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ABSTRACT

The factors regulating the expression of microRNAs (miRNAs), a ubiquitous family of ∼22-nt noncoding regulatory RNAs, remain
undefined. However, it is known that miRNAs are first transcribed as a largely unstructured precursor, termed a primary miRNA
(pri-miRNA), which is sequentially processed in the nucleus, to give the ∼65-nt pre-miRNA hairpin intermediate, and then in the
cytoplasm, to give the mature miRNA. Here we have sought to identify the RNA polymerase responsible for miRNA transcription
and to define the structure of a full-length human miRNA. We show that the pri-miRNA precursors for nine human miRNAs are
both capped and polyadenylated and report the sequence of the full-length, ∼3433-nt pri-miR-21 RNA. This pri-miR-21 gene
sequence is flanked 5� by a promoter element able to transcribe heterologous mRNAs and 3� by a consensus polyadenylation
sequence. Nuclear processing of pri-miRNAs was found to be efficient, thus largely preventing the nuclear export of full-length
pri-miRNAs. Nevertheless, an intact miRNA stem–loop precursor located in the 3� UTR of a protein coding gene only moderately
inhibited expression of the linked open reading frame, probably because the 3� truncated mRNA could still be exported and
expressed. Together, these data show that human pri-miRNAs are not only structurally similar to mRNAs but can, in fact,
function both as pri-miRNAs and mRNAs.
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INTRODUCTION

MicroRNAs (miRNAs) are ∼22-nt noncoding RNAs ex-
pressed in a wide range of eukaryotic organisms (for review,
see Bartel 2004). Although humans are believed to express
over 200 distinct miRNAs, little is known about their bio-
logical functions. However, several plant and invertebrate
miRNAs have been shown to inhibit the expression of
mRNAs bearing complementary target sites. In Caenorhab-
ditis elegans, expression of the miRNAs let-7 and lin-4 is
developmentally regulated, and loss of let-7 or lin-4 func-
tion disrupts normal larval development (Lee et al. 1993;
Reinhart et al. 2000). The observed developmental or tissue-
specific expression patterns of many vertebrate miRNAs
(Lagos-Quintana et al. 2002; Houbaviy et al. 2003; Chen et
al. 2004) may imply an analogous role in regulating human
development or cellular differentiation.

miRNAs are initially expressed as part of one arm of an
imperfect ∼80-nt RNA hairpin that, in turn, forms part of a
longer transcript termed a primary miRNA (pri-miRNA)
(Lee et al. 2003). The first step in miRNA biogenesis is the
excision of the upper part of this RNA hairpin by the
nuclear RNase III enzyme Drosha to produce an ∼65-nt
intermediate, termed a pre-miRNA (Lee et al. 2002; Zeng
and Cullen 2003). Pre-miRNAs, which form short RNA
hairpins bearing a 2-nt 3� overhang, are then bound by the
nuclear export factor Exportin 5, which transports them to
the cytoplasm (Yi et al. 2003; Bohnsack et al. 2004; Lund et
al. 2004). Here, a second RNase III enzyme termed Dicer
removes the terminal loop of the pre-miRNA to generate an
∼20-bp RNA duplex with 2-nt 3� overhangs (Grishok et al.
2001; Hutvágner et al. 2001; Lee et al. 2003). The mature
miRNA, which forms one strand of this duplex, is then
incorporated into a large protein complex, termed the RNA
induced silencing complex (RISC), where it functions to
guide RISC to complementary mRNA targets (Hammond et
al. 2000; Martinez et al. 2002; Schwarz et al. 2002).

Although the RNA processing pathway that gives rise to
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mature miRNAs is increasingly well understood, transcrip-
tional regulation of miRNA genes has been barely studied,
and it has, in fact, remained unclear which RNA polymerase
is responsible for miRNA transcription, although RNA
polymerase II (pol II) and RNA polymerase III (pol III) are
obvious candidates (Bartel 2004). Pol II is responsible for
mRNA transcription and also transcribes several small,
noncoding RNAs, including four of the small nuclear
RNAs, while Pol III transcribes a range of short, noncoding
RNAs, including tRNAs and 5S rRNA.

Several observations suggest that pol II may be the RNA
polymerase responsible for miRNA transcription. These ob-
servations include the finding that miRNA expression is
often developmentally regulated, a characteristic of many
pol II dependent genes, and the observation that primary
miRNA transcripts can be quite long (>1000 nt), as deter-
mined by RT-PCR (Lee et al. 2003) and by inspection of
EST databases. Moreover, in the case of the two C. elegans
miRNA genes lsy-6 and let-7, it has been reported that fu-
sion of their predicted promoter elements to the green fluo-
rescent protein (gfp) gene gives rise to gfp expression in the
predicted nematode tissues (Johnson et al. 2003; Johnston
and Hobert 2003). Finally, candidate pri-miRNA precursors
have been described for Arabidopsis miR-172 (Aukerman
and Sakai 2003), C. elegans let-7 (Bracht et al. 2004), and
human miR-155 (Tam 2001; Lagos-Quintana et al. 2002).
While these candidate pri-miRNA precursors show the
characteristics of pol II transcripts, including evidence of
splicing and the presence of a 3� poly(A) tail, their ability to
give rise to a mature miRNA in vivo has not been directly
addressed.

Analysis of the genomic localization of known human
miRNAs has revealed that the majority are in intergenic
regions, and sometimes in clusters of several miRNAs, and
therefore must depend on their own promoters (Lagos-
Quintana et al. 2003). However, ∼25% of human miRNA
genes are located within known protein coding genes pri-
marily, but not invariably, within introns. This location
could imply that these miRNAs are excised from intron
lariats derived from the splicing of the pre-mRNAs tran-
scribed from these flanking genes, as previously reported for
some small nucleolar RNAs (Weinstein and Steitz 1999).
However, as a number of these intronic miRNAs are found
in the antisense orientation, relative to the surrounding
gene (Lagos-Quintana et al. 2003), this localization does not
prove that miRNAs can be derived from pre-mRNAs.
Moreover, the fact that mature human miRNAs can be
ectopically expressed using either pol II– or pol III–based
expression plasmids (Zeng and Cullen 2003; Chen et al.
2004) indicates that miRNA genes are not dependent on a
specific polymerase, such as pol II, for their appropriate
processing and expression in vivo.

In this report, we have examined several isolated or clus-
tered human miRNAs and find that they are derived from
capped, polyadenylated pri-miRNA precursors. In the case

of the human miR-21 miRNA, we have cloned the entire
∼3433-nt pri-miRNA transcript as well as the flanking pro-
moter element. We show that mature miR-21 is indeed
processed from this long pri-miRNA and not from a smaller
RNA transcribed from a cryptic internal promoter element,
and we further demonstrate that the miR-21 promoter can
be used to express a protein-coding mRNA in human cells.
Finally, we demonstrate that the presence of a miRNA gene
within the 3� untranslated region (3�UTR) of an mRNA, as
seen with a small number of human miRNAs, results in a
surprisingly modest inhibition of the expression of the
linked open reading frame. When considered together with
earlier work, these data argue that RNA polymerase II is
likely to be the major, and possibly the only, polymerase
involved in human miRNA transcription.

RESULTS

Human Pri-miRNAs are polyadenylated and capped

A defining characteristic of almost all eukaryotic mRNAs is
that they are terminally modified by addition of a 5�
7-methyl guanylate (m7G) cap and a 3� poly(A) tail. Evi-
dence showing that pri-miRNAs are polyadenylated and
capped would therefore argue strongly in favor of pol II as
the relevant polymerase.

The miRNAs analyzed in this experiment were the iso-
lated miRNAs miR-21, miR-22, and miR-30 and the miR-
17/miR-18/miR-19a/miR-20/miR-19b-1/miR-92–1 miRNA
cluster. These miRNAs have been previously shown to be
expressed at readily detectable levels in HeLa cells (Lagos-
Quintana et al. 2001). For analysis of polyadenylation sta-
tus, we used a HeLa cell cDNA preparation that had been
generated using an oligo-dT primer, and unique PCR prim-
ers targeted to sequences ∼170 bp 5� and 3� to the predicted
miRNA stem–loops. As a negative control, we used PCR
primers specific for histone H2A mRNA, which is highly
unusual in that it does not contain a poly(A) tail (Dominski
et al. 2003). As shown in Figure 1, we detected amplified
DNA fragments of the expected size for miR-21, miR-22,
miR-30, and the miR-17 miRNA cluster but consistently
failed to detect any signal using the histone H2A–specific
primers, although these gave a readily detectable signal
when random primed cDNA was tested (Fig. 1). While we
cannot exclude the possibility that oligo-dT priming of
cDNA synthesis occurred at an internal, 3� flanking stretch
of A residues, rather than at an authentic poly(A) tail, these
data nevertheless strongly suggest that these four human
pri-miRNAs are polyadenylated.

To test whether pri-miRNAs are also capped, we purified
m7G capped RNA from total HeLa cell RNA using beads
loaded with a mutant form of the cap-binding protein
eIF4E that binds 5� m7G capped RNAs efficiently (Choi and
Hagedorn 2003). The resultant RNA preparation was sub-
jected to reverse transcription using random primers and
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then analyzed by PCR. Human glyceraldehyde phosphate
dehydrogenase (GAPDH) mRNA served as a positive con-
trol, while a human alanine tRNA was used as a negative
control. As shown in Figure 2, miR-21, miR-22, miR-30, the
miR-17 cluster and the GAPDH mRNA were all found to
bind to the eIF4E beads (lanes 1–5). In contrast, the alanine
tRNA did not bind to these beads and instead was found in
the unbound, supernatant fraction (Fig. 2, lanes 6–8). We
therefore conclude that pri-miRNAs bear a terminal m7G
cap moiety.

Cloning and characterization
of a full-length pri-miRNA

To unambiguously confirm that the mature miR-21 miRNA
is indeed derived from a polyadenylated pri-miRNA pre-
cursor, we cloned the full-length pri-miR-21 transcript by a
combination of PCR of human genomic DNA and RACE
and mapped the 5� and 3� ends of the pri-miR-21 transcript.
Although our data (not shown) indicated a heterogenous
transcription start site, the location of the most 5� major
transcription start site (T1 in Fig. 3A) predicts a 3433-nt
pri-miRNA precursor in which the predicted miR-21 RNA
stem–loop occupies residues +2445 to +2516. Residues
+3394 to +3399 form a consensus “AAUAAA” polyadenyla-
tion signal, while the polyadenylation site was mapped to
residue +3433 (Fig. 3A). No evidence of splicing of this

pri-miRNA was obtained. Analysis of open reading frames
(ORFs) within this 3433-nt sequence failed to identify any
ORF longer than 124 amino acids, although this ORF was
located proximal to the transcription start site, beginning at
residue +114, and shows significant homology to a pro-
posed 180-amino-acid human protein of unknown func-
tion (accession number BAC05246). We therefore do not
currently know whether the pri-miR-21 transcript also can
function as an mRNA.

To demonstrate that the ∼3433-nt pri-miRNA can indeed
function as the precursor for mature miR-21, we expressed
the full-length 3433-nt pri-miR-21 RNA, linked to its own
3� genomic polyadenylation site, under the control of a
tetracycline regulatory element/cytomegalovirus immediate
early promoter fusion (TRE-CMV). As shown in Figure 3B,
the predicted full-length ∼3.5-kb pri-miR-21, 60-nt pre-
miR-21, and mature 22-nt miR-21 RNA (Zeng and Cullen
2003) were readily detected in transfected human 293T
cells, but only in the presence of the coexpressed “Tet-Off”
activator protein and in the absence of doxycycline (Dox),
which blocks the ability of the Tet-Off activator to bind the
TRE. Because expression of these miR-21 RNAs was depen-
dent on Tet-Off function, these data indicate that the pre-
miR-21 and mature miR-21 RNAs must derive from tran-
scripts that initiate in the TRE-CMV promoter and are not
processed from short-lived transcripts derived from a cryp-
tic promoter located within the full-length pri-miR-21
RNA. These data therefore not only define the full-length
pri-miR-21 precursor but also show that it can indeed serve
as a precursor for the embedded mature miRNA.

As noted above, it has previously been reported that the

FIGURE 2. Pri-miRNA transcripts are capped. Capped RNAs were
purified from total HeLa cell mRNA using beads loaded with a high-
affinity mutant form of eIF4E, as previously described (Choi and
Hagedorn 2003). The recovered capped RNAs were reverse transcribed
using random primers and then subjected to PCR using the primers
described in Figure 1 or using primers specific for human GAPDH
mRNA or alanine tRNA. In lanes 6–8, the input, bound and free,
supernatant alanine tRNAs were also analyzed.

FIGURE 1. Polyadenylation of pri-miRNA transcripts. A HeLa cDNA
preparation, obtained by oligo(dT) affinity purification of total HeLa
cell RNA followed by oligo(dT) primed reverse transcription, was
subjected to PCR using primers flanking the human miR-21, miR-22,
or miR-30 miRNA stem–loop or the miR-17 miRNA cluster. Primers
were designed to sit down ∼170 bp 5� and 3� to the predicted miRNA
stem–loops and were, therefore, expected to give rise to ∼410-bp frag-
ments for miR-21, miR-22, and miR-30, or a 1000-bp fragment for the
miR-17 cluster. Histone H2A mRNA, which is not polyadenylated,
served as a negative control. (Lanes 6,7) To confirm that the Histone
2A primers were functional, PCR was also performed using random
primed HeLa cDNA. M, DNA size markers.
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predicted promoter elements for the C. elegans miRNAs
lsy-6 and let-7 can transcribe an mRNA that is translated in
vivo (Johnson et al. 2003; Johnston and Hobert 2003). The
ability of these promoter elements to transcribe a functional
mRNA strongly suggests that they are able to recruit pol II.
To address this question for the human miR-21 gene, we
PCR cloned a 1008-bp human genomic DNA fragment ex-
tending from −959 to +49 relative to the T1 pri-miR-21
transcription start site (Fig. 3A). Analysis of the sequence of
this candidate promoter element identified a candidate
“CCAAT” box transcription control element located ∼200
nt 5� to the T1 transcription start site but did not identify a
“TATA” box at the predicted 18–26-bp distance 5� to T1.
Curiously, however, the T1 transcription start site was itself
located within a sequence that appears similar to a “TATA”
box; i.e. TTA/ATAAA.

To test whether these 5� flanking sequences can indeed
direct the transcription of an mRNA, we inserted this ∼1-kb
DNA fragment in either the sense or antisense orientation
5� to a firefly luciferase indicator gene. As shown in Figure
4A, the sense orientation gave rise to readily detectable lev-
els of firefly luciferase activity in transfected 293T cells,
while the antisense orientation was inactive. We therefore
conclude that the sequences located 5� to the pri-miR-21
transcription unit can function as an mRNA promoter.

Although RACE represents a very sensitive technology to
map the 5� end of an RNA, it can be somewhat imprecise.

Efforts to fine map the 5� ends of en-
dogenous pri-miR-21 RNAs using
primer extension were unfortunately
unsuccessful, most likely because of the
very low expression of pri-miR-21 in
HeLa cells. To more accurately deter-
mine the 5� ends of the pri-miR-21 pre-
cursor RNA, we therefore performed
primer extension using a primer specific
for the firefly luciferase gene and RNA
derived from 293T cells transfected with
pmiR-21s-luc or pmiR-21as-luc (Fig.
4B). These data identified two transcrip-
tion start sites in the pmiR-21s-luc
transfected cells that were absent in con-
trol cells. Alignment of these start sites
with the pre-miR-21 gene sequence in-
dicated a minor transcription start site
(T1) approximately coincident with the
+1 start site identified by RACE and a
major transcription start site (T2) at ap-
proximately +27 relative to the +1 start
site identified by RACE. Of note, the T2
transcription start site is located 22 nt 3�
to the possible “TATA” box described
above that underlies the T1 start site.
Importantly, as the T1 start site identi-
fied by primer extension and the start

site identified by RACE appear to be similar, these data
suggest that the pmiR-21s-luc expression plasmid is prob-
ably initiating transcription of luciferase mRNAs at the
same sites utilized by the endogenous pri-miR-21 RNA pre-
cursor.

Relatively little full-length pri-miRNA reaches
the cytoplasm

A small number of human miRNA stem–loops are pre-
dicted to be located in the 3� UTR of a protein coding gene.
Examples include the human follistatin-related protein
(FRP) gene and the BHRF1 gene found in Epstein Barr virus
(Tanaka et al. 1998; Pfeffer et al. 2004). Excision of the
pre-miRNA stem–loop from the longer pri-miRNA precur-
sor by Drosha is known to occur in the nucleus (Lee et al.
2003). If this processing event is efficient, little or none of
the overlapping mRNA would be able to reach the cyto-
plasm and be expressed. We therefore asked whether pri-
miRNAs are confined to the nucleus or whether some pro-
portion of these capped, polyadenylated transcripts can
reach the cytoplasm.

To address this question, we prepared total, nuclear,
and cytoplasmic RNA fractions from HeLa cells and then
analyzed the subcellular localization of endogenous pri-
miRNAs by generating cDNA by oligo-dT primed reverse
transcription followed by PCR using specific primers. As

FIGURE 3. Characterization of the full-length pri-miR-21 RNA transcript. (A) Schematic
representation of the miR-21 gene. The 3�-end of the pri-miR-21 transcript was determined by
RACE, while two approximate transcription start sites, indicated by T1 and T2, were mapped
by RACE and by primer extension. The pri-miR-21 RNA poly(A) signal, the cleavage site used
for polyadenylation and a possible 124-amino-acid ORF are also indicated. (B) The full-length
pri-miR-21 RNA was placed under the transcriptional control of an inducible TRE-CMV
promoter and transfected into 293T cells in the presence or absence of the pTet-Off activator
plasmid. Dox was used to inhibit TRE-CMV-driven transcription. Expression of miR-21 was
detected by Northern blot. 5S rRNA was utilized as a loading control.
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shown in Figure 5A, GAPDH mRNA, which served as a posi-
tive control, was readily detectable in both the nucleus and
cytoplasm. In contrast, all the pri-miRNAs were localized pre-
dominantly to the nucleus. More specifically, little or none of
the pri-miRNA derived from the miR-17 cluster or the miR-30
gene was detected in the cytoplasm, while modest levels of the
miR-21 and miR-22 pri-miRNA were observed.

To further address the question of whether pri-miRNAs
can reach the cytoplasm, we used Northern blot analysis to
determine the subcellular localization of ectopically ex-
pressed pri-miR-21 RNA in 293T cells that had been trans-
fected with pTRE-miR-21(FL), which expresses a full-length
miR-21 pri-miRNA transcript. As shown in Figure 5B (up-
per panels), we again observed only minimal levels of the
pri-miR-21 RNA in the cytoplasm. However, high levels of
nuclear pri-miR-21 RNA (Fig. 5B, upper panels) and of a
control, cytoplasmic GAPDH mRNA (Fig. 5B, lower panel)
were detected.

The Northern analysis of the RNAs expressed from
pTRE-miR-21(FL) shown in Figure 5B (upper panel),
which used a probe specific to residues +2234 to +2648 of

the predicted pri-miR-21 RNA (Fig. 3A), revealed the ex-
pression of not only the expected ∼3.5-kb full-length pri-
miRNA but also two additional RNAs of ∼2.4 kb and ∼1.0
kb that were largely confined to the nucleus. We hypoth-
esized that these represent, respectively, the 5� and 3� cleav-
age products that remain after excision of the 60-nt pre-
miR-21 RNA from the initial pri-miRNA transcript by Dro-
sha (Fig. 3B). To confirm this hypothesis, we repeated the
Northern analysis shown in Figure 5B (upper panel), using
a probe specific for nucleotides +2904 to +3283. This probe
annealed to the full-length ∼3.5-kb pri-miR-21 RNA and to
the predicted ∼1.0-kb 3� flanking RNA fragment but did not
recognize the ∼2.4-kb RNA fragment (Fig. 3B, middle
panel). These data therefore strongly suggest that the ∼2.4-
kb and ∼1.0-kb RNA fragments seen in the nuclear fraction
in Figure 5B (upper panel) indeed result from Drosha pro-
cessing of the pri-miR-21 RNA precursor.

To extend this analysis, we also analyzed 293T cells trans-
fected with a second plasmid, pTRE-miR-30, that expresses
an artificial pri-miR-30 RNA precursor. This plasmid tran-
scribes a 414-bp genomic human DNA fragment, centered
on the ∼80-nt miR-30 RNA stem–loop structure, that is
processed to yield high levels of mature miR-30 (Zeng and
Cullen 2003). As shown in Figure 5C, the encoded artificial
pri-miR-30 precursor was detected at high levels in the
nucleus of transfected 293T cells but at only very low levels
in the cytoplasmic fraction. We therefore conclude that the
presence of a miRNA precursor stem–loop in cis can induce
efficient nuclear miRNA processing and, presumably as a
result, inhibit the nuclear export of the full-length pri-
miRNA.

A single transcript can function as both a pri-miRNA
and an mRNA

We next asked whether the presence of a miRNA stem–loop
in cis would, in fact, inhibit the expression of a linked pro-
tein coding gene. For this purpose, we obtained an expres-
sion plasmid (pTRE-luc) consisting of the firefly luciferase
indicator gene under the control of the regulatable TRE-
CMV promoter, and we then inserted the 414-bp genomic
human DNA fragment centered on the predicted miR-30
stem–loop, used in Figure 5C, into the 3� UTR of pTRE-luc
in either the sense (pTRE-luc-miR-30) or antisense (pTRE-
luc-03-Rim) orientation.

To confirm that pTRE-luc-miR-30 alone was indeed able
to give rise to a mature miRNA, we transfected 293T cells
with each of these plasmids and detected miR-30 transcripts
by Northern analysis. As shown in Figure 6A, and previ-
ously reported (Zeng et al. 2002), low levels of the mature
miR-30as miRNA were constitutively detected in 293T cells.
However, far higher levels of pre-miR-30 and of mature
miR-30as were detected in the pTRE-luc-miR-30, but not
the pTRE-luc-03-Rim, transfected cells. Note that miR-30
gives rise to two mature microRNAs, termed miR-30 and

FIGURE 4. Characterization of the pri-miR-21 promoter. (A) miR-21
promoter-driven luc expression. Plasmids pmiR-21s-luc, pmiR-21as-
luc, and pCMV-luc were cotransfected into 293T cells along with a
Renilla luciferase internal control plasmid. Induced luciferase activities
were determined at 48 h after transfection and normalized to the
Renilla luciferase internal control (average of three independent ex-
periments). Data are presented relative to the firefly luciferase activity
detected in cultures transfected with pCMV-luc, which was set at 100.
(B) Primer extension analysis using a luciferase gene-specific primer
and RNA recovered from 293T cells transfected with pmiR-21s-luc or
pmiR-21as-luc or was mock transfected. Major (T2) and minor (T1)
extension products observed in the pmiR-21s-luc transfected cells are
indicated and are mapped to the underlying miR-21 promoter se-
quence in Figure 3A.
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miR-30as, derived from both arms of the pre-miR-30 pre-
cursor (Zeng et al. 2002).

As the pri-miR-30 RNA expressed from pTRE-luc-miR-
30 is apparently efficiently processed to a mature miRNA,
we expected that the level of luciferase activity observed in
pTRE-luc-miR-30 transfected cells would be substantially
lower than that detected in cells transfected with pTRE-luc
or pTRE-luc-03-Rim. In fact, however, the level of lucifer-
ase activity in the pTRE-luc-miR-30 transfected cells was
only reduced by twofold or less (Fig. 6B).

To further address why pTRE-luc-miR-30 can give rise to
an mRNA transcript that appears to be both processed into
a pre-miRNA in the nucleus and translated in the cyto-
plasm, we performed a Northern analysis using a luc specific
probe and nuclear and cytoplasmic RNA fractions derived
from 293T cells transfected with the pTRE-luc derivatives.
As shown in Figure 6C (lanes 3,4), pTRE-luc gave rise to a
single major mRNA species that was
detected at comparable levels in the
nucleus and cytoplasm. Similarly,
pTRE-luc-03-Rim gave rise to a single
major mRNA species that was, because
of the antisense insertion of the 414-bp
miR-30 sequence, significantly larger in
size (Fig. 6C, lanes 7,8). Finally, pTRE-
luc-miR-30 gave rise to two major RNA
species in the nuclear fraction, the less
intense of which was identical in size to
the pTRE-luc-03-Rim transcript, and
therefore likely represents the initial
transcript. The second major RNA spe-
cies, in contrast, migrated at the size
predicted for a pTRE-luc-miR-30 tran-
script that had been cleaved in the in-
troduced miR-30 stem-loop (Fig. 6C,
lanes 5,6). Consistent with the data pre-
sented in Figure 5, very little of the full-
length pTRE-luc-miR-30 “pri-miRNA”
transcript reached the cytoplasm of the
transfected cells, especially when con-
trasted with pTRE-luc-03-Rim trans-
fected cells (cf. Fig. 6C, lanes 5,6 and
lanes 7,8). Indeed, quantification of the
relative level of this RNA by phosphor-
imager showed an ∼93% drop in the
level from lane 8 to lane 6. However, we
did detect a significant level of a shorter
luc RNA that we believe represents a
Drosha cleaved derivative of this full-
length mRNA. As this cleaved mRNA
would retain the complete luciferase
open reading frame, it appears possible
that it contributes to the observed level
of luciferase expression despite the lack
of a poly(A) tail. Quantification of this

truncated RNA (Fig. 6C, lane 6) indicates a cytoplasmic
expression level equivalent to ∼24% of the level of the full-
length luciferase mRNA encoded by pTRE-luc-03-Rim
(lane 8). The combined level of the full-length and trun-
cated cytoplasmic pTRE-luc-miR-30 mRNA would there-
fore be equivalent to ∼31% of the observed level of the
cytoplasmic full-length pTRE-luc-03-Rim mRNA, thus po-
tentially explaining why the level of luc enzyme activity is
only modestly reduced in 293T cells transfected with the
former (Fig. 6B).

DISCUSSION

In this manuscript, we have sought to address two ques-
tions: First, are human pri-miRNAs transcribed by RNA
polymerase II? Second, if pri-miRNAs are indeed structur-
ally similar to mRNAs, can they in fact simultaneously func-
tion as both pri-miRNAs and mRNAs?

FIGURE 5. Primary miRNA transcripts are largely confined to the nucleus. (A) Distribution
of endogenous pri-miRNAs. HeLa cell RNA was isolated from the total (T) cell, or from the
nucleus (N) and cytoplasm (C), and was then subjected to reverse transcription using oligo(dT)
primers. PCR was performed using the primers described in Figure 1. RNA that had not been
subjected to reverse transcription served as a negative control. (B) Distribution of overex-
pressed pri-miR21 RNA. 293T cells were mock transfected or were transfected with pTRE-
miR-21(FL) in the presence of the pTet-Off activator plasmid. RNA was isolated at ∼36 h after
transfection and subjected to Northern analysis using nick-translated miR-21 specific probes,
derived from nucleotides +2234 to +2648 (upper panel) or +2904 to +3283 (middle panel) of
the predicted pri-miR-21 RNA, or using a probe specific for the endogenous GAPDH mRNA
as a loading control (lower panel). (C) Similar to B, except that 293T cells were transfected with
pTRE-miR-30, which encodes an artificial pri-miR-30 RNA. The probe used was derived from
the 414-bp miR-30 DNA fragment present in pTRE-miR-30, which extends both 5� and 3� to
the predicted pre-miRNA processing sites.
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The evidence presented strongly suggests that pol II is
indeed the major, and possibly the only, mediator of human
miRNA transcription. Analysis of nine human miRNAs,
three isolated and six in a miRNA cluster, indicated that
their pri-miRNA precursors are both capped and polyade-
nylated (Figs. 1, 2). Cloning of the full-length pri-miRNA
for human miR-21 identified a transcript of ∼3433 nt that
was shown to indeed function as the precursor for mature
miR-21 expression (Fig. 3). Moreover, this intronless tran-
script was flanked 5� by a promoter element that proved
able to transcribe a functional mRNA in transfected cells
(Fig. 4) and was flanked 3� by a consensus mRNA polyade-
nylation signal (Fig. 3A). The structure of the pri-miR-21
RNA reported here is somewhat analogous to the previously
reported structure of the pri-miR-172 or “EAT” RNA ex-
pressed by Arabidopsis (Aukerman and Sakai 2003), the
pri-miR-155 or “BIC” RNA expressed in humans (Tam
2001), and the pri-let-7 RNA expressed in C. elegans (Bracht
et al. 2004), with the exception that these other RNAs are all
spliced (trans-spliced in the case of pri-let-7), while pri-
miR-21 is not. All four pri-miRNAs are, however, polyade-
nylated, and all four seem to be noncoding, although this
remains uncertain in the case of pri-miR-21. Nevertheless,
these data in total suggest that pri-miRNAs and mRNAs are
structurally equivalent.

Analysis of the genomic context of the pri-miR-21 tran-

scription unit showed, perhaps surprisingly, that the pri-
miR-21 gene overlaps with the 3� end of the gene encoding
human Vacuole Membrane Protein 1 (VMP-1), which con-
sists of 11 coding exons in the same genomic orientation
(Dusetti et al. 2002). Exon 10 of VMP-1 coincides with
residues −527 to −425, relative to the pri-miR-21 T1 tran-
scription start-site shown in Figure 3A, while the final exon
11 begins at residue +947 and is polyadenylated at position
+1524, +1768, or, predominantly, +2271. This last polyade-
nylation site is only 174 nt 5� to the beginning of the miR-
21 stem-loop (Fig. 3A). No VMP-1 mRNA extending be-
yond +2271 and/or polyadenylated at the poly(A) site pre-
sent at +3433, which is used by the pri-miR-21 RNA, was
observed in the EST database.

The presence of three poly(A) sites used by the VMP-1
mRNA within the body of the pri-miR-21 precursor RNA
raises the question of how these poly(A) sites are avoided
during pri-miR-21 transcription. Evidence that they are not
effectively utilized includes the high level of the ∼3.4-kb
pri-miR-21 RNA observed in transfected cells (Figs. 3B, 5B),
which is clearly inconsistent with efficient utilization of
these sites. ESTs derived from the predicted full-length pri-
miR-21 transcript are also readily found in the EST data-
base, including one EST (BC053563) that extends from +45
to +3433 and is therefore almost full length. Inspection of
the sequence of the three poly(A) sites used by VMP-1

FIGURE 6. A pri-miRNA can function as an mRNA. (A) 293T cells were cotransfected with the indicated pTRE-based expression plasmid and
with the pTet-Off activator plasmid. Pre-miR-30 and miR-30as expression was detected at 60 h after transfection by Northern blot. 5S rRNA was
utilized as a loading control. (B) In parallel, 293T cells were transfected with the indicated pTRE-based expression plasmid together with pTet-Off
and a Renilla luciferase expression plasmid. At 48 h after transfection, firefly and Renilla luciferase activities were measured. Data were normalized
to the Renilla luciferase internal control and are presented relative to the activity detected in the pTRE-luc transfected culture, which was set at
100. Average of three experiments with standard deviation indicated. (C) Northern analysis using nuclear (N) or cytoplasmic (C) RNA fractions
obtained from 293T cells transfected with the indicated pTRE-based expression plasmids. The probe used in the upper panel is specific to the firefly
luciferase gene. The predicted full-length and 3� truncated luc mRNAs expressed in each culture are indicated. The blot was stripped and reprobed
with a probe specific for the endogenous GAPDH mRNA (lower panel).
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mRNA shows that the minor sites at +1524 and +1768 are
nonconsensus, in that they both contain a “TATAAA,” in-
stead of an “AATAAA,” polyadenylation signal. Moreover,
all three sites appear to differ from efficiently utilized
poly(A) sites in being flanked 3� by sequences that are rela-
tively poor in G/U residues (Proudfoot et al. 2002). Finally,
we note that the pri-miR-21 RNA transcript is unspliced,
while the VMP-1 mRNA contains 10 introns. Splicing is
known to enhance the efficiency of polyadenylation
(Proudfoot et al. 2002) and might therefore permit the use
of “weak” poly(A) sites in the VMP-1 mRNA that are not
effectively recognized when present in the intronless pri-
miR-21 transcript. A possible alternative hypothesis, i.e.,
that transcription of the pri-miR-21 precursor actually ini-
tiates 3� to the VMP-1 poly(A) site located at +2271, would
appear to be excluded by the data shown in Figure 3B and,
as noted above, is not supported by the EST database.

Genomic analyses of vertebrate miRNAs have mapped
the majority to genomic regions that do not coincide with
known transcripts (Lagos-Quintana et al. 2003; Bartel
2004). For those that do coincide with known genes, the
majority are found within introns, with ∼75% in the sense
orientation and ∼25% in the antisense orientation (Fig. 7).
This implies, at least in the latter cases, that the pri-miRNA
is not, in fact, excised from an intron lariat and instead
must derive from an unknown, overlapping RNA. Never-
theless, the fact that the majority of intronic miRNA genes
are found in the same orientation as the overlapping mRNA
does suggest that some proteins and miRNAs may be co-
ordinately expressed.

In addition to intronic locations, a small number of
miRNAs are found in exonic locations, including in the
UTRs of mRNAs. These include miR-198, found in the 3�
UTR of the human FRP gene (Fig. 7; Tanaka et al. 1998),
and miR-BHRF1-1 and miR-BHRF1-2, both found in the
UTRs of the Epstein-Barr Virus BHRF1 gene (Pfeffer et al.
2004). The pri-miR-21 RNA may also fall into this category,
as this RNA contains a 124-amino-acid ORF with homology
to a proposed 180-amino-acid human protein of unknown
function (Fig. 3A). However, the existence of neither pro-
tein has, as yet, been validated. Nevertheless, the existence
of transcripts showing the characteristics of both an mRNA
and a pri-miRNA prompted us to ask whether pri-miRNAs
could reach the cytoplasm and function as mRNAs.

Analysis of both endogenous and overexpressed pri-
miRNAs showed that very little full-length pri-miRNA
reached the cytoplasm, probably because most pri-miRNA
transcripts were processed by Drosha before they could be
exported from the nucleus (Fig. 5). We were therefore sur-
prised to find that insertion of a pri-miRNA expression
cassette into the 3� UTR of an mRNA encoding the lucif-
erase indicator gene only moderately inhibited luciferase
expression (Fig. 6B). This was not because processing of the
luciferase-pri-miRNA fusion transcript was inefficient, as
this precursor RNA gave rise to robust expression of the

encoded miR-30as miRNA (Fig. 6A) and appeared to be
efficiently cleaved, in the nucleus, at the site of the inserted
miR-30 RNA hairpin (Fig. 6C). Surprisingly, however, the
resultant 3� truncated luc mRNA was able to reach the
cytoplasm reasonably effectively, and we therefore hypoth-
esize that the observed luc protein expression may, at least
in part, result from translation of this 3� truncated mRNA.
If true, then this would suggest that a miRNA stem–loop
precursor located in the 3� UTR of an mRNA does not
necessarily block expression of the encoded protein, even
when miRNA processing is efficient. Of course, if process-
ing of a miRNA stem–loop located in cis was inefficient,
then expression of the linked ORF would likely be inhibited
to an even lesser degree. In conclusion, our data suggest that
pri-miRNAs are not only structurally similar to mRNAs but
also have the potential to coordinately express both an en-
coded protein and a linked miRNA.

MATERIALS AND METHODS

Molecular clones

Plasmids pTRE2hyg, pTRE2hyg-Luc, pTet-Off and pEGFP-N3
were purchased from BD/Clontech. We have previously described
the expression plasmid pCMV-Luc (Zeng and Cullen 2003). The
full-length (FL) miR-21 gene, starting with the transcription ini-
tiation site and extending through the polyadenylation site to in-
clude 42 bp of flanking 3� genomic sequences, was obtained by

FIGURE 7. Location of microRNA stem–loops in RNA transcripts.
The figure shows the relative position of miRNA stem–loops in known
human RNA transcripts. The miR-21 miRNA analyzed in this manu-
script is transcribed as part of an unspliced, apparently noncoding
RNA, while miR-22 is found in an exonic location in a spliced non-
coding RNA. miRNAs located in protein coding genes are mostly
found in introns, as shown here for miR-26b, although a location in
the 3� UTR of an mRNA, as shown here for miR-198 and the human
gene FRP, is occasionally observed. The figure is not drawn to scale.
The exon/intron structure of candidate pri-miRNAs was generated by
aligning the sequence of putative pri-miRNAs with the corresponding
genomic DNA sequence. The pri-miR-21 RNA shown was character-
ized in this manuscript. GenBank accession numbers of all the can-
didate pri-miRNA transcripts are shown.
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PCR from genomic human DNA after mapping the 5� and 3� end
of the transcript using RACE. The pTRE-miR-21(FL) plasmid was
generated by inserting this ∼3.5-kb DNA fragment into 5� Bam HI
and 3� SalI sites present in pTRE2hyg, after removal of the ge-
nomic �-globin poly(A) addition site. pTRE-miR-30 was gener-
ated by cloning a PCR-generated 414-bp genomic DNA fragment,
centered on the miR-30 RNA stem–loop, into pTRE2hyg. Plas-
mids containing the miR-21 promoter element (−959 to +49 rela-
tive to the “T1” transcription start site) were generated by substi-
tution of the CMV promoter in pEGFP-N3 with the miR-21 pro-
moter, in either the sense or antisense orientation, using AseI and
Bgl II sites. The gfp gene was then replaced with the firefly lucif-
erase indicator gene, using EcoRI and Not I sites. pTRE-luc-miR-
30 and pTRE-luc-03-Rim were derived from pTRE2hyg-Luc by
insertion of a 414-bp genomic human DNA fragment, containing
the entire miR-30 stem–loop, into a 3� UTR SalI site in the sense
or antisense orientation, respectively.

RNA preparation and RT PCR

Total RNA was isolated from HeLa cells using Trizol reagent
(Invitrogen). Purification of capped RNA was performed as de-
scribed by Choi and Hagedorn (2003). Briefly, 75 µg of heat-
denatured total HeLa cell RNA was mixed with eIF4E beads for
1 h at room temperature. After extensive washing, the RNA-bound
beads were recovered by centrifugation, extracted with acid
phenol/chloroform, and the recovered RNA precipitated with
ethanol.

Nuclear and cytoplasmic RNA fractions were prepared as pre-
viously described (Yi et al. 2003). For RT-PCR analysis, the reverse
transcription reaction was performed using 4 µg of total HeLa cell
RNA using SuperScript II Reverse Transcriptase and oligo(dT)
primers (Invitrogen) or random primers (Stratagene), following
the manufacturer’s protocols. All RNA samples were treated with
RQ1 RNase-free DNase (Promega) prior to the reverse transcrip-
tion step. For the polyadenylation analysis, high-purity oligo(dT)-
primed HeLa cell QUICK-Clone cDNA (BD/Clontech) was used
as the template. Two microliters of cDNA was used in each PCR
reaction. Gene-specific primers were designed based on the ge-
nomic sequences known to flank each pre-miRNA stem–loop and
were designed to give an ∼410-bp PCR product with the exception
of the miR-17 cluster, where the predicted PCR product was 1000
bp in length. Unique primers specific for the human histone 2A
and gapdh genes were designed to give 400-bp and 528-bp PCR
products, respectively. Thirty-five to 37 cycles of PCR were run at
the following temperatures: 94°C, 60 s; 55°C, 60 s; 72°C, 60–90 s.
To maintain linear amplification, only 25 cycles of PCR were run
for GAPDH.

To determine the 5� and 3� end of the full-length pri-miR-21
transcript, 5� and 3� rapid amplification of cDNA ends (RACE)
PCR was performed using a SMART RACE cDNA Amplification
kit (BD/Clontech). RACE experiments were carried out according
to instructions included in the kit. PCR products were cloned into
the TA cloning vector pCR2.1 (Invitrogen) and sequenced. Primer
extension assays were performed as previously described (Zeng et
al. 2002), except that 50 µg of total RNA, derived from transfected
293T cells, was used. The firefly luciferase gene-specific primer
used for primer extension has the sequence 5�-GGGCCTTTCTTT
ATGTTTTTGGCGTCTTCC-3�.

Transfections and luciferase assays

All transfections were performed using Fugene 6 (Roche Diagnos-
tics) on human 293T cells cultured in 24-well tissue culture plates,
according to the manufacturer’s instructions. For luciferase assays
using pTRE-based plasmids, 10 ng of the indicator plasmid and an
equal amount of the activator plasmid pTet-Off, where necessary,
was cotransfected with 1 ng of a Renilla luciferase-based internal
control plasmid. The total level of transfected DNA was main-
tained at 400 ng per transfection by supplementation with the
pTRE2hyg parental vector. For miR-21 promoter-driven plasmids,
400 ng of the indicator plasmid and 1 ng of the Renilla luciferase
control plasmid were cotransfected. Cells were lysed and assayed
for both firefly and Renilla luciferase at 48 h after transfection.

Northern analyses

Transfections and preparation of nuclear/cytoplasmic RNA were
performed as described above, except that 200 ng of the relevant
indicator plasmids were cotransfected into 293T cells along with
an equal amount of pTet-Off. Doxycycline (final concentration, 1
µg/ml, BD/Clontech) was used to suppress activation of the TRE-
CMV promoter. Pri-miRNA expression was analyzed at 36 h after
transfection, using formaldehyde-agarose gels, while pre-miRNA
and mature miRNA expression was examined at 60 h after trans-
fection, using 15% TBE-urea polyacrylamide gels. Blot transfer
and signal detection were performed as previously described (Zeng
and Cullen 2003).
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