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Leaves of higher plants develop in a sequential manner from the shoot apical 
meristem. Previously it was determined that perturbed leaf development in 
maize rough sheath2 (rs2) mutant plants results from ectopic expression of 
knottedl-like (knox) homeobox genes. Here, the rs2 gene sequence was 
found t o  be similar t o  the Antirrhinum PHANTASTICA (PHAN) gene sequence, 
which encodes a Myb-like transcription factor. RS2 and PHAN are both 
required t o  prevent the accumulation of knox gene products in maize and 
Antirrhinum leaves, respectively. However, rs2 andphan mutant phenotypes 
differ, highlighting fundamentel differences in monocot and dicot leaf de- 
velopment programs. 

In both monocot and dicot plants, leaf initiation lele (rs2-2.37) generated by transposon Muta- 
requires the early specification of founder cells 
in the meristem (I). The.acquisition of founder 
cell identity appears to be determined by a class 
of homeobox genes known as knox that are 
normally expressed in the meristem but not in 
the founder cells (2, 3). Ectopic expression of 
the maize knotted1 (knl) gene (and related dicot 
genes) often leads to the o r g e t i o n  of new 
menstems in dicot leaves but not in monocot 

tor (Mukdirected tagging was found to harbor 
a 1.3-kb insertion in the putative rs2 gene [Web 
Fig. 2 (7)]. Further Southern (DNA) analysis of 
the original rs2 reference allele (referred to 
hereafter as rs2-R), with a probe immediately 
adjacent (3') to the Spm insertion in rs2-twd, 
demonstrated that at least some of the cloned 
gene is deleted in the rs2-R allele (Fig. 1B). 
Because polymorphisms were identified that 

leaves (4). Thus, inappropriate knox gene ex- segregated with all three rs2 mutant alleles, 
pression can mod@ developmental fate within these data confirmed that we had cloned the rs2 
certain limits. Loss-of-hction mutations in the gene. 
maize knl gene result in defects in shoot mer- Sequence analysis revealed that the rs2 
istem maintenance (5). The phenotypes of re- gene encodes a protein that shares sequence 
cessive rs2 mutants resemble those induced by similarity (62.9% identity, 76.7% similarity) 
dominant mutations in rough sheath1 (rsl) and with the Myb-like protein encoded by the 
other knl-like genes [(6) and Web Fig. 1 (7)]. PHANTASTZCA (PHAN) gene of Antirrhi- 
These include vascular tissue aberrations, ligu- num (Fig. 2A) (8). On the basis of reverse 
lar displacement toward the leaf tip, and the transcription-polymerase chain reaction (RT- 
presence of knotlike outgrowths of aberrantly PCR) experiments (9) and hybridization to 
differentiated tissues. Because rs2 mutants ec- 
topically express mRNA encoded by the ho- 
meobox genes knl, rsl, and liguleless3 (lg3) 
(6), the rs2 gene may be a general repressor of 
knox gene expression during leaf development. 
To understand the mechanism of rs2 gene ac- 
tion, we cloned the rs2 gene using the transpos- 
able element Spm as a molecular tag [Fig. 1A 
and Web Fig. 2 (7)]. Sequence analysis re- 

genomic DNA (Fig. 1B) we predict that the 
deletion in the rs2-R allele spans most of the 
myb domain (Fig. 2B). The Sprn insertion in 
the rs2-twd allele is also in the myb domain 
(Fig. 2B). Analysis by 5' rapid amplification 
of cDNA ends (RACE) and sequencing of a 
genomic clone spanning the locus revealed 
the presence of an intron in the 5' untrans- 
lated region of the rs2 gene (Fig. 2B). This 

vealed that the rs2-twd allele contains an Spm feature is also seen in the ~ntirrhinum PHAN 
element inserted 21 base pairs (bp) after the gene (8). 
predicted translation start site. Another rs2 al- In rs2-R and rs2-twd mutants, KNOX pro- 

teins accumulate ectouicallv in leaf tissue . , 
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tion of leaves such that the primordium clos- 
est to the meAstem is PI, the next one out 
from the meristem is P2, and so on). This 
expression pattern is consistent with the fact 
that knox genes are ectopically expressed in 
rs2 mutants from P1 onward (6). From P2 
through P5, rs2 transcripts gradually become 
restricted to the vascular tissue and the leaf 
margins. After P5, further restriction confines 
transcripts to the vascular tissue. We did not 
detect rs2 transcripts in the shoot apex of 
rs2-R mutants (Fig. 3F). Consistent with the 
idea that RS2 negatively regulates knox gene 
expression, rs2 and knox genes are expressed 
in mutually exclusive domains (Fig. 4). Tran- 
scripts of rs2 were detected in leaf tissue but 
not meristematic tissue. whereas knox-like 
rsl transcripts were absent from leaf tissue 
but present in meristematic tissue. 

Our data indicate that RS2 regulates knox 
homeobox gene expression patterns during 
leaf development. However, RS2-mediated 
repression of knox gene expression is inde- 
pendent from the initial down-regulation re- 
quired for the establishment of the leaf 
founder-cell population at PO (6). Thus, RS2 
is mainly involved in the maintenance of leaf 
cell fate as opposed to early initiation events. 
The nonuniformity of ectopic knox gene ex- 
pression in rs2 mutants (Fig. 3A) (6) may 
indicate that RS2 is only one component of a 
broader mechanism required to correctly 
compartmentalize knox gene expression in 
the shoot body. 

Fig. 1. Cloning of the A B 
rs2 gene. (A) Hybridiza- ,1-2- 1 2  

tion of DNA flanking 
the Spm element in 1x2- 
twd to genomic DNA 
isolated from a line seg- - 
regating 152-twd mu- L 

tants. Lane 1, 1x2-twd/ 
152-twd; lane 2, +/152- 
twd; lane 3, +I+. 
Cenomic DNA was di- 
gested with Barn HI ,  
and the filter was hy- 
bridized with the puta- re-twd m2-R 
tive 1x2 gene fragment 
The 152 fragment was isolated from a XZAP clone 
of a 6.3-kb Spm-hybridizing fragment [Web Fig. 2 
(7)]. Flanking sequences 3' to Spm were isolated. 
The putative 152 gene fragment detects a poly- 
morphism that segregates with the 1x2-olvd mu- 
tation. The mutant allele is detected as a 6.3-kb 
fragment, and the wild-type allele is detected as 
an 11.0-kb fragment. (8) Cenomic Southern blot 
of DNA from a line segregating the 152-R allele. 
Cenomic DNA was digested with Hind Ill, and the 
filter was probed with the same fragment as in 
(A). Lane 1, ~2-R/rsZ-R; lane 2, +/rs2-R or +I+. 
The absence of a hybridizing fragment in ho- 
mozygous rsZ-R plants suggests that the ~ 2 - R  
allele represents a deletion. The wild-type allele is 
represented by a 1.8-kb fragment. 
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The rs2 and PHAN gene products are 
more similar to one another (62.9% identity) 
than to any other myb gene product. In addi- 
tion, rs2 is more similar to PHAN than to a 
second PHAN-like gene in Antirrhinum 
(49.5% identity) (10). The sequence conser- 
vation (Fig. 2A), similarity in expression pat- 
terns (Fig. 3, C ,  D, and E) (a), and ectopic 
accumulation of knox gene products in mu- 

tant leaves (Fig. 3, A and B) suggest that rs2 
and PHAN are functional orthologs. If RS2 
delimits the expression of knox genes, all 
aspects of the rs2 mutant leaf phenotype can 
be explained on the basis of ectopic accumu- 
lation of KNOX proteins in leaves. That is, 
the mutant phenotype resembles that seen in 
dominant Knox maize mutants. At least one 
knox-like gene (AmSTMI) is also ectopically 
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mary of the rs2 transcription unit. 
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ed myb-domain, and gray 'bar the 
minimum length of the deletion in 
the rs2-R allele. 

Fig. 3. Localization of 
rs2, knox. and AmSTM7 
gene in shoot 
apices. (A) Immunolo- 
calization of KNOX pre 
tein in a rs2-twd mu- 
tant apex, using an an- 
tibody raised t o  RS1. 
Note the ectopic accu- 
mulation of KNOX pro- 
teins around the .leaf 
vasculature. (8) RT-PCR 
of AmSTM7 in phan 
mutant (lane 1) and 
wild-type (lane 2) Antir- 
rhinum total leaf RNA. 
On the basis of partial 
genomic sequence data 
(8, lo), primers were 
designed to  position 
-24 to  -1 relative to  
the final intron and to  
a 21-bp sequence in 
the 3' untranslated re- 
gion. The predicted PCR 
product from EDNA is 
368 bp. PCR products 
were resolved on a 1 % 
agarose gel that was 
blotted and probed se- 
quentially with Am- 
STM1 fragments (8) and 
maize .ubiquitin (ubi) 
fragments (3). Lane 3 is 

a "no template'' control. (C) In situ Localization of rs2 transcripts in a transverse section of a 
wild-type maize apex. (D) Similar to  (C) but at a higher magnification. (E) In situ localization of rs2 
transcripts in a section close to  the median of a wild-type maize apex. (F) In situ localization of rs2 
transcripts in a transverse section of a rs2-R mutant apex. Scale bars = 100 Fm. Plastochron (P) 
number of Leaf primordia is indicated. White arrows denote the position of vascular bundles. 
Asterisks are placed near the center of the meristem in each case. 

expressed in phan mutant leaves (Fig. 3B). 
This concurs with the finding that expression 
domains of PHAN and AmSTMI are mutually 
exclusive during wild-type Antirrhinum de- 
velopment (8). The radially symmetrical phe- 
notype of phan mutant leaves (11) (which is 
not seen in rs2 mutant leaves) could be ex- 
plained if the perturbed expression of STM- 
like genes results in developmental retarda- 
tion (12) and the failure to interpret signals 
that instruct the young leaf primordium to 
grow laterally and produce a lamina. Because 
leaf primordia are less flattened at P1 in 
Antirrhinum than in maize, an early develop- 
mental block could restrict the elaboration of 
dorsiventrality in Antirrhinum but would be 
less likelv to do so in maize. 

~o&olo~ i s t s  believe that maize leaves are 
derived from different regions of the primordi- 
um than dicot leaves. Maize, like many other 
monocots, elaborates leaves entirely from the 
lower leaf zone of the primordium, the "unter- 
blatt" (13). In contrast, Antirrhinum (and other 
dicots) elaborate leaves (petioles and lamina) 
from an upper leaf zone, the lower zone func- 
tioning only to ensheath the stem and to gener- 
ate stipules when stipules are present (13, 14). 
When knox genes are ectopically expressed in 
maize leaves, the one phenotype common to all 
five knox genes tested is that the distal region of 
the leaf, the blade, is transformed to a proximal 
cell identity (sheath or auricle, depending on the 
timing of ectopic expression) (12, IS). If ectop- 
ic knox gene expression acted similarly in An- 
tirrhinum, one would expect to be able to see 
equivalent transformations: the more distal lam- 
ina would be transformed into petiole (or per- 
haps even into sternlike tissue). The petiole is a 
largely unifacial region; the abaxial (ventral) 
surface of the petiole dominates, and the base of 
the petiole is almost all ventral and symmetri- 
cal. Thus, a petiolization of the lamina could 
convey the impression of loss of dorsiventrality. 
In our view, the morphology of phan leaves 
(11) is consistent with the conclusion that phan 
mutants "petiolize" the leaf. Thus, ' rs2 and 
PHAN appear to be functioning in similar gene 
regulatory networks to condition similar leaf 
regional transformations, with outcomes di- 
verging because of differences in how the 
monocot maize and the dicot Antirrhinum elab- 
orate laminae. 

Fig. 4. Transcript accu- 1 2 3 4 
milation of 
rs2 and rs7 genes in N2 

wild-type maize tis- 
sues. The mRNA (1.5 n l 
pg) was analyzed by 
RNA gel blot analysis. -& 
Lane 1, leaf sheath; 
lane 2, leaf blade: lane 3, immature ear: Lane 4. 
immature tassel.  he blot was probed with the 
rs2 fragment as in Fig. 1A and with rs l  and 
ubiquitin (ubi) fragments as in (5). The rs2 
transcript is 1.6 kb. 
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Apaf-I and Caspase-9 in 
p53-Dependent Apoptosis and 

Tumor Inhibition 
M. S. Soengas,' R. M. Alarcon,' H. Y o ~ h i d a , ~ *  A. J. Giaccia,' 

R. Hakem,3 T. W. Mak,3 S. W. Lowe'? 

The ability of p53 t o  promote apoptosis in response t o  mitogenic oncogenes 
appears t o  be critical for its tumor suppressor function. Caspase-9 and its 
cofactor Apaf-I were found t o  be essential downstream components of p53 in 
Myc-induced apoptosis. Like p53 null cells, mouse embryo fibroblast cells 
deficient in  Apaf-I and caspase-9, and expressing c-Myc, were resistant t o  
apoptotic stimuli that mimic conditions in developing tumors. Inactivation of 
Apaf-I or caspase-9 substituted for p53 loss in promoting the oncogenic 
transformation of Myc-expressing cells. These results imply a role for Apaf-I 
and caspase-9 in controlling tumor development. 

The p53 tumor suppressor promotes cell cy- 
cle arrest or apoptosis in response to several 
cellular stresses, including rllitogenic onco- 
genes (I). For example, the c-hfvc oncogene 
induces uncontrolled proliferation but also 
activates p53 to promote apoptosis (2). Al- 
though the balance between Myc-induced 
proliferation and cell death is determined by 
genotype and external signals, Myc-induced 
apoptosis inhibits oncogenic transformation 
(3). Consistent with this view, Mj.c and other 
mitogenic oncogenes activate p53 through 

a tumor suppressor encoded at the 
INK4a:ARF locus (4). The ARF-p53 path- 
way is disabled in most human cancers, 
which implies that an oncogene-activated 
p53-dependent apoptosis pathway contributes 
to tumor suppression (4). 
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How activated p53 promotes apoptosis is 
unclear, but it may involve Bax (5,  6), a 
series of p53-inducible genes known as PIGS 
(7) ,  or signaling through Fas-related path- 
ways (8) .  Other p53 effectors might include 
caspases, a family of cysteine proteases that 
execute apoptotic cell death (9). Signaling 
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procaspases associate with specific adaptor 
molecules that facilitate caspase activation by 
induced proximity (10). For example, 
caspase-9 (Casp9) associates with Apaf- 1, 
and oligomerization of this complex in the 
presence of cytochrome c can activate a 
caspase cascade (11). Studies with knockout 
mice show that the requirement for different 
death effectors during apoptosis is highly 
cell-type- and stimulus-specific (12-15). Be- 
cause p53-dependent apoptosis limits tumor 
development, the caspase-adaptor complex 
(or complexes) that acts downstream of p53 
may participate in tumor suppression. How- 
ever, the observation that caspase inhibitors 
do not prevent cell death induced by Myc or 
the p53-effector Bax suggests that caspases 
act too late in these death programs to have a 
substantial effect on long-term sunriyal (16). 

To determine the requirement for the 
Casp9 and Apaf-1 in apoptosis induced by 
Myc and p53, early-passage mouse embryo 
fibroblasts (MEFs) derived from Apaf-1- and 
Casp9-deficient mice were examined for their 
response to Myc. c-,Vfic or a control vector 
was transduced into wild-type, p53-'-, 
Casp9-'-, or Apaf-1-'- MEFs with the use 

Fig. 1. Requirement for Apaf-I and Casp9 in 
Myc-induced apoptosis. A control vector (A to 
D), c-Myc (E to H), or c-Myc and H-rasVl2 (I to 
L) were transduced into early passage MEFs de- 
rived from wild-type (open circles), p53-I- 
(open s uares), ~asp9-I-  (closed circles), and 
Apaf-l-9- (closed triangles) mice with high- 
titer recombinant retroviruses (17). Cell popula- 
tions were incubated in growth factor-poor (low 
serum) medium (A, E, and I), hypoxic conditions 
(B, F, and J), suspension (C, C, and K), or murine 
TNF-cx (D, F, and L) for the indicated times, and 
cell viability was determined by trypan blue 
exclusion (17, 18). Each point represents the 
mean t SD of at least three experiments with 
two separately transduced populations. Data are 
normalized to the rate of spontaneous cell death 
occurring in untreated cells (<lo% in all cases, 
except 25% for Myc-Ras wild-type MEFs). 
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