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ABSTRACT

The bidentate RNase Ill Dicer cleaves microRNA pre-
cursors to generate the 21-23 nt long mature RNAs.
These precursors are 60-80 nt long, they fold into a
characteristic stem-loop structure and they are
generated by an unknown mechanism. To gain
insights into the biogenesis of microRNAs, we have
characterized the precise 5" and 3’ ends of the let-7
precursors in human cells. We show that they
harbor a 5’-phosphate and a 3’-OH and that, remark-
ably, they contain a 1-4 nt 3’° overhang. These
features are characteristic of RNase Il cleavage pro-
ducts. Since these precursors are present in both
the nucleus and the cytoplasm of human cells, our
results suggest that they are generated in the
nucleus by the nuclear RNase lll. Additionally, these
precursors fit the minihelix export motif and are
thus likely exported by this pathway.

INTRODUCTION

In the last few years, microRNAs have emerged as a major
new RNA family (for reviews see 1-3). This family contains
hundreds of members, each possibly regulating the expression
of several cellular mRNAs at various developmental stages.
MicroRNAs thus have an unprecedented importance in the
regulation of gene expression and they are the focus of very
intense interest, to understand both their functions and their
biogenesis.

One remarkable feature of microRNA biogenesis is its link
with the RNA interference pathway (4-7). Indeed, both
microRNAs and siRNAs are generated by the RNase III Dicer
and the two types of RNAs are incorporated into RNP
complexes able to perform similar functions, either in the
cleavage of mRNA targets or in their translational repression
(8,9). The end result appears to be mainly determined by the
type of base pairing between the small RNA and its target.

Despite the extremely strong interest in the biogenesis of
these small RNA species, little is known beside the role of
Dicer, and this is especially true in the case of microRNAs.
One remarkable feature of microRNAs that is conserved in

worms, flies and mammals is the presence of relatively large
amounts of precursors of about 60—80 nt in length and which
fold into a characteristic stem-loop structure (1-3). For
clarity, these precursors will be referred to as the minihelix
microRNA precursors.

While it is not known how these minihelix precursors are
generated, it has been demonstrated in a number of model
systems that they are the substrates for Dicer, which cuts them
to generate the mature microRNAs (4,5). A recent study that
used human cell extracts to analyze the processing of
microRNAs in vitro showed that large precursors of a few
hundred nucleotides are cleaved in nuclear extracts to generate
the minihelix precursors (10). Consistent with the fact that
Dicer is localized in the cytoplasm (11), these precursors are
processed in cytoplasmic extracts into microRNAs (10). The
endoribonuclease generating the minihelix precursors is
unknown, but based on genetic and localization data, a role
for Dicer in this process is unlikely.

It is well established that RNA cleavage by endoribo-
nucleases generates characteristic termini. In order to define
which enzyme could generate the minihelix precursors, we
have determined the precise nature of their 5" and 3” ends. This
is especially important because these precursors have been
proposed to be exported from the nucleus by the so-called
minihelix pathway, which depends on exportin-5 (12,13).
Indeed, export by this pathway requires that the RNA
substrates fold into a stem—loop structure containing the
RNA 5" end, and harboring only a few nucleotides of 3’
overhang (12). As little as three unpaired bases at the 5" end is
deleterious for export by this pathway, but a single unpaired
base at the 5" end still leads to RNA export (12). The
determination of the extremities of minihelix microRNA
precursors might therefore validate or refute the possibility
that they are exported by the exportin-5 pathway.

MATERIALS AND METHODS
Determination of let-7 RNA ends

Aliquots of 10 pug of total RNA from HeLa cells were self-
ligated with T4 RNA ligase as described (14,15), except that
the reaction volume was increased to 100 pl to enhance self-
ligation of RNA molecules. Total RNA were either used
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directly, treated with T4 polynucleotide kinase or decapped
with tobacco acid pyrophosphatase (15). Following ligation,
RNAs were phenol/chloroform extracted, precipitated with
ethanol and let-7 RNA precursors were amplified by RT-PCR
with the following oligonucleotides: Setl, 5-AACTATAC-
AATCTACTGTCTT and 5-AACTATACAACCTACTA-
CCT; Set2, 5-CTACTACCTCACCCCAAA and 5-CTA-
CTGTCTTTCCTGAAGT. PCR products were resolved by
gel electrophoresis and each band was purified and cloned by
AT cloning with an A/T cloning kit (Promega). Individual
clones were sequenced.

Cell fractionation and RNA analysis

Cytoplasmic and nuclear RNA were prepared by lysing cells
in 0.5% Triton X-100 at 4°C for 5 min in 50 mM Tris pH 7.4,
150 mM NaCl. Cells were then centrifuged for 10 min at
3500 g on a cushion containing 10% sucrose and the
cytoplasmic RNAs present in the supernatant were purified
with Trizol. The nuclear fraction was purified a second time by
resuspending the first pellet in the same buffer and centrifug-
ing it again on a sucrose cushion. Nuclear RNA were finally
extracted by resuspending the pellet in Trizol and sonicating it
for 10 s. To avoid contamination of the nuclear fraction by
cytoplasmic RNA, purification of nuclei was performed in the
presence of 3 mM EDTA, previously shown to remove
cytoplasmic remnants otherwise attached to nuclei (16).
Finally, RNA was analyzed by northern blot on 10%
acrylamide—urea gels with oligonucleotide probes specific
for let-7, U6 or 18S rRNA.

RESULTS AND DISCUSSION

To characterize both the RNA 5" and 3" ends in a reliable way
and in a single experiment, we took advantage of a previously
developed technique (17) (Fig. 1A). This technique starts by
circularizing the RNA with T4 RNA ligase under dilute
conditions, such that most of the RNA molecules self-ligate.
The RNA species of interest are then amplified by RT-PCR
with oligonucleotides designed to amplify the 5’3" junction
and the PCR products are resolved by gel electrophoresis and
cloned. For the analysis of microRNA precursors, we focused
on the human let-7 species. Indeed, these RNA species are
abundant, ubiquitous and generated from multiple genes,
allowing us to characterize a number of RNA species
simultaneously. To obtain insights into the chemical nature
of the RNA ends, several treatments were applied to the
RNA before circularization. Indeed, RNA ligation with T4
RNA ligase requires a 5’-phosphate and a 3’-OH and RNA
containing different types of extremities would not be
circularized (18). To remove potential 2’,3’-cyclic phosphate
or 2’- and 3’-phosphate groups, RNA was treated with T4
polynucleotide kinase (18). This enzyme also converted 5’-OH
into 5’-phosphate groups (14). To convert 5’-cap structures
into 5’-phosphates, RNAs were treated with tobacco acid
pyrophatase (15). Total RNA from HeLa cells were thus pre-
treated with each of these treatments or used directly and PCR
products resulting from the self-ligated let-7 precursors were
amplified with specific oligos (set 1, Fig. 1B) and resolved by
gel electrophoresis (Fig. 1C).

Identical results were obtained regardless of the pre-
treatment of the RNA and two bands were observed, of

about 400 and 50 nt long (Fig. 1C). Sequence analysis of
individual molecules cloned from the longest band revealed
that it contained a single RNA species, arising from ampli-
fication of the intergenic region between two let-7 genes
located 360 nt apart on chromosome 9. This result demon-
strated the specificity of the technique and also showed that
let-7 RNAs are indeed transcribed from long, polycistronic
transcripts, as proposed previously (19). Sequence analysis of
the molecules contained in the shortest band revealed that it
arose from minihelix let-7 precursors (Fig. 2A). First, the
sequence contained the two correct nucleotides at the 5" end of
the mature let-7 (UG), which were absent in the sequence of
the oligonucleotide used for PCR amplification. Second, the
rest of the sequence could be assigned to the various let-7
minihelix precursors, as deduced from the human genome
sequence (Fig. 2A). Four types of clones were observed, which
arose from several of the known let-7 genes. Due to the
sequence similarity between these genes, each clone could
originate from several loci. Clones of type A could arise from
let-7b or let-7f-1, clones of type B could arise from let-7a-2 or
let-7¢ and clones C and D could arise from either let-7a-1, let-
7a-2, let-7a-3 or let-7c. The corresponding extremities are
represented in Figure 2A on let-7a and let-7b precursors,
which appear to be the most abundant species (19).

Remarkably, the extremities of the minihelix precursors
shared a similar structure regardless of the let-7 loci they
originated from. Clones A, C and D had a 5" end identical to
that of the mature let-7 RNA, while clones B had their 5" ends
2 nt upstream. Importantly, all clones had a 1-4 nt overhang at
their 3’ end. Furthermore, the clones originating from various
RNA pre-treatments were identical to those not pre-treated,
This demonstrated that the initial RNA species contained 5’-
phosphate and 3’-OH ends. This also ruled out the possibility
that the products amplified from the various pre-treatments
contained minor variants unresolved in the gel.

RNase III are universally conserved RNases that cleave
double-stranded RNAs (20). RNase III cleavage products
contain 5’-phosphate and 3-OH ends and have a few
nucleotides of 3’ overhang. This overhang is usually of 2 nt
on regular RNA helices, but it can vary from 1 to 4 nt when the
helix is distorted (see 21 for a characterization of many natural
sites for yeast RNase III). The let-7 minihelix precursors we
have characterized have all the signatures of RNase III
cleavage products: they are double-stranded RNAs with the
expected 5" and 3’ ends. Because the minihelix precursors are
generated by cleavage of longer precursors, our data strongly
suggest that they are generated by an RNase III. Interestingly,
the yeast RNase III recognizes its substrates by binding to
AGNN tetraloops (21). However, the enzyme involved here
appears to be different in this respect, since no clear consensus
can be drawn from the loops of the let-7 fold-back precursors.

Several experiments were conducted to confirm that the
RNA species we had characterized indeed corresponded to
the bona fide let-7 minihelix precursors. First, the size of the
precursors observed on northern blots corresponded to the
sizes of the predicted sequences. Indeed, in human cells,
microRNA minihelix precursors co-migrate with a 70 base
RNA marker (10) and our sequences predict a size of 70-71 nt
for let-7a-1 and let-7a-3, 69 nt for let-7a-2 and 67 nt for let-7b.
Second, to rule out the possibility that a second, longer
precursor could have escaped detection, we repeated the



A-

Nucleic Acids Research, 2003, Vol. 31, No.22 6595

V Medify RNA ends 5'- PV 3'.OH

Ligate
T4 BNA ligase

RT-FCR

Clone and sequence

]
o
c

—

orOOCrOHCrPONCCONCPEPDECCR@Ea o™

EEOCOCORRCEOCRRDODCREOD

tﬂ!ﬂiﬂ=
EO0
=

ccctttg™ gaagtgg

Let-7a-3, Chr. 22

200 m—

20—

vl

TAP -RT

NT Kin.

Figure 1. (A) Schematic of the amplification strategy used to characterize let-7 minihelix precursors. (B) Secondary structure of human let-7a-3. Arrows indi-
cate the oligonucleotides used for the RT-PCR. (C) Amplification products were resolved on a 1% agarose gel (upper panel) or a 12% acrylamide gel (lower
panel) and stained with ethidium bromide. The RNA was treated before ligation as follows. Lane NT, no pre-treatment; lane Kin, T4 polynucleotide kinase;
lane TAP, tobacco acid pyrophosphatase; lane —RT, reverse transcriptase was omitted.

experiment, but during the gel purification the material above
the 50 nt band and shorter than 100 nt (24 nt above the
maximal size of the let-7 minihelix precursors determined by
gel electrophoresis) was purified, re-amplified (because it was
undetectable by ethidium bromide staining; Fig. 1C), cloned
and sequenced. The majority of the clones obtained turned out
to be non-specific PCR products and a minority of clones was
identical to those previously characterized. Third, we repeated
the experiments with a slightly different set of oligonucle-
otides (set 2), designed to initiate the PCR elongation 4 nt

downstream of the let-7a-3 3” end determined here. In this
case, no specific PCR products could be recovered.

It has been proposed previously that the minihelix
microRNA precursors were generated in the nucleus and
exported into the cytoplasm for processing by Dicer (3,9). To
gain support for this possibility, we analyzed the localization
of let-7 minihelix precursors by cell fractionation. As shown in
Figure 2B, cytoplasmic RNAs contained the minihelix let-7
precursors and it was also detected in the nuclear RNAs.
Controls with U6 and 18S probes showed that both signals
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Figure 2. (A) Structure of several of the human let-7 precursors. Arrows indictate the extremities of the stem—loop precursors characterized in this study.
Clones of type A arose from let-7b (14% of the clones), clones B from let-7a-2 (14% of the clones) and clones C (large arrows, 58% of the clones) and D
(small arrows, 14% of the clones) from either let-7a-1 or let-7a-3. (B) Nucleo-cytoplasmic distribution of let-7 stem—loop precursors. C, cytoplasmic RNAs;
N, nuclear RNAs. Similar amounts of RNA were loaded in each lane. The RNA species probed is indicated on the left. (C) Consensus for the minihelix
export motif (12). The length of the stem should be longer than 12 nt. Also note that the motif can tolerate many mismatches and bulges; the first base at the
5" end can also be left unpaired.
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were significant and that the RNA was thus present in both the Given the role of the RNase III Dicer in the generation of
nucleus and the cytoplasm. Additionally, the nuclear and mature microRNAs (4,5,7), the finding that the minihelix let-7
cytoplasmic let-7 precursors migrated at the same size, precursors harbored the hallmarks of RNase III cleavage

demonstrating that these RNA species were indeed likely products raised the possibility that Dicer itself was responsible
the substrate of the export machinery. for their generation. Several observations, however, argue



against this hypothesis. First, Dicer is strictly confined to the
cytoplasm of human cells (11) and, as shown here, the
minihelix let-7 precursors are present in both nuclear and
cytoplasmic extracts. Second, these precursors can be gener-
ated in vitro from longer precursors by nuclear, but not
cytoplasmic, extracts (10). Third, depletion of Dicer by RNAi
in worms and flies leads to the disappearance of mature
microRNAs with a concomitant increase in the amount of
minihelix precursors (4,5). Besides Dicer, there is a second
gene in the human genome that encodes a RNase III homolog
(22,23). This gene is conserved in mammals, flies and worms
and it has been shown to encode a protein localized in the
nucleus and showing RNase III activity (22-24). Thus, our
results suggest that this enzyme could be responsible for
the nuclear processing of long polycistronic microRNA
precursors into the minihelix species.

A comparison of the stem-loop let-7 precursors with the
consensus for RNA export by exportin-5 (Fig. 2C) reveals that
these RNAs fit the consensus and are thus likely exported by
the so-called minihelix pathway (12,13). Interestingly,
exportin-5 also binds and exports proteins containing a
double-stranded RNA-binding domain (25) and, in the case
of tRNA export, exportin-5 was shown to form ternary export
complexes with tRNA bound to eEF1a (26,27). By analogy, it
is possible that exportin-5 recognizes the minihelix precursors
still bound by the nuclear RNase III. The double-stranded
RNA-binding domain of the nuclear RNase III may help to
promote the assembly of a ternary export complex and, in the
case of let-7, such a ternary export complex may provide the
stability required to compensate for the lack of 1 bp at the 5’
end.

Finally, the fact that let-7 minihelix precursors are present
in the cytoplasm suggests that these are not processed directly,
but first stored. Such a delay between minihelix production
and processing into mature microRNA has been previously
observed (4) and could participate in the regulation of these
fascinating RNAs.
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