth arrest (8), p53 also plays 
a role in apoptosis in response to DNA 

The Burnham Institute, La Jolla Cancer Research Center, 
10901 North Torrey Pines Road, La Jolla, CA 92037, 
USA. 

*To whom correspondence should be addressed. 

AAG ACA TTT TCG GGC TCA CGC TGC GCA CCC/ 
TGG GGT AGG CAC TTT AGT AGT TCT CCT AAC 
[548-base pairs (bp) PCR product]; for Flk-1 (KDR), 
CAA CAA AGT CGG GAG AGG AG/ATG ACG ATG 
GAC AAG TAG CC (819-bp PCR product); for CD31, 
GCT GTT GGT GGA AGG AGT GC/GAA GTT GGC 
TGG AGG TGC TC (645-bp PCR product); for 
GAPDH, TGA AGG TCG GAG TCA ACG GAT TTG/ 
CAT GTG GGC CAT GAG GTC CAC CAC (983-bp 
PCR product). 

24. NO release was measured with a NO-specific po-
larographic electrode connected to a NO meter 
(Iso-NO, World Precision Instruments, Sarasota, 
FL). ATCD34+ or ATCD34~ cells cultured in six-well 
plates were washed and then bathed in 5 ml of 
filtered Krebs-Henseleit solution. Cell plates were 
kept on a slide warmer (Lab Line Instruments, Mel­
rose Park, IL) to maintain temperature between 35° 
and 37°C. The sensor probe was inserted vertically 
into the wells, and the tip of the electrode was 
positioned 2 mm under the surface of the solution. 

25. Supported by grants from NIH National Heart, Lung, 
and Blood Institute numbers 02824, 53354, and 
57516, the American Heart Association, the E. L. 
Wiegand Foundation, and in part by the Uehara Me­
morial Foundation (T.M.). 

4 October 1996; accepted 14 January 1997 

damage (9). The p53 protein transactivates 
BAX (10), a member of the BCL2 gene 
family (11) that promotes apoptosis (12). 

The human BAX gene contains a tract 
of eight consecutive deoxyguanosines in the 
third coding exon, spanning codons 38 to 
41 (ATG GGG GGG GAG) (12). To de­
termine whether this sequence is a muta­
tional target in MMP+ tumor cells, we am­
plified by the polymerase chain reaction 
(PCR) the region containing the (G)8 tract 
from various MMP+ tumor cell lines. This 
analysis revealed band shifts suggestive of 
insertions and deletions of one nucleotide 
in some of these tumor cells (Fig. 1A). 
Prostate (DU145) and colon (LSI80) tumor 
cells exhibited PCR patterns indistinguish­
able from those amplified from plasmids 
containing a BAX fragment with mutant 
(G)9 and (G)7 tracts (Fig. 1A, P9 and P7), 

Somatic Frameshift Mutations in the 
BAX Gene in Colon Cancers of the 
Microsatellite Mutator Phenotype 

Nicholas Rampino, Hiroyuki Yamamoto, Yurij lonov, Yan Li, 
Hisako Sawai, John C. Reed, Manuel Perucho* 

Cancers of the microsatellite mutator phenotype (MMP) show exaggerated genomic 
instability at simple repeat sequences. More than 50 percent (21 out of 41) of human 
MMP+ colon adenocarcinomas examined were found to have frameshift mutations in a 
tract of eight deoxyguanosines [(G)8] within BAX, a gene that promotes apoptosis. These 
mutations were absent in MMP~ tumors and were significantly less frequent in (G)8 

repeats from other genes. Frameshift mutations were present in both BAX alleles in some 
MMP+ colon tumor cell lines and in primary tumors. These results suggest that inac­
tivating BAX mutations are selected for during the progression of colorectal MMP+ 

tumors and that the wild-type BAX gene plays a suppressor role in a p53-independent 
pathway for colorectal carcinogenesis. 
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Fig. 1. (A) Frameshift mutations in BAX in MMP+ tumor cell A A phoid hyperplasia (16). Heterozygous BAX 
lines (23). PCR products of a BAX fragment containing the P A A P ,,tations (1 5)  may also contribute to tu- 
(G), tract (24) are shown. SW620 MMP- colon carcinoma 9 a b c d e f g h i j i 8 9 mor progression. Inactivation of one BAX 
(lane a); LoVo, colon (lane b); DU145, prostate (lane c); allele presumably reduces the amount of 
LS411 N, colon (lane d); SKUTI B uterus (lane e); HCTI 16 
colon (lane f) ;  SW48, colon (lane g); CAL51, breast, (lane h); wild-type BAX, which may in turn facilitate 

LS180, colon (lane i); and DLD-1, colon (lane j). Two other escape from apoptosis by diminishing the 

MMP+ cell lines from endometrial (AN3CA) and ovarian (SK- BAX-BCLZ ratio (17). 
OV-3) cancers also showed a wild-type pattern. The triangles In contrast to p53 and other cancer genes 
pointing up or down indicate the presence of insertions and a b c d e f  g h i j  that indirectly affect apoptosis, the only 
deletions of one nucleotide, respectively. (B) lmmunoblot kD known function of BAX is to directly pro- 
analysis of BAX protein in MMP+ tumor cell lines (25). Lanes 50+ - --- +-FIB mote apoptosis (1 1,  12, 17). With the ex- 
are the same as in (A). Human F1 p adenosine triphosphatase ATPase ception of two missense mutations detected 
(ATPase) was used as an internal control for the amount and 20, - in two human leukemia cell lines (18), BAX 
stability of cell proteins. Molecular size markers are indicated mutations have not been detected in human 
at left. cancers. The presence of somatic BAX mu- 

tations in colorectal tumor cell lines and 
respectively. DNA derived from tumor cell (Fig. 2A). Sequence analysis revealed that primary tumors suggests that BAX may be an 
lines from colon (LS411N and HCT116) the band shifts were due to insertions [(G&] important tumor suppressor gene in human 
and from uterus (SKUTlB) generated pat- or deletions [(G)J of one nucleotide in the cancer and could provide insight into the 
terns corresponding to mixtures of the wild- (G), tract (Fig. 2B). BAX mutations were two distinct molecular genetic pathways for 
type (P8) and mutant alleles. The band detected in 21 of 41 (5 1%) primary MMP+ colon tumorigenesis (3, 19). 
patterns of LoVo colon cancer cells colorectal carcinomas (Fig. 3A), but not in Our results may explain why colon tu- 
matched those of both mutant alleles. 49 MMP- carcinomas (Fig. 3B). Thus, mors of the mutator pathway (3) typically 

Immunoblot analysis (Fig. 1B) showed frameshift BAX mutations are specifically do not contain p53 mutations (1, 7), in 
that LoVo, DU145, and LS180 cells, which associated with cancer of the MMP (proba- contrast with those of the suppressor path- 
contain no wild-type BAX alleles, did not bility P < lo-', Fisher exact test). Moreover, way (19). Once the MMP is manifested 
express detectable amounts of BAX protein. deletion or insertion mutations in other (G)' (after the occurrence of mutator mutations 
In contrast, LS411, SKUTlB, HCT116, tracts were significantly less frequent in the in, for example, DNA mismatch repair 
and tumor cells without frameshift muta- same MMP+ tumors (13, 14). genes), mutations at the BAX (G), hotspot 
tions expressed various amounts of BAX. We conclude that frameshift BAX mu- would be more likely to occur than other 
These results indicate that DU145 and tations are selected for during tumorigenesis frameshift or missense mutations in p53. In 
LS180 cells contain homozygous (or hem- in MMP+ colon tumors (15). The muta- tumor cells with frameshift BAX mutations, 
izygous) frameshift insertion (DU145) and tions in both BAX alleles in primary tu- transcriptional activation of BAX by wild- 
deletion (LS180) mutations in BAX. mors, such as tumors 43, 132, and 328, type p53 (1 1) would be irrelevant. In cancer 
LS41 IN, SKUTlB, and HCT116 cells har- indicate that they are not due to selective of the MMP, the generation of thousands of 
bor heterozygous mutations (or are hetero- pressure during in vitro culture, and that in DNA mismatches during every replication 
geneous cell populations) for the BAX (G), cancer of the MMP, the occurrence of bi- of each MMP+ tumor cell (20) may trigger 
frameshift mutations. LoVo cells contain allelic mutations is not restricted to micro- the p53-mediated apoptotic response to 
frameshift mutations in both BAX alleles, satellite sequences (1). The presence in tu- DNA damage (21). But this response would 
one by insertion and the other by deletion mor cells of inactivating mutations within be futile because the chain leading to apo- 
of a single nucleotide in the (G), tract. both alleles of mutator or suppressor cancer ptosis is broken in a downstream link. 

We next analyzed the status of BAX in 41 genes may be diagnostic of the prior exis- Therefore, it seems reasonable to speculate 
primary MMP+ colon tumors. Tumor 132 tence of the MMP (14). These functional that BAX mutations eliminate the selective 
contained an insertion and a deletion muta- double mutational hits also provide evi- pressure for p53 mutations during colorectal 
tion, and tumor 197 a deletion mutation dence that the loss of BAX function plays a tumorigenesis. Because some MMP+ tumors 

direct role in tumorigenesis. Cells lacking do not have mutations in either BAX or 
BAX protein may have a diminished capac- p53, and because inactivation of these genes 

A B ity to trigger apoptosis upon receiving a may be insufficient to inactivate the apo- 
A A A G A T C death signal. This is consistent with the ptotic pathways, escape from apoptosis may 
c u r .  --+ - - phenotype of mice deficient in BAX, which occur by other mechanisms. Although they 
2 z 21 - - I 

grow normally but eventually develop lym- share BAX mutations, some of the tumor 
s - 

1: A A Fig. 3. Frameshift mutations in BAX 

A A r r r rrr$ in MMP+ primary colon tumors. 
- - N T N T  _5 , ;- - - - u, - U, m zt m r. - N o m .-ma RepresentativeMMP+ (A)orMMP- - - = m - m o ~  

s- , - - - - L _ I , L ~ L A ~ % . ~ ~ ~ % ? ~ ? ? ?  - 7 (B) tumors (27). Normal tissue DNA 
A(G)9 WT (G)B r ( G ) 7  is at the left and tumor tissue at the - - right in each case. Normal tissue 

Fig. 2. PCR and sequence analysis of BAX muta- DNA was not available for cases 
tions in MMPf primary colon tumors. (A) PCR 151,299, and 328. The mutations in 
products of the region spanning the (G), tract in B 

a, 
tumor 43 were detected after micro- 

BAX from tumors (T) 132 and 197 and corre- $ $ $ 5 ; : % 5 q q q q q : q 2 dissection from a paraffin block to 
sponding normal (N) tissue. (B) Sequences of am- ----- enrich for tumor tissue. 
plified DNA fragments that showed mobility shifts s 
(up in tumor 132 and down in tumor 197) and the 111- 

normal fragment (WT) of 132 (26). 
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cell lines used in this study appear to belong 
to different complementation groups for 
apoptosis (22) ,  thus illustrating the redun- 
dant  complexity of the  mechanis~ns regulat- 
ing cell death. 
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Involvement of Pre- and Postsynaptic 
Mechanisms in Post tetanic Poten tiation at 

Aplysia Synapses 
Jian-Xin Bao," Eric R. Kandel, Robert D. Hawkins? 

Posttetanic potentiation (PTP) is a common form of short-term synaptic plasticity that 
is generally thought to be entirely presynaptic. Consistent with that idea, PTP of evoked 
excitatory postsynaptic potentials at Aplysia sensory-motor neuron synapses in cell 
culture was reduced by presynaptic injection of a slow calcium chelator and was ac- 
companied by an increase in the frequency but not the amplitude of spontaneous 
excitatory postsynaptic potentials. However, PTP was also reduced by postsynaptic 
injection of a rapid calcium chelator or postsynaptic hyperpolarization. Thus, PTP at 
these synapses is likely to involve a postsynaptic induction mechanism in addition to the 
known presynaptic mechanisms. 

Post te tanic  potentiation, a n  increase in 
synaptic strength for several minutes fol- 
lowing high frequency stimulation of the  
presynaptic fibers ( I ) ,  has been observed 
and extensively studied a t  a number of syr- 
apses including Aplys~a sensory-motor neu- 
ron synapses (2 ,  3). Aplysia sensory neurons 
release the  neurotransmitter glutamate 
~vh ich  acts through N-methyl-D-aspartate- 
like receptors o n  the  lnotor neurons, and 
thus these synapses may share properties 
\iit11 glutamatergic synapses 111 vertebrates 
(4). A t  Aplysia sensory-motor neuron syn- 
apses, PTP is accompanied by a n  increase in  
the  frequency of spontaneous miniature ex- 
citatory postsynaptic potentials (mEPSPs) 

or currents (mEPSCs) with n o  change in 
their amplitude, indicating that  the  expres- 
sion of PTP is presynaptic (3). In  addition 
to  PTP, repeated tetanic stimulation of the  
sensory neuron or pairing high-frequency 
stllnulation of the  sensory neuron with 
strong depolariiation of the  lnotor neuron 
can produce long-term potentiation (LTP) 
a t  these synapses (5, 6). This potentiation is 
reduced by postsynaptic hyperpolarization 
during the  tetanic stimulation or infusion of 
t h e  C a 2 +  chelator B A P T A  [1,2-bis(2- 
aminophenoxy)ethane-N,hl,hl' ,N ' - te t ra-  
acetic acid] into the  postsynaptic neuron, 
indicating that the  induction of LTP in- 
volves postsynaptic events. Therefore, we 
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