
Intestinal adenomas from ApcMin'+; 

Blmcin+ mice were evaluated for loss of het- 
erozygosity (LOH) at the Ape locus, a feature 
typical of Apc"n/+ adenomas (24, 25). Five 
adenomas from ApcMin/ ;Blm+/+ mice and 20 
adenomas from ApcMin"+; Blmc"n/+ mice were 

analyzed (Fig. 2C). The mean ratio of the Apc+ 
to the ApcMin allele in tumors from ApcMin"+; 
BlmCin+ mice was not different from that in 
tumors from Apci"/+;Blm+/+ mice. Each was 
consistent with published values (24, 25), dem- 
onstrating loss of the WT Apc allele in all 
tumors from Blm heterozygous mice. 

We next investigated the mutational mech- 
anisms responsible for loss of the normal Apc 
allele in the intestinal tumors by LOH analysis. 
Ape maps to chromosome 18 and is located on 
the genetic map at 15.0 centimorgans (26). We 
used quantitative polymerase chain reaction 
(PCR) with simple sequence length polymor- 
phism markers (19) for three loci to examine 
allelic loss on chromosome 18 in our set of 25 
tumors (Fig. 2C). Tumors in ApcMin/+;Blm+/+ 
mice and 18 of 20 tumors in ApcMi"+; 
Blmci/+ mice were characterized by LOH of 
Apc and all markers proximal and distal to Apc 
on chromosome 18 (Fig. 2C). Two tumors from 
ApcMin/+;BlmCin+ mice, of which one is 

shown, remained heterozygous at the proximal 
marker D18Mit19 (Fig. 2C). These results in- 
dicate that Ape loss in ApMi"/+ tumors with 
two WT Blm alleles is characterized by LOH of 
chromosome 18 but that in some BlmCin/+ tu- 

mors, loss of the normal Ape allele occurs by 
somatic recombination. 

To test whether the tumors from ApcMin'+; 

BlmCin+ mice retained the WT Blm allele, we 

performed a quantitative PCR-based assay on 
14 tumors. The ratio of the WT to the targeted 
allele in each tumor sample from ApcMin"+; 
BlmCin/+ mice was not significantly different 
from that in adjacent normal tissue (Fig. 2D). 
Western blots of 10 tumor lysates from 
ApcMin+ ;Blm Ci"+ mice evaluated with anti- 
serum to COOH-terminus of BLM confirmed 
that BLM expression had been retained (fig. 
S3A). Similarly, immunofluorescence of 
MLV-induced lymphomas from BlmCin"+ 
mice demonstrated nuclear BLM staining 
(fig. S3B). These results suggest that muta- 
tion of the remaining WT Blm allele was not 
required for tumor formation in either T cells 
or intestinal tissues. 

Mutation of one allele of Blm has measur- 
able consequences for the phenotype of mu- 
rine somatic cells and for the tumor suscep- 
tibility of the mouse. Our data demonstrate 
that Blm haploinsufficiency is sufficient to 
affect tumor formation in susceptible mice, 
and probably alter genomic stability. These 
effects have not been described in other tar- 
geted Blm mice (12, 13). These data also 
suggest that Blm haploinsufficiency could 
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none of the tumors in ApcMi"/+;BlmCi"+ 
mice were invasive at the 4-month end point 
of our experiments, it is possible that these 
tumors would progress to malignancy if giv- 
en more time. Our results are also important 
for human populations: About 1 in 100 Ash- 
kenazi Jews carry one mutant allele of BLM 
(25, 26). An accompanying paper by Gruber 
et al. (27) demonstrates that carriers of 
BLMAsh have a more than twofold increase in 
the occurrence of colorectal cancer. Together, 
these studies suggest that BlmlBLM mutation 
is an important modifier of intestinal cancer 
predisposition and that individuals carrying 
one mutant allele of BLM may have one of 
the noteworthy clinical hallmarks of BS- 
namely, increased cancer predisposition. 
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Cteavage of Scarecrow-like 

mRNA Targets Directed by a 

Class of Arabidopsis miRNA 

Cesar Llave, Zhixin Xie, Kristin D. Kasschau, James C. Carrington* 

Micro-RNAs (miRNAs) are regulatory molecules that mediate effects by inter- 
acting with messenger RNA (mRNA) targets. Here we show that Arabidopsis 
thaliana miRNA 39 (also known as miR171), a 21-ribonucleotide species that 
accumulates predominantly in inflorescence tissues, is produced from an in- 
tergenic region in chromosome III and functionally interacts with mRNA targets 
encoding several members of the Scarecrow-like (SCL) family of putative tran- 
scription factors. miRNA 39 is complementary to an internal region of three SCL 
mRNAs. The interaction results in specific cleavage of target mRNA within the 
region of complementarity, indicating that this class of miRNA functions like 
small interfering RNA associated with RNA silencing to guide sequence-specific 
cleavage in a developmentally controlled manner. 
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Micro-RNAs in eukaryotes are -21- to 22- 
ribonucleotide RNAs that arise from short 
stem-loop precursors through the activity of 
the double-stranded ribonuclease Dicer (1- 
6). The miRNAs from lin-4 and let-7 genes 
are involved in translational control through 
interaction with 3'-proximal sequences in tar- 
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get mRNAs in Caenorhabditis elegans (7- 
11). However, the range of functions for oth- 
er miRNAs in plants, animals, and microor- 
ganisms has yet to be determined. 

Arabidopsis contains numerous small 
RNAs, many of which resemble miRNAs 
identified in animals (12, 13). Several of 
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these, including miRNA 39, have sequence 
identity or complementarity to mRNAs for 
protein-coding genes. miRNA 39 accumu- 
lates predominantly in inflorescence tissue 
and was predicted to arise from a precursor 
gene in an intergenic region (IGR) in chro- 
mosome III (12, 13). The miRNA 39 se- 
quence and predicted stem-loop structure 
of the putative precursor are conserved in 
the genome of rice (Oryza sativa) (13). We 
detected miRNA 39-like species in Arabi- 
dopsis, rice, and Nicotiana benthamiana by 
blot assay (Fig. 1A). The Arabidopsis, rice, 
and N. benthamiana miRNA 39 accumulat- 
ed to relatively high levels in inflorescence 
and flower tissues (Fig. 1A, lanes 3, 6, and 
8) and to lower or nondetectable levels in 
leaf and stem tissue (Fig. 1A, lanes 1, 2, 4, 
5, and 7). 

The miRNA 39 sequence in Arabidopsis 
is perfectly complementary to an internal se- 
quence in mRNAs of three members 
[SCL6-II (locus At2g45160), SCL6-III 
(locus At3g60630), and SCL6-IV (locus 
At4g00150)] of the Scarecrow-like family of 
putative transcription factors (12, 13). Four 
SCL genes in rice have complementarity to 
miRNA 39 (13). Members of the SCL family 
control a wide range of developmental pro- 
cesses, including radial patterning in roots 
and hormone signaling (14-17). No other 
small RNAs related to sequences from the 
3'-proximal regions of SCL6-III or SCL6-IV 
genes were detected in Arabidopsis leaf, 
stem, or inflorescence tissues by blot assay 
[fig. S1A (18)], indicating that miRNA 39 
was not part of a larger small interfering 
RNA (siRNA) population resulting from gen- 
eral RNA silencing triggered against broader 
segments of the SCL mRNAs. Blot assays 
indicated that SCL6-III and SCL6-IV genes 
were expressed in leaf, stem, and inflores- 
cence tissues (Fig. 1B), although SCL6-III 
and SCL6-IV mRNAs were most abundant in 
inflorescence tissue (Fig. 1B, lanes 5, 6, 13, 
and 14). In addition to full-length mRNAs 
[designated SCL6-III(a) and SCL6-IV(a) 
RNAs], shorter RNAs [SCL6-III(b) and 
SCL6-IV(b)] of -1.4 and -1.3 kilobases 

(kb), respectively, were detected with a 3'- 
proximal probe in extracts from inflorescence 
tissue but not in extracts from stems or leaves 
(Fig. 1B, lanes 5, 6, 13, and 14). 

The 5' ends of SCL6-III(b) and SCL6- 
IV(b) RNAs were mapped by 5' RACE 
(rapid amplification of cDNA ends) to po- 
sitions corresponding to the middle of the 
respective sequences complementary to 
miRNA 39 (Fig. 1B). The 5'-RACE reac- 
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Fig. 1. Expression of SCL genes and miRNA 39. (A) RNA blot analysis of miRNA 39 from Arabidopsis 
and N. benthamiana leaf, stem, and inflorescence/flower tissue and from rice (0. sativa) leaf and 
flower tissue. (B) RNA blot analysis of SCL6-III (left) and SCL6-IV (right) mRNAs. Normalized (10 ,pg 
per lane) RNA samples from Arabidopsis leaf, stem, and inflorescence tissue were analyzed in 
duplicate. The proportion of total RNA represented by the large cytoplasmic ribosomal RNA (rRNA) 
(shown in ethidium bromide-stained gels) differs between tissue types in Arabidopsis, which 
accounts for the more abundant rRNA in the inflorescence samples. The protein-coding regions 
(nucleotide numbering begins at the start codon) and the locations of the sequences complemen- 
tary to miRNA 39 are shown in the expanded diagrams. SCL6-III- and SCL6-/V-specific probes 
detected both full-length mRNA [SCL6-lll(a) and SCL6-IV(a)] and shorter RNA [SCL6-lll(b) and 
SCL6-IV(b)] in inflorescence tissue. The positions corresponding to the 5' ends of the SCL6-lll(b) 
and SCL6-IV(b) RNAs determined by 5' RACE, and the number of 5'-RACE clones corresponding to 
each site, are indicated by arrows. 

tions involved ligation of an adapter to the 
5' end without enzymatic pretreatment, 
suggesting that both RNAs contained a li- 
gation-competent 5' monophosphate rather 
than a conventional 5' cap. These results 
are consistent with a model in which the 
SCL6-III(b) and SCL6-IV(b) RNAs arise 
by sequence-specific cleavage of the full- 
length mRNAs at a site directed by miRNA 
39. In effect, miRNA 39 may function like 
a single siRNA (19), produced in trans 
from a miRNA 39 precursor gene, that 
guides cleavage of target SCL mRNAs. As 
siRNA-guided cleavage of silencing targets 
occurs at positions centered in the middle 
of siRNA-target RNA duplexes (20), both 
siRNA-guided and miRNA 39-guided 
cleavage might occur by a common mech- 
anism within a sequence-specific nucleo- 
lytic complex termed RISC (RNA-induced 
silencing complex) (21, 22). This model 
predicts that accumulation of SCL6-III(b) 

and SCL6-IV(b) RNAs will correlate with 
accumulation of miRNA 39, which is con- 
sistent with the tissue-specific distribution 
patterns of miRNA 39 and SCL6-III(b) and 
SCL6-IV(b) RNAs (12) (Fig. 1, A and B). 

We tested the hypothesis that miRNA 39 
functions to direct cleavage of SCL mRNAs 
with an Agrobacterium-mediated delivery 
(Agro-inoculation) system to coexpress 
miRNA 39 and SCL6-IV target mRNA in N. 
benthamiana leaf tissue. We reasoned that a 
miRNA 39 precursor could be produced 
through transcription of the miRNA 39-con- 
taining IGR, either with an endogenous 
miRNA 39 promoter or with a 35S promoter, 
followed by Dicer-like processing (13) of the 
precursor in N. benthamiana. Three con- 
structs with the complete miRNA 39-con- 
taining IGR, or empty vector as a control, 
were coexpressed with the SCL6-IV construct 
(35S:SCL6-IV). Two of the constructs (35S: 
IGR-mi39 and 35S:AS-IGR-mi39) contained 
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Fig. 2. Cleavage of SCL6-1V mRNA is directed by 
miRNA 39. (A) Constructs containing the 
miRNA 39-containing IGR and the SCL6-IV 
coding sequence were co-Agro-inoculated in 
N. benthamiana leaves, and normalized ex- 
tracts were tested for miRNA 39 by RNA blot 
assay 2 and 3 days postinoculation (d p.i.). (B) 
Analysis of SCL6-IV (a) and (b) RNA forms in 
normalized extracts from co-Agro-inoculated 
tissue by RNA blot assay with probes corre- 
sponding to 3' (top) or 5' (bottom) regions of 
the SCL6-IV coding sequence. The amount of 
SCL6-IV(b) RNA, expressed as a percentage of 
total SCL6-IV RNA [(a) + (b)], is indicated for 
each sample. The blots were stripped and re- 
analyzed with a cytoplasmic rRNA probe. The 
position of sequence complementary to miRNA 
39 is indicated in gray in the diagram. The size 
of the SCL6-IV(b) RNA (-1.3 kb) corresponds 
to the 3'-proximal SCL6-IV sequence (-1.0 kb) 
plus the 3'-untranslated sequence (-0.3 kb). 
At, A. thaliana; Nb, N. benthamiana. 
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one (IGR-mi39) contained the IGR sequence 
without a 35S promoter (Fig. 2A). A basal 
level of endogenous miRNA 39 was detected 
in nontreated leaves (Fig. 2A, lane 2) and in 
leaves that were co-Agro-inoculated with 
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About 53 and 79% of the SCL6-IV-related 
RNA detected 2 and 3 days postinfiltration, 
respectively, corresponded to the SCL6- 
IV(b) RNA product. Relatively small propor- 
tions of SCL6-IV mRNA were cleaved after 
coexpression with empty vector (Fig. 2B, top, 
lanes 4 and 5), IGR-mi39 (lanes 6 and 7), and 
35S:AS-IGR-mi39 constructs (lanes 10 and 
11), which can be explained by the basal or 
low levels of miRNA 39 in these samples. No 
cleavage products were detected with the 
SCL6-IV 5'-end probe (Fig. 2B), suggesting 
that the 5' fragment was less stable than the 
3' fragment [SCL6-IV(b)]. Identical results 
were obtained when the SCL6-III mRNA was 
used as a target in coexpression assays (23). 

To determine whether cleavage of SCL6- 
IV mRNA depends on perfect complementa- 
rity with miRNA 39, we introduced three 
mismatches into the sequence complementa- 
ry to miRNA 39 in SCL6-IV RNA (construct 
35S:SCL6-IV/mut39) (Fig. 3). Whereas the 
wild-type SCL6-IV mRNA was cleaved effi- 
ciently in the presence of the miRNA 39- 
producing 35S:IGR-mi39 construct (Fig. 3, 
lanes 8, 9, 18, and 19), the SCL6-IV/mut39 
mRNA was completely resistant to cleavage 
(lanes 10, 11, 20, and 21). Furthermore, the 
low level of cleavage of SCL6-IV mRNA in 
the presence of the empty vector construct 
was inhibited by the mutations (Fig. 3, lanes 
4 to 7), confirming that this activity was due 
to low levels of endogenous miRNA 39 in N. 
benthamiana tissue. 

The finding of miRNA-directed cleavage 
of several SCL mRNA targets in Arabidopsis 
indicates that there are at least two functional 
classes of miRNAs. Members of the small 
temporal RNA (stRNA)-like class, including 
C. elegans lin-4 and let-7 miRNAs, down- 
regulate translation of target mRNAs but do 
not direct RNA target degradation or site- 
specific cleavage (7, 8, 10, 11). The stRNA 
class members do not interact with perfect 
complementarity to their natural targets, 
which may explain why they do not exhibit 
siRNA-like activity (24). In contrast, mem- 
bers of a class represented by Arabidopsis 
miRNA 39 interact with perfect complemen- 
tarity and appear to mimic siRNA function to 
guide cleavage. We propose that miRNA 39 
incorporates into a RISC-like complex iden- 
tical or similar to the RISC complex that 
mediates target cleavage during RNA silenc- 
ing (21, 22). Support for this concept also 
comes from the finding that engineered 
miRNA-target combinations with perfect 
complementarity result in target RNA cleav- 
age (25, 26). Finally, miRNA 39-guided 
cleavage of mRNAs has several possible con- 
sequences, including developmentally coor- 
dinated inactivation of SCL mRNAs. Internal 
cleavage might also generate RNA products 
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ered in eukaryotes (4-6, 12, 13, 27, 28), 
additional members will likely be added to 
each class. 
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A microRNA in a Multiple- 
Turnover RNAi Enzyme Complex 

Gyorgy Hutvagner and Phillip D. Zamore* 

In animals, the double-stranded RNA-specific endonuclease Dicer produces two 
classes of functionally distinct, tiny RNAs: microRNAs (miRNAs) and small inter- 
fering RNAs (siRNAs). miRNAs regulate mRNA translation, whereas siRNAs direct 
RNA destruction via the RNA interference (RNAi) pathway. Here we show that, in 
human cell extracts, the miRNA let-7 naturally enters the RNAi pathway, which 
suggests that only the degree of complementarity between a miRNA and its 
RNA target determines its function. Human let-7 is a component of a previously 
identified, miRNA-containing ribonucleoprotein particle, which we show is an 
RNAi enzyme complex. Each let-7-containing complex directs multiple rounds 
of RNA cleavage, which explains the remarkable efficiency of the RNAi pathway 
in human cells. 
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Two types of 21- to 23-nucleotide (nt) RNAs 
are produced by the multidomain ribonuclease 
(RNase) III enzyme Dicer: small interfering 
RNAs (siRNAs) from long double-stranded 
RNA (1, 2) and microRNAs (miRNAs) from 
-70-nt hairpin precursor RNAs whose expres- 
sion is often developmentally regulated (3-8). 
siRNAs direct the cleavage of complementary 
mRNA targets, a process known as RNA inter- 
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ference (RNAi) (9). Target RNA cleavage is 
catalyzed by the RNA-induced silencing com- 
plex (RISC), which acts as an siRNA-directed 
endonuclease, cleaving the target RNA across 
from the center of the complementary siRNA 
strand (10, 11). Assembly of the RISC is aden- 
osine triphosphate (ATP) dependent and pre- 
cedes target recognition (10, 12). Unlike siR- 
NAs, miRNAs are single stranded and pair with 
target mRNAs that contain sequences only par- 
tially complementary to the miRNA and repress 
mRNA translation without altering mRNA sta- 
bility (13-19). Although at least 135 miRNAs 
have been identified collectively from Caeno- 
rhabditis elegans, Drosophila melanogaster, 
and humans, none is fully complementary to 
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