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ABSTRACT

Although H19 was the first imprinted noncoding transcript to be identified, the function of this conserved RNA has remained
unclear. Here, we identify a 23-nucleotide microRNA derived from H19 that is endogenously expressed in human keratinocytes
and neonatal mice and overexpressed in cells transfected with human or mouse H19 expression plasmids. These data
demonstrate that H19 can function as a primary microRNA precursor and suggest that H19 expression results in the post-
transcriptional downregulation of specific mRNAs during vertebrate development.
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INTRODUCTION

Genomic imprinting leads to the expression of only one
copy of an autosomal gene, depending on the parental
origin of the relevant chromosome (Pauler and Barlow
2006). Imprinted genes occur in clusters consisting of one
or more protein coding genes and at least one noncoding
RNA. One particularly well-studied, and highly conserved,
imprinted vertebrate gene cluster includes the insulin-like
growth factor 2 (Igf2) gene, which is paternally expressed,
and the ~2.3 kb H19 noncoding RNA, which is maternally
expressed. Although the integrity of the regulatory elements
that control H19 transcription is critical for the mainte-
nance of Igf2 imprinting, the H19 RNA per se is not (Jones
et al. 1998). Indeed, transgenic mice lacking the HI19
transcript develop quite normally. However, H19 RNA
does have some function(s), as H19 displays tumor-
suppressor activity in culture (Hao et al. 1993; Juan et al.
2000) and H19 overexpression can affect prenatal viability
(Brunkow and Tilghman 1991; Kono et al. 2002).
MicroRNAs (miRNAs) are a class of ~22-nucleotide
(nt)-long noncoding RNAs expressed by all metazoan
eukaryotes (Bartel 2004). Cellular miRNAs are initially
expressed as part of one arm of an ~80-nt RNA hairpin
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that in turn forms part of a longer primary miRNA
transcript transcribed by RNA polymerase II (Cullen
2004). Primary miRNA hairpins have a characteristic
structure, consisting of an ~30-base-pair (bp) imperfect
stem, a large terminal loop, and flanking unstructured RNA
sequences, which is necessary and sufficient for recognition
by the nuclear RNase III enzyme Drosha acting in concert
with its cofactor DGCRS8 (Han et al. 2004; Zeng et al. 2005).
Drosha then cleaves ~22 bp down the stem to excise the
~60-nt pre-miRNA intermediate (Fig. 1A). Because
Drosha processing results in the cleavage of the primary
miRNA into at least three RNA fragments, miRNAs are
rarely found in the exons of coding transcripts. Instead,
miRNA hairpins are generally located in introns or in the
exons of noncoding RNAs (Cullen 2004). After nuclear
export of the pre-miRNA intermediate, a second RNase I1I
enzyme called Dicer cleaves at the stem:loop junction to
generate the mature miRNA (Fig. 1A; Hutvagner et al.
2001; Ketting et al. 2001). The mature miRNA is then
incorporated into the RNA-induced silencing complex
(RISC), where it acts as a guide RNA to direct RISC to
complementary mRNA species (Hammond et al. 2000;
Martinez et al. 2002; Schwarz et al. 2002).

In this report, we demonstrate that the imprinted H19
noncoding RNA can function as a primary miRNA tran-
script in both humans and mice. These data suggest that
the biological role of H19, and potentially of some other
imprinted noncoding RNAs, includes the formation of
miRNAs that act to downregulate developmentally relevant
mRNA species.
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FIGURE 1. Predicted structure and processing sites of the HI19-
derived primary miR-675 precursor. (A) Predicted RNA structures
adopted by human and mouse pri-miR-675. Predicted Drosha
processing sites are indicated by closed arrows and Dicer processing
sites by open arrows. The predicted mature miRNA sequences are
shown in red, including the miR-675 cDNA sequence cloned from
human keratinocytes. The human and mouse pri-miR-675 precursors
differ at six positions, indicated in blue, including a single nucleotide
deletion in the terminal loop (shown as a delta). There is one
difference in the predicted mature miRNA, a G to A change at
position 10. This change lies outside the critical miRNA “seed” region
(nucleotides 2-8) (Bartel 2004) and would continue to permit base
pairing to a “U” residue in target mRNAs. (B) Predicted RNA
structure adopted by the KSHV pri-miR-K5 hairpin. A previously
described (Gottwein et al. 2006) natural polymorphism in the pri-
miR-K5 precursor, which results in inefficient Drosha processing,
is indicated in green. (C) Primer extension analysis to detect mature
human or mouse miR-675. 293T cells were transfected with expres-
sion plasmids encoding similar ~580-nt-long H19 ¢cDNA sequences
centered on the predicted pri-miR-675 hairpins (panel A). At 48 h
after transfection, total RNA was harvested and subjected to primer
extension analysis (Lee et al. 2003) using 18-nt primers fully
complementary to the 3" ends of the predicted human or mouse
miR-675 sequence. The predicted 23-nt-long extension product was
detected in each case. Mock-transfected 293T cells were used as a
negative control.

RESULTS AND DISCUSSION

During experiments designed to clone miRNAs expressed
in a human keratinocyte cell line latently infected by
human papillomavirus (Cai et al. 2006), we repeatedly
cloned a 23-nt-long RNA derived from nucleotides 1014—
1036 of the human H19 RNA. This sequence represented
five out of 533 miRNA cDNA clones obtained from two
independent ¢cDNA libraries. Computer analysis predicts
that this RNA sequence, termed miR-675, forms the upper
part of one arm of an RNA hairpin that has the structure
expected for a primary miRNA stem-loop (Fig. 1A).
Sequence analysis showed that both the candidate miR-
675 miRNA itself and the flanking RNA hairpin are
evolutionarily conserved in rodents (Fig. 1A).

As noted above, miRNAs are processed from longer pri-
miRNA precursors by sequential processing by the RNase
III enzymes Drosha and Dicer (Cullen 2004). To examine
whether H19 can indeed be processed in vivo to give rise to
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the mature 23-nt miRNA that we had cloned from human
keratinocytes, we expressed similar ~580-nt-long PCR-
derived cDNA fragments, derived from either human or
mouse H19 and centered on the predicted ~73-nt-long
primary miR-675 hairpin (Fig. 1A), in the cell line 293T,
which does not normally express H19. Primer extension
analysis revealed the readily detectable expression of the
predicted 23-nt extension product in 293T cells transfected
with either the human or the mouse H19 expression
plasmid, but not in mock transfected cells (Fig. 1C). We
therefore conclude that H19 can indeed be processed in
vivo to give rise to the 23-nt-long miR-675 miRNA and
that this ability is evolutionarily conserved in humans
and mice.

The first step in miRNA biogenesis is the cleavage of the
primary miRNA precursor by the Drosha: DGCR8 dimer to
release the pre-miRNA hairpin (Han et al. 2004). The in
vitro incubation of a 295-nt-long, 32p_labeled human H19
transcript with recombinant Drosha:DGCR8 indeed
resulted in the specific release of the predicted 57-nt-long
pre-miR-675 hairpin (Fig. 2). As a control, we also
performed in vitro Drosha:DGCR8 cleavage of a validated
primary miRNA encoding the miR-K5 miRNA expressed
by Kaposi’s sarcoma associated herpesvirus (KSHV) (Fig. 1B;
Gottwein et al. 2006). This again resulted in the release of
the predicted pre-miRNA intermediate, which in this case
is 62 nt in length (Fig. 2). This processing event is specific,
as shown by the marked inhibition in miR-K5 processing
seen with a naturally occurring sequence polymorphism
(miR-K5m), which changes a single nucleotide in the
miR-K5 hairpin (Fig. 1B) and inhibits Drosha:DGCRS8
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FIGURE 2. H19 is processed by Drosha in vitro. A 295-nt-long
human pri-miR-675 transcript, centered on the predicted miR-675
hairpin (Fig. 1A) was transcribed in vitro in the presence of a->*P
CTP. Flag-tagged Drosha:DGCRS was affinity purified from 293T cells
cotransfected with Drosha—Flag and DGCR8-Flag expression plas-
mids (Gottwein et al. 2006). The 295-nt pri-miR-675 precursor is
predicted to be processed by Drosha:DGCR8 to give a 57-nt-long pre-
miRNA (indicated with an asterisk). Wild-type and mutant (m)
versions of a previously described (Gottwein et al. 2006) pri-miR-K5
transcript served as controls. The pre-miRNA intermediate for pri-
miR-K5 is predicted to be 62 nt long (asterisk). (M) DNA markers.
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cleavage both in vitro and in vivo (Fig. 2; Gottwein
et al. 2006).

The imprinted H19 RNA is expressed at high levels
during vertebrate embryo development but is downregu-
lated in most tissues shortly after birth (Bartolomei et al.
1991). To further confirm that miR-675 is indeed expressed
in vivo, we performed an RNase protection assay (RPA)
that was designed to detect the mature, 23-nt-long murine
miR-675 and also the pre- and pri-miRNA precursors, i.e.,
in the latter case the H19 transcript itself. Both the mature
miR-675 RNA and the predicted precursors were readily
detected in an RNA sample derived from a newborn mouse
(Fig. 3, lane 3) but were not observed in RNA derived from
murine 3T3 cells (Fig. 3, lane 2), which do not express
detectable H19 RNA levels. Similarly, mature murine miR-
675 was also readily detected by RPA in 293T cells trans-
fected with the murine H19 expression plasmid analyzed in
Figure 1C (Fig. 3, lane 5) but was not detected in mock-
transfected 293T cells (Fig. 3, lane 4). We therefore
conclude that the H19-derived miRNA miR-675 is indeed
expressed during vertebrate development. We note that our
data do not directly address whether miR-675 is itself
imprinted, although our data showing that miR-675 can be
processed out of the imprinted H19 RNA argue that this is
very likely to be the case. Nevertheless, it remains formally
possible that a portion of the observed endogenous miR-
675 microRNAs are derived from an unknown, alternative
transcript from the HI19 locus that is distinct from
H19 itself.

Imprinted loci invariably contain at least one noncoding
RNA, whose role, if any, has generally been unclear (Pauler
and Barlow 2006). Here, we present evidence that the
prototypic H19 noncoding RNA can be processed to release
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FIGURE 3. Detection of mature miR-675 in newborn mice. This
RPA analyzed 50 pg of total RNA derived from murine 3T3 cells (lane
2), anewborn (NB) mouse (lane 3), mock-transfected 293T cells (lane
4), or 293T cells transfected with a mouse H19 (mH19) expression
plasmid (lane 5). The 31-nt-long single-stranded RPA probe used
consisted of a 23-nt stretch complementary to the predicted mature
mouse miR-675, a 5-nt 5’ extension complementary to part of the
predicted terminal loop of the pre-miR-675 RNA hairpin (Fig. 1A),
and finally a 3-nt nonspecific 5 tag consisting of “GGG.” The probe
was prepared by in vitro transcription, using T7 RNA polymerase,
in the presence of a-*’P-CTP. This RPA was performed using a
miRVana miRNA detection kit (Ambion), as described by the
manufacturer. (M) DNA markers.

at least one miRNA that is conserved in humans and
rodents. This processing event does not appear to be highly
efficient, as full-length H19 transcripts can be readily
detected during embryonic development (Bartolomei
et al. 1991). We note that other noncoding pri-miRNA
precursors, e.g., the “BIC” noncoding RNA that serves as
the precursor for miR-155, are also readily detectable
in vivo as full-length transcripts (Tam 2001). Moreover,
miRNA processing itself has recently been shown to be devel-
opmentally regulated (Thomson et al. 2006; Obernosterer
et al. 2006). Therefore, it is possible that the efficiency with
which H19 is processed into miRNAs may vary significantly
during different developmental stages and/or in different
tissues. We note, however, that H19 processing by Drosha
was readily detected in both transfected 293T cells (Fig. 1C)
and in vitro (Fig. 2). Regardless, one would certainly
predict that miR-675 excision would result in a decrease
in full-length H19 expression, and it is possible that miR-
675 may actually serve as a mechanism for the attenuation
of H19 function in specific cells or tissues, assuming that
full-length H19 indeed has a function.

While this report was being prepared, Mineno et al.
(2006) reported the use of “massively parallel signature
sequencing” technology to compile an exhaustive list of all
the miRNAs expressed in the mouse embryo. This effort
identified 195 novel murine miRNAs, one of which, miR-
675, is identical to the murine miR-675 miRNA proposed
in Figure 1A except that it is shorter by 1 nt at the 3’ end.
While Mineno et al. (2006) neither mentioned nor dis-
cussed the fact that miR-675 is predicted to derive from the
imprinted H19 RNA, this exhaustive sequencing effort does
further confirm the hypothesis that murine H19 can indeed
function as a primary miRNA precursor in vivo.

While the role(s) of miR-675 in mammalian develop-
ment remains to be established, the parental conflict
hypothesis (Moore and Haig 1991) suggests that
imprinted, maternally expressed genes, such as H19, will
generally act to suppress excessive embryonic growth.
It is therefore possible that miR-675 functions to post-
transcriptionally downregulate mRNAs, some of which
may be paternally expressed, that encode growth factors
or growth factor receptors or their downstream targets.
Moreover, these data raise the possibility that some other
imprinted noncoding RNAs might also give rise to
miRNAs. Indeed, one other example of an imprinted
miRNA locus located in the DIk1-GtI2 cluster has already
been reported (Seitz et al. 2003). In cases where an
imprinted noncoding RNA lies directly anti-sense to a
protein-coding mRNA showing the opposite imprinting
pattern (Pauler and Barlow 2006), it is also possible that
imprinted noncoding RNA might give rise to an miRNA
that could directly inhibit the expression of this mRNA via
an RNA interference mechanism, as has indeed been
recently demonstrated for miRNAs expressed from the
imprinted DIk1-Gtl2 gene cluster (Davis et al. 2005).
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