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Abstract
MicroRNAs (miRNAs) are small, noncoding RNAs that post-transcriptionally regulate expression
of their target messenger RNAs. We recently demonstrated that primary miRNA transcripts (pri-
miRNAs) retained at transcription sites are processed with enhanced efficiency, suggesting that
pri-miRNA processing is coupled to transcription in mammalian cells. We also observed that
transiently expressed pri-miRNAs accumulate in nuclear foci with splicing factor SC35 and
Microprocessor components, Drosha and DGCR8. Here, we show that pri-miRNAs containing a
self-cleaving hepatitis delta ribozyme accumulate in the nucleoplasm after release from their
transcription sites, but are not efficiently processed. Pri-miRNAs with ribozyme-generated 3′ ends
do not localize to SC35-containing foci, whereas cleaved and polyadenylated pri-miRNA
transcripts with or without the pre-miRNA hairpin do. Pri-miRNA/SC35 foci contain a number of
proteins normally associated with SC35 domains, including ASF/SF2, PABII, and the prolyl
isomerase, Pin1. In contrast, RNA polymerase II and PM/Scl-100 do not strongly colocalize with
pri-miRNAs in SC35-containing foci. These data argue that pri-miRNA/SC35-containing foci are
not major sites of pri-miRNA processing and that pri-miRNA processing is coupled to
transcription. We discuss the implications of our findings relative to recent insights into miRNA
biogenesis, mRNA metabolism, and the nuclear organization of gene expression.
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Introduction
MicroRNAs (miRNAs) are short noncoding RNAs that imperfectly base pair with target
messenger RNAs (mRNAs) to control their translational output.1 MiRNAs have critical
roles in cell growth, development and disease,2–6 thus understanding the mechanisms
involved in miRNA expression is essential. Most miRNAs are transcribed as long primary
miRNA transcripts (pri-miRNAs) by RNA polymerase II (Pol II)7,8 and undergo two
sequential processing reactions to produce the mature miRNA.9 First, the pri-miRNA is
recognized by the Microprocessor complex, which minimally consists of the RNase III-like

*Correspondence to: Joan A. Steitz; 295 Congress Avenue; New Haven, Connecticut 06536 USA; Tel.: 203.737.4418; Fax:
203.624.8213; joan. steitz@yale.edu.

NIH Public Access
Author Manuscript
Cell Cycle. Author manuscript; available in PMC 2010 December 20.

Published in final edited form as:
Cell Cycle. 2009 February 1; 8(3): 345–356.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enzyme, Drosha and its essential cofactor, DGCR8, but likely includes additional
components.10–13 Drosha cleavage releases a hairpin precursor miRNA (pre-miRNA) of
~70 nucleotides (nts) that is exported to the cytoplasm by Exportin-5,14–16 and further
processed by a second RNase III-like enzyme, Dicer.17,18 The mature ~22 nt miRNA strand
is then incorporated into an RNA-induced silencing complex (RISC) and guides this
complex to target mRNAs.19 MiRNA expression can be regulated at multiple levels,
including transcription20,21 and several posttranscriptional steps, such as Drosha22 and Dicer
processing.23 Despite some progress,24–27 the mechanisms involved in regulated miRNA
expression remain poorly understood.

A now well-established concept in gene expression is that many mRNA processing events,
including capping, splicing and 3′-end formation, are tightly coupled to transcription by Pol
II.28–33 This coupling is important for the efficiency as well as the regulation of mRNA
maturation.30,33 We recently reported that pri-miRNA processing efficiency is enhanced
when pri-miRNAs remain tethered to the DNA template.34 Furthermore, we observed that
pri-miRNAs containing a viral RNA element, the ENE, accumulate to high levels after
release from the site of transcription, but are not efficiently processed.34 Consistently, an
independent study by Morlando et al.35 directly demonstrated that Drosha is recruited to
endogenous pri-miRNA chromosomal loci and that pri-miRNAs are processed
cotranscriptionally. Together, these data suggest that pri-miRNA processing might be yet
another event that is coupled to transcription by Pol II.

In the course of our studies,34 we also observed that overexpressed, unprocessed pri-
miRNAs accumulate in nuclear foci containing the splicing factor SC35, as well as
Microprocessor components Drosha and DGCR8. SC35 is a marker for subnuclear
organelles known as SC35 domains, or splicing “speckles”, which are sites of high
concentration of several proteins involved in mRNA metabolism, and are visible by electron
microscopy as interchromatin granule clusters (IGCs).36,37 SC35 domains/IGCs are unlikely
to be major sites of transcription or mRNA processing.38 Rather, proteins involved in
mRNA maturation are usually recruited from SC35 domains to sites of active transcription,
which are distributed throughout the nucleoplasm.39,40 Recently, a number of studies have
highlighted the importance of SC35 domains in the coordination of gene expression.37,41,42

The data obtained in these studies are consistent with the proposed model of SC35 domains
as dynamic “hubs”, which facilitate the expression of highly active Pol II-transcribed genes
by spatially connecting their synthesis with the recycling of numerous protein complexes
involved in mRNA metabolism.37

Here, we further explore the link between pri-miRNA processing and retention at the site of
transcription. We also characterize in greater detail the pri-miRNA/SC35-containing nuclear
foci observed in transfected cells. Our data support a model in which pri-miRNAs that
escape processing at transcription sites accumulate in SC35-containing foci, perhaps to
allow both recycling of bound proteins and surveillance of pri-miRNAs for quality control.
These findings, in combination with recent insights into mRNA metabolism and its spatial
organization within the nucleus have important implications for miRNA biogenesis and its
regulation.

Results
Pri-miRNAs released from transcription sites by ribozyme cleavage are not efficiently
processed

To further investigate the relationship between pri-miRNA processing efficiency, retention
at transcription sites, and localization to SC35-containing foci, we investigated the
processing and localization of pri-miRNAs that are released from the DNA template upon
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cleavage by a hepatitis delta (HD) ribozyme. The HD ribozyme is an RNA sequence that
undergoes rapid self-cleavage after transcription.43 Pri-miRNA constructs were generated
that contain the HD ribozyme sequence inserted at the 3′ end of pri-lin-4 (pri-lin-4HD; Fig.
1A). Control pri-miRNA constructs contained a mutant HD ribozyme (pri-lin-4HDm) with a
single inactivating alteration of the catalytic cysteine to uracil (C76-U).44,45 Consequently,
pri-lin-4HDm produces only transcripts that are cleaved and polyadenylated at the
downstream bovine growth hormone (BGH) cleavage and polyadenylation (CPA) signal. A
hairpin stem loop derived from the 3′ end of histone mRNA was inserted one base upstream
of the ribozyme cleavage site to stabilize the 5′ RNA cleavage product (based on refs. 44, 46

and 47).

To confirm that the inserted HD ribozyme is active, constructs diagramed in Figure 1A were
transfected into HeLa cells, and the levels of pri-, pre- and mature miRNA were analyzed by
Northern blotting. As seen in Figure 1B, pri-lin-4HD migrates at ~400 nts, the size predicted
for transcripts that have undergone ribozyme cleavage just downstream of the pri-lin-4 insert
(lane 3, upper). Pri-miRNAs with a ribozyme generated 3′ end were ~2.5-fold more
abundant than the heterogeneous cleaved and polyadenylated pri-miRNAs that lack the HD
ribozyme or contain its mutant form (lanes 2–4, upper; see also Fig. 1C, lanes 1–3). This
increase in stability of pri-lin-4HD transcripts could be due to the presence of the histone
stem loop or other variables (see Discussion). Importantly, despite the ~2.5-fold increase in
the level of pri-miRNAs with a ribozyme generated 3′ end, no increase in pre- or mature
miRNAs was observed (Fig. 1B, lanes 2–4, lower).

We hypothesized that pri-miRNAs containing ribozyme-generated 3′ ends may be
inefficiently processed to pre-miRNAs because they are released from transcription sites. To
test this hypothesis, we employed a nuclear fractionation procedure that separates chro-
matin-associated transcripts from transcripts that have been released into the nucleoplasm.
48,49 Constructs in Figure 1A were transfected into HeLa cells and nuclear fractionation was
performed. TAFII30 mRNA and pre-mRNA served as controls for loading and fractionation
efficiency. As shown in Figure 1C, pri-lin-4 transcripts are found approximately equally in
the nucleoplasmic supernatant and in the chromatin-associated pellet (lanes 4 and 5). In
contrast, pri-lin-4HD constructs are enriched in the nucleoplasmic supernatant, confirming
that ribozyme-cleaved transcripts are indeed released from transcription sites (lanes 6 and 7).
The presence of the mutant ribozyme did not alter the nuclear distribution of pri-lin-4 (lanes
8 and 9). These data demonstrate that ribozyme-cleaved pri-lin-4 transcripts accumulate
after release from the DNA template, which correlates with inefficient processing (Fig. 1B).

We also investigated the processing of a pri-miRNA that contains the HD ribozyme but
lacks a CPA signal (pri-lin-4HDΔpAx2 and pri-lin-4HDmΔpAx2; Fig. 1A). Consistent with
our previous results, Figure 1B demonstrates that pri-miRNAs lacking a CPA signal are
processed ~4-fold more efficiently than cleaved and polyadenylated pri-miRNAs (lanes 5
and 7). Nuclear fractionation confirmed that pri-miRNAs lacking a CPA signal are retained
in the chromatin-associated pellet (Fig. 1C, lanes 13 and 14). For the ribozyme-cleaved pri-
lin4HDΔpAx2 transcripts, we may have expected fewer mature miRNAs to be produced
since they should be released from transcription sites. However, Figure 1B (lane 6)
demonstrates that pri-lin-4HDΔpAx2 is processed with an efficiency comparable to that of
pri-lin-4ΔpAx2 (lane 5) and pri-lin-4HDmΔpAx2 (lane 7), most likely because cleavage by
the HD ribozyme is not 100% efficient; this is demonstrated by the clear accumulation of a
pri-miRNA species above 5,100 nts (Fig. 1B, lane 6, asterisk), which is the size predicted
for a transcript that escapes ribozyme cleavage initially, transcribes around the entire
plasmid DNA template, and is cleaved when the HD ribozyme site is encountered the
second time. Indeed, nuclear fractionation revealed that while pri-lin-4HDΔpAx2 yields a
high level of transcripts released into the nucleoplasmic supernatant by ribozyme cleavage
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(Fig. 1C, lane 15), transcripts are also abundant in the chromatin-associated pellet (lane 16),
confirming that some transcripts escape ribozyme cleavage. These data are consistent with
our previous results and indicate that pri-miRNAs released into the nucleoplasm are not
efficiently processed whereas pri-miRNAs retained at transcription sites are processed with
enhanced efficiency.

Pri-miRNAs released from transcription sites by ribozyme cleavage do not localize to
SC35-containing nuclear foci

We next investigated the localization of pri-miRNAs diagramed in Figure 1A by performing
in situ hybridization (ISH) using DIG-tailed oligonucleotide probes complementary to
regions of the pri-miRNA flanking the pre-miRNA hairpin (Fig. 1A, blue lines). Consistent
with previous results,34 cleaved and polyadenylated pri-lin-4 transcripts accumulate in
nuclear foci that colocalize with SC35 (Fig. 1D, parts a–c). In contrast, pri-lin-4HD
transcripts do not strongly localize to SC35-containing foci (parts d–f). Presence of the
mutant HD ribozyme sequence had no effect on localization, and pri-lin-4HDm accumulated
in SC35-containing foci (data not shown). As demonstrated previously,34 efficiently
processed pri-lin-4ΔpAx2 transcripts do not colocalize with SC35 domains, but rather
localize diffusely in the nucleus (Fig. 1D, parts g–i), which is where the plasmid DNA
templates also localize.34 Similarly, Figure 1D (parts j–l) reveals that pri-lin-4HDΔpAx2
transcripts distribute diffusely in the nucleus. This pattern likely arises from both the
ribozyme-cleaved transcripts that are released into the nucleoplasm and transcripts that
escape ribozyme cleavage and remain tethered to their DNA templates. These results,
together with our previous observations,34 lead us to hypothesize that pri-miRNAs
containing ribozyme-generated 3′ ends fail to localize to SC35-containing foci because they
lack a polyadenylate (polyA) tail (see Discussion).

To determine if a miRNA sequence or a pre-miRNA hairpin is necessary for localization of
transiently expressed pri-miRNAs to SC35-containing foci, we next investigated the
localization of a pri-miRNA construct that undergoes CPA, but lacks the entire pre-miRNA
sequence (Fig. 2A; pri-let-7Δpre). Figure 2B demonstrates that pri-let-7Δpre transcripts
accumulate in nuclear foci (part d) that contain SC35 (part e), as do pri-let-7 transcripts
(parts a–c). This result indicates that localization to SC35-containing nuclear foci is not
dependent on the presence of a miRNA sequence or a pre-miRNA hairpin, but may be a
more general feature of transcripts that are transcribed by Pol II and polyadenylated.

Components of pri-miRNA/SC35-containing nuclear foci
Our previous results,34 as well as data presented above, demonstrate that pri-miRNA/SC35-
containing nuclear foci are unlikely to be sites of transcription or RNA processing. To
investigate the functional significance of pri-miRNA accumulation in SC35-containing foci,
we further characterized the protein composition of these foci.

Several splicing factors in addition to SC35 have been shown to concentrate to varying
extents in SC35 domains in untransfected cells.37 For example, the essential SR splicing
factor ASF/SF2 distributes throughout the nucleoplasm, but with a fraction concentrating in
SC35 domains.37,50 We investigated the relative localization of ASF/SF2 and pri-let-7 by
performing immunofluorescence (IF) to ASF/SF2 followed by ISH to pri-let-7. Figure 3A
demonstrates that ASF/SF2 and transiently expressed pri-let-7 colocalize in SC35-
containing nuclear foci, but that ASF/SF2 also appears more diffusely in the nucleoplasm.

Nuclear polyA binding protein (PABII) plays an important role in the addition of the polyA
tail to newly synthesized Pol II transcripts.51 In untransfected cells, PABII localizes
diffusely in the nucleoplasm as well as in SC35 foci52 (Fig. 3B, part b; see untransfected
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cells indicated by arrowheads), likely resulting from its binding to polyA RNA, which
concentrates in these domains.53 We observe that transiently expressed pri-let-7 colocalizes
with PABII in nuclear foci (Fig. 3B). These data are consistent with the interpretation that
cleaved and polyadenylated pri-miRNAs released from their sites of transcription bind
PABII and then accumulate together in SC35 domains.

SC35 domains also contain a small subpopulation of Pol II,54 which has been reported to
represent an inactive form.55,56 The localization of Pol II in cells transfected with pri-let-7
was explored by performing IF using an antibody that recognizes both phosphorylated and
unphosphoryated Pol II. Subsequent ISH for pri-let-7 (Fig. 3C) reveals Pol II does not
strongly colocalize with pri-let-7 in nuclear foci. This result is consistent with the
interpretation that pri-miRNA/SC35-containing nuclear foci are unlikely to represent major
sites of pri-let-7 transcription.

The petidyl-prolyl cis-trans isomerase, Pin1, also associates with SC35 domains.57 Pin1
specifically isomerizes the phosphoserine/threonine-proline bond of its substrates, thus
regulating their biological activity.58 Pin1 is critical for entry into mitosis and for tumor cell
survival, and has been shown to play roles in the regulation of subcellular trafficking,
transcriptional activity and RNA processing.59–61 The WW domain of Pin1 is essential for
both substrate binding and localization to SC35 domains.57 To determine if Pin1 localizes to
nuclear foci that correspond to pri-miRNA/SC35-containing foci, a construct expressing
GFP-tagged Pin1 was cotransfected into HeLa cells with pri-let-7, and 24 hours later ISH
was performed. Figure 3D demonstrates that GFP-Pin1 colocalizes with pri-let-7 transcripts
in nuclear foci, arguing that the foci where pri-miRNAs and Pin1 accumulate are the same
nuclear structures. A construct expressing a GFP-tagged version of the WW domain of Pin1
also colocalized in nuclear foci with pri-let-7, whereas the GFP-tagged petidyl-prolyl
isomerase domain alone did not, but rather localized diffusely throughout the nucleoplasm
(data not shown).

Finally, we investigated the localization of PM/Scl-100 in cells overexpressing pri-let-7.
PM/Scl-100 is a component of the nuclear exosome, which mediates 3′ to 5′ mRNA decay.62

Recent studies using ChIP analysis demonstrated that PM/Scl-100 is recruited to nascent pri-
miRNA transcripts after cleavage by Drosha, where it cotranscriptionally degrades the free
3′ end of the 5′ cleavage product.35 For intronic miRNAs, this cotranscriptional degradation
of intronic sequences following Drosha cleavage was hypothesized to enhance the splicing
efficiency of flanking exons.35 To determine if PM/Scl-100 is recruited to pri-miRNA/
SC35-containing foci in cells transfected with pri-let-7, IF with anti-PM/Scl-100 was
performed followed by ISH to pri-let-7. Consistent with previous results, PM/Scl-100
exhibits predominantly nucleolar localization (Fig. 3E), which was attributed to its roles in
ribosomal RNA biogenesis.63 Importantly, no colocalization of PM/Scl-100 with
exogenously expressed pri-let-7 in SC35-containing foci is observed, consistent with the
idea that unprocessed pri-miRNAs are the predominant species that accumulate in SC35-
containing foci. Instead, PM/Scl-100 is likely to be recruited only to pri-miRNAs that are
efficiently processed at transcription sites, which are localized diffusely in the
nucleoplasm34 and are probably not observed here because the levels are below the limit of
detection.

Discussion
Here, we have presented data that corroborate our previous observations of enhanced pri-
miRNA processing at the site of transcription. We also further characterized the components
of pri-miRNA/SC35-containing nuclear foci and examined the requirements for transcript
localization to these foci. We observe that pri-miRNAs released from transcription sites by a
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self-cleaving HD ribozyme accumulate in the nucleoplasm but are not efficiently processed
(Fig. 1). The majority of ribozyme-cleaved pri-miRNAs do not localize to SC35-containing
nuclear foci, but rather distribute diffusely in the nucleus. In contrast, cleaved and
polyadenylated pri-miRNAs either with or without the pre-miRNA hairpin colocalize with
SC35 in nuclear foci (Fig. 2). Components of pri-miRNA/SC35-containing nuclear foci
include proteins known to concentrate to various extents in SC35 domains, such as ASF/
SF2, PABII, and the prolyl isomerase, Pin1 (Fig. 3). Interestingly, Pol II and PM/Scl-100, a
component of the nuclear exosome with a role in the cotranscriptional turnover of pri-
miRNA flanking sequences,35 do not localize to pri-miRNA/SC35-containing foci (Fig. 3).
These findings, along with those reported in other recent studies,35,42,64–67 have important
implications for the mechanisms of pri-miRNA processing, as well as for the significance of
pri-miRNA accumulation in SC35-containing nuclear foci.

Inefficient processing of pri-miRNAs released from sites of transcription
We found that ribozyme-cleaved pri-miRNAs accumulate in the nucleoplasm to steady-state
levels that are ~2- to 3-fold higher than those of cleaved and polyadenylated pri-miRNAs
(Fig. 1). Despite these elevated levels, the level of mature miRNAs produced from
ribozyme-cleaved pri-miRNAs did not increase. Similarly, we previously observed that
ENE-containing pri-miRNAs accumulate to high levels after release from sites of
transcription, but are not efficiently processed.34

The increased stability of ribozyme-cleaved pri-lin-4 transcripts may be due to insertion of
the histone mRNA stem loop upstream of the ribozyme cleavage site, to the 2′,3′-cyclic
phosphate resulting from ribozyme cleavage, or to impairment of deadenylation-dependent
decapping, as previously suggested.68 Alternatively, since the ENE, which dramatically
stabilizes pri-miRNAs, inhibits entry into a deadenylation-dependent decay pathway,69 the
lack of a polyA tail may prevent entry of ribozyme-cleaved pri-miRNAs into this normal
decay pathway and result in enhanced stability. We presume that the mature miRNAs
produced from pri-miRNAs containing the ENE or the HD ribozyme result from processing
at the site of transcription before release into the nucleoplasm. Because the HD ribozyme is
situated upstream of the BGH CPA signal, we may have expected fewer mature miRNAs to
be produced from ribozyme-cleaved pri-miRNAs in comparison to those generated by CPA.
However, no difference was observed (Fig. 1B), perhaps because HD ribozyme cleavage is
not 100% efficient. Nonetheless, the observation (Fig. 1B–D) that ribozyme-cleaved pri-
miRNAs accumulate in the nucleoplasm and are not efficiently processed supports the idea
that pri-miRNA processing is less efficient when uncoupled from the transcription site (see
Fig. 4).

Recently, Morlando et al.35 presented data complementary to ours,34 demonstrating that
Drosha is present at endogenous pri-miRNA transcription sites and that pri-miRNA
processing occurs on the nascent pri-miRNA. These observations raise the question of how
the Microprocessor complex is recruited to sites of transcription. It is possible that Drosha
and DGCR8 accumulate via mechanisms similar to those involved in recruitment of pre-
mRNA processing factors to nascent pre-mRNAs. Notably, the presence of Drosha at
endogenous transcription sites correlates with transcriptional activity and with the presence
of Pol II at these locations.35 Since the carboxy-terminal domain (CTD) of Pol II plays a
major role in cotranscriptional recruitment of pre-mRNA processing factors,32,70–75 the
CTD may likewise either directly or indirectly recruit Drosha and DGCR8. Indeed, several
proteins that interact with Drosha and DGCR8 in the large Microprocessor complex10,11,13

play important roles in the regulation and coordination of transcription and pre-mRNA
processing. For instance, the DEAD-box helicase Microprocessor components p68 and p72,
which increase the efficiency of Drosha processing for a subset of pri-miRNAs,13 are
recruited to gene-specific promoters,76,77 can interact with transcriptional coactivators and

Pawlicki and Steitz Page 6

Cell Cycle. Author manuscript; available in PMC 2010 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pol II,78 and play a role in regulating alternative splicing.79–81 Similarly, all three members
of the TET family of RNA binding proteins, including TLS/FUS, EWS and TAF15, interact
with Drosha11 and are essential for coordinating transcription with mRNA maturation;82

they could serve as adaptors between Pol II and Drosha to link transcription and pri-miRNA
processing. Finally, the FHA-domain-containing protein SNIP1 has recently been shown to
interact with Drosha and play a role miRNA biogenesis.83 SNIP1 has documented roles in
transcription regulation84,85 and is a component of a large SNIP1/SkIP-associated complex
that is involved in cotranscriptional pre-mRNA processing.86 The ability of SNIP1 to recruit
several proteins to active chromosomal loci86 suggests it could also recruit Drosha to sites of
pri-miRNA synthesis.

Alternative mechanisms of recruitment of Microprocessor components to sites of
transcription could also exist. Specific chromatin modifications are known to be important
for recruitment of spliceosomal proteins to nascent pre-mRNAs.87 For example, the
chromodomain-containing protein CHD1 binds the active chromatin mark of trimethylated
histone H3 lysine 4,88,89 and interacts with the SF3a subunit of U2 snRNP, serving to
enhance the efficiency of splicing by tethering core spliceosomal components to active
DNA.87 The double-stranded RNA binding protein NFAR/NF90 was also found to affinity
purify with histone H3 trimethylated at lysine 4,87 and has documented roles in regulating
transcriptional elongation and mRNA processing.90 Its interaction with Drosha11 suggests
that NF90 could likewise play a role in the recruitment of Drosha and DGCR8 to active pri-
miRNA loci.

Other proteins involved in transcription or pre-mRNA maturation may also affect pri-
miRNA processing. For example, the core transcription factor, TFIID recruits the 3′-end
processing protein CPSF to mRNA promoters.91 Similarly, the cap-binding complex (CBC),
which is composed of CBP20 and CBP80, plays a critical role in cotranscriptional
recruitment of the splicing commitment complex to nascent pre-mRNAs,28,92 and stimulates
both splicing93 and 3′-end formation in mammalian cells.94 Interestingly, in Arabidopsis
thaliana, CBP20 and CBP80 contribute to pri-miRNA processing,95–97 and may do so by
facilitating the cotranscriptional loading of DCL1, the RNase III that processes pri-miRNAs
in Arabidopsis, onto nascent pri-miRNAs.96 In mammalian cells, the CBC interacts with
hnRNPH,98 whose close homolog hnRNPH1 is a component of the larger form of the
Microprocessor complex.11 Additional studies will be required to determine whether the
CBC plays a role in cotranscriptional pri-miRNA processing in mammalian cells.

Regulation of pri-miRNA processing plays a critical role in development and disease.22 The
evidence that pri-miRNA processing is cotranscriptional34,35 suggests that this regulation
also occurs cotranscriptionally, as is the case for the regulation of many pre-mRNA
processing events.30,33 For splicing in both yeast and mammals, not all Pol II transcripts are
able to interact to the same degree with the spliceosome and therefore the levels of pre-
mRNAs transcribed do not always correlate with the levels of mature mRNA;67,99 such
disparities are often attributed to differences in the gene context.65,100–102 Similarly,
promoter identity, chromatin structure, and the presence of pause sequences within pri-
miRNA chromosomal loci may influence Drosha recruitment and processing. Since
regulation of alternative splicing can be dramatically influenced by the rate of transcription
elongation,30 the Pol II elongation rate could also affect the folding of nascent pri-miRNAs
or the recruitment of processing factors.

These mechanisms of cotranscriptional recruitment of splicing factors are not mutually
exclusive,31,87 so it is possible that multiple mechanisms contribute to cotranscriptional
processing by Drosha and DGCR8. Finally, because pre-mRNA splicing can begin at
transcription sites with the cotranscriptional recruitment of processing factors, but can
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continue posttranscriptionally for some pre-mRNAs,28 a combination of cotranscriptional
and posttranscriptional regulatory mechanisms may exist for the processing of pri-miRNAs.

Pri-miRNA localization to SC35-containing nuclear foci
Our previous data suggested that pri-miRNA/SC35-containing nuclear foci are neither sites
of transcription nor obligate sites of pri-miRNA processing.34 Here, we observed that pri-
miRNAs released from transcription sites by ribozyme cleavage do not localize to SC35-
containing foci, while cleaved and polyadenylated pri-miRNAs with or without a pre-
miRNA hairpin do. Pri-miRNAs transcribed by RNA polymerase III, which lack a polyA
tail, and pri-miRNAs in which the ENE sequesters the polyA tail also fail to localize to
SC35-containing foci.34 This argues that a polyA tail may be necessary for transcript
localization to SC35-containing foci and that proteins recruited to nascent Pol II transcripts
during the CPA reaction or proteins interacting with the polyA tail could be instrumental in
their localization or retention in SC35 domains. Notably, we observed an enhanced
concentration of PABII in pri-miRNA/SC35-containing nuclear foci (Fig. 3B), suggesting
that it binds the polyadenylated pri-miRNAs that accumulate there.

The amount of ASF/SF2 localized in SC35-containing foci in cells expressing pri-let-7
transcripts was slightly enhanced over that observed in untransfected cells (Fig. 3A),
perhaps because of nonspecific binding of ASF/SF2 to the large quantity of pri-miRNAs
expressed in transfected cells. In contrast, Pol II localization was not strongly affected by
pri-miRNA overexpression (Fig. 3C). This observation is consistent with the hypothesis that
pri-miRNA/SC35-containing nuclear foci are not major sites of transcription, in accord with
recent studies indicating that the minor subpopulation of Pol II that accumulates in SC35
domains is inactive.56

A GFP-tagged form of the prolyl isomerase, Pin1, was found to accumulate with pri-
miRNAs in SC35-containing nuclear foci (Fig. 3D). The localization of Pin1 to SC35-
containing foci is hypothesized to result from its role in facilitating phosphorylation-
dependent interactions of proteins involved in mRNA metabolism.58,59 Pin1 also interacts
with elongating Pol II,103 suggesting a role for Pin1 in the integration of mRNA
transcription and processing.

Together, our observations indicate that many proteins found in pri-miRNA/SC35-
containing nuclear foci in transfected cells are also present in SC35 domains in
untransfected cells. Therefore, although it remains unclear whether these foci represent bona
fide pre-existing SC35 domains or domains that form de novo upon overexpression of a
polyadenylated transcript, they are clearly similar to naturally occurring SC35 domains.

Interestingly, in Arabidopsis thaliana, a number of proteins involved in miRNA biogenesis
colocalize in nuclear foci that have been referred to as nuclear Dicing bodies (D-bodies).104–
107 Exogenously expressed plant pri-miRNAs localize to D-bodies, suggesting that these
foci may represent sites of miRNA biogenesis.104,106 Alternatively, D-bodies could be sites
of storage and assembly of protein complexes involved in pri-miRNA processing in plants.
104,107 However, in contrast to the pri-miRNA/SC35-containing nuclear foci observed in
mammalian cells,34 plant D-bodies do not contain SC35. Rather, plant D-bodies represent a
subset of Cajal body-like foci.108 Furthermore, several differences between plant and
mammalian miRNA biogenesis exist, including (1) a single RNase III protein, DCL1,
performs the processing of both pri-miRNAs to pre-miRNAs and pre-miRNAs to mature
miRNAs in the nucleus in plants,109 and (2) many proteins involved in biogenesis of other
classes of small RNAs localize to D-bodies.108 Thus, current evidence favors the idea that
plant D-bodies are unrelated to the pri-miRNA/SC35-containing nuclear foci observed in
transfected mammalian cells.
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A major question that arises concerns the significance of pri-miRNA localization to SC35-
containing nuclear foci. While this localization could result from the process of transfection
or the expression of large quantities of RNA, some sorting mechanism must exist since only
cleaved and polyadenylated Pol II transcripts accumulate there. One possible explanation is
that the recruitment of cleaved and polyadenylated pri-miRNAs to SC35-containing foci
occurs because SC35 domains are critical for coordinating and integrating steps in the
expression of Pol II-transcribed genes.37 Indeed, a vast amount of data has demonstrated
that SC35 domains are preferentially associated with highly active genes.110–112 Moreover,
the nonrandom gene pairing that occurs during the transient “kissing” of alleles during X
inactivation or the colocalization of coregulated genes during differentiation,113,114 may
result from their mutual interaction with a third party, a common SC35 speckle, rather than
from actual gene-gene interactions.42,115 Localization of highly active genes near SC35
domains may occur because these domains are rich in metabolic complexes that can be
rapidly supplied to facilitate efficient RNA processing.41 Once transcription and processing
are complete, mature mRNAs often enter SC35 domains, perhaps to allow recycling of
protein complexes before export.37 Transcripts that have not completed splicing are retained
in SC35 domains,116,117 suggesting that these domains also serve as checkpoints in the
mRNA processing pathway by preventing the export of defective transcripts to the
cytoplasm.36,37 These observations indicate that SC35 domains are critical for the
efficiency, regulation and quality control of gene expression. The high levels of
polyadenylated pri-miRNAs produced in transfected cells may therefore accumulate in
SC35 domains to allow rapid recycling of bound proteins, including Drosha and DGCR8,
and enhance the efficiency of miRNA expression (see Fig. 4). Unprocessed pri-miRNAs
may also be retained in SC35-containing nuclear foci as a result of the role of these domains
in mRNA surveillance and quality control.

The results presented here, in combination with recent insights into transcription, mRNA
maturation and SC35 domain function, converge on the common theme that integration of
transcription and RNA processing are important for the efficiency and regulation of
mammalian gene expression. The idea that there is tight coupling between transcription and
pre-mRNA processing is underscored by recent findings that splicing factors, such as SC35,
play essential roles in the transcription of specific genes64 and that transcription factors,
such as c-myb, are critical for the regulation of alternative splicing.66 It will therefore be
interesting to determine the influence of transcriptional activities on pri-miRNA processing,
as well as the converse effects of pri-miRNA processing on transcription and pre-mRNA
maturation.

Materials and Methods
Plasmids

The plasmids pri-lin-4, pri-let-7 and pri-lin-4ΔpAx2 have been described previously. 34 To
construct pri-lin-4HD and pri-lin-4HDm, a histone stem loop followed by a variant HD
ribozyme or mutant ribozyme with a C76-U substitution (based on 44) was inserted into pri-
lin-4 digested with ApaI and blunted with T4 DNA polymerase. The sequence inserted was
GGC CCT TAT CAG GGC CA*G GGC GGC ATG GTC CCA GCC TCC TCG CTG GCG
CCG CCT GGG CAA CAT GCT TCG GCA TGG CGA ATG GGA CCA AAT, where the
histone stem loop is in italics (stem underlined) followed by the ribozyme sequence.
Ribozyme cleavage occurs one base after the histone stem loop (cleavage site indicated with
an asterisk). The position of the C-76U substitution is underlined.

Pri-lin-4HDΔpAx2 and pri-lin-4HDmΔpAx2 were constructed by inserting the sequence
above into pri-lin-4ΔpAx2 digested with ApaI and blunted with T4 DNA polymerase.
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To generate pri-let-7Δpre, the hairpin precursor sequence was deleted from pri-let-7 using
the QuikChange Site-Directed Mutagenesis Kit (Stratagene) with the oligonucleotides
(forward): CCT TTT CAC CAT TCA CCC TGG TAG AAA AGT CTG CAT CCA GGC G
and (reverse) CGC CTG GAG CAG ACT TTT CTA CCA GGG TGA ATG GTG AAA
AGG.

The plasmids encoding GFP-tagged Pin1 (GFP-Pin1) or truncation mutants GFP-WW and
GFP-PPI (which contain only the WW domain or the peptidyl-prolyl isomerase domain of
Pin1, respectively) have been previously described.57

Antibodies
Mouse monoclonal anti-SC35 antibody was from Sigma-Aldrich and mouse monoclonal
anti-Pol II (4H8) was from Abcam. Anti-ASF/SF2, anti-PABII and anti-Pm/Scl-100 were
gifts from Adrian Krainer (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY), David
Bear (University of New Mexico, Albuquerque, NM), and Ger Pruijn (Radboud University
of Nijmegen, Nijmegen, the Netherlands), respectively.

Cell lines and transfection
HeLa cells were cultured in Dulbecco’s Modified Eagles’s medium (Invitrogen)
supplemented with 10% Fetal Bovine Serum (BD Biosciences), 2 mM L-glutamine, and 1X
penicillin streptomycin solution (Sigma-Aldrich) at 37°C in 5% carbon dioxide.
Transfections were performed with HeLa Monster reagent (Mirus Bio Corporation)
according to the manufacturer’s protocol.

RNA isolation and northern blot analysis
Total RNA was isolated using Trizol Reagent (Invitrogen), and analyzed by Northern
blotting as previously described.34 Briefly, 5 μg of total RNA from each sample was run on
two gels to detect (1) pri-miRNAs or (2) precursor and mature miRNAs. To detect pri-
miRNAs, 5 μg of total RNA was resolved on a 1.2% agarose/6.5% formaldehyde gel and
transferred to a Zeta probe membrane (Bio-Rad Laboratories). To detect precursor and
mature miRNAs, 5 μg of total RNA was separated on a 15% polyacrylamide/8 M urea/1X
TBE gel, and then transferred to a Hybond N+ membrane (GE Healthcare) using a semidry
electroblotter. Pri-miRNAs were detected using an in vitro transcribed riboprobe
complementary to pri-lin-4 uniformly labeled with [α-32P]UTP. Precursor and mature lin-4
were detected using an oligonucleotide probe complementary to mature lin-4 labeled with
[γ-32P]ATP using T4 polynucleotide kinase. Results were visualized using a Storm
PhosphorImager (Molecular Dynamics).

Fractionation of nucleoplasmic and chromatin-associated transcripts and RT-PCR
Fractionation of HeLa cell nuclei and RNA extraction from the nucleoplasmic supernatant
and chromatin-associated pellet were performed as previously described.34,48,49 After
nuclear fractionation, cDNA was generated using SuperScript II Reverse Transcriptase
(Invitrogen) with random primers according to the manufacturer’s instructions. Primers used
to amplify pri-lin-4 and TAFII30 mRNA have been previously described.34 Primers used to
amplify TAFII30 pre-mRNA were (forward): GGG TGA GGG CAG AGG GTA TAG and
(reverse): TTT GTC AGC AGG CTA GGT GG.

IF and ISH
ISH to pri-let-7 or pri-lin-4, followed by IF to SC35 was performed as described.34 In Figure
3, IF to ASF/SF2, Pol II, PABII or PM/Scl-100 was performed prior to ISH to pri-let-7 as
described.34 For detection of pri-let-7 in Figure 3D, cells cotransfected with GFP-Pin1 and
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pri-let-7 were subjected to ISH as described,34 with the exception that DIG-tailed probes
(complementary to regions diagramed in Fig. 2A, blue lines) were detected using a 1:200
dilution of anti-DIG antibody conjugated to Rhodamine (Roche).
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mRNA messenger RNA

PABII nuclear polyA binding protein

Pol II RNA polymerase II
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Figure 1.
Pri-miRNAs with ribozyme-generated 3′ ends are not processed efficiently and do not
localize to SC35-containing nuclear foci. (A) Schematic of pri-miRNA constructs. CMV
(cytomegalovirus), BGH (bovine growth hormone), and SV40 (simian virus 40) denote the
vector-derived CMV promoter and the BGH or SV40 cleavage and polyadenylation signal.
The pri-miRNA insert is shown in black, with the pre-miRNA represented as a large hairpin
and the mature miRNA sequence indicated in red. Black boxes show the location of either
the wild type (HD) or the mutant (HDm) ribozyme. Arrows indicate the site of ribozyme
cleavage, with the small histone mRNA 3′ hairpin immediately upstream. The lengths in nts
of the pri-miRNA insert and surrounding sequences are indicated above the pri-miRNAs.
(B) Northern blot analysis of pri-miRNA processing. Constructs diagramed in A were
transfected into HeLa cells, and total RNA was analyzed by Northern blotting using either a
denaturing formaldehyde/agarose gel to detect pri-miRNAs (top) or a 15% denaturing urea/
polyacrylamide gel to visualize the precursor and mature miRNAs (bottom). 28S and 18S
rRNA are indicated and serve as loading controls. The neomycin resistance gene (NeoR)
was probed as a transfection efficiency control (note that pri-lin-4ΔpAx2 constructs do not
produce a NeoR transcript because the downstream SV40 CPA signal is deleted). Mature
miRNA Northern blots were probed for the U6 small nuclear RNA as a loading control. RT
indicates readthrough transcripts. The asterisk denotes the pri-lin-4HDΔpAx2 transcript that
has transcribed around the plasmid and undergone ribozyme cleavage after the second
encounter. (C) Nuclear fractionation of pri-miRNAs. Cells transfected as in (B) were
fractionated into released, nucleoplasmic RNAs (supernatant [S]) and chromatin-associated
RNAs (pellet [P]). Fractionated RNA was reverse transcribed and amplified by PCR.
TAFII30 pre-mRNA and fully spliced mRNA were amplified as controls for loading and
fractionation efficiency. (D) ISH to pri-lin-4 transcripts, followed by IF to SC35 on cells
transfected as in (B), using DIG-labeled probes complementary to regions diagramed in (A)
(blue lines). Scale bar, 10 μm.
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Figure 2.
Transcript localization to SC35-containing foci does not require a pre-miRNA hairpin. (A)
Schematic of pri-miRNA constructs. (B) Cells transfected with pri-let-7 (a–c) or pri-
let-7Δpre (d–f) were subjected to ISH (a and d) using DIG-labeled probes diagramed in (A)
(blue lines), followed by IF for SC35 (b and e). Merged images are shown in (c and f). Scale
bar, 10 μm.
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Figure 3.
Components of pri-miRNA/SC35-containing nuclear foci. Cells transfected with pri-let-7
were subjected to IF using antibodies directed against (A) ASF/SF2, (B) PABII, (C) Pol II or
(E) PM/Scl-100, followed by in situ hybridization to pri-let-7. In (D), cells were
cotransfected with pri-let-7 and GFP-Pin1, and ISH to pri-let-7 was performed. Arrowheads
in (B) (part b) indicate untransfected cells. Scale bars, 10 μm.
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Figure 4.
Model of pri-miRNA processing and localization. In the cotranscriptional pri-miRNA
processing pathway, the Microprocessor complex, consisting of Drosha, DGCR8, and other
factors (represented as unlabeled circles, see text for examples), is recruited to sites of pri-
miRNA synthesis and binds the nascent pri-miRNA. Drosha cleavage releases α ~70-nt pre-
miRNA hairpin. Grey partial circles represent exonucleases that are recruited
cotranscriptionally to degrade the 5′ and 3′ sequences flanking the former site of the pre-
miRNA hairpin.35 The pre-miRNA is exported to the cytoplasm by the Exportin 5-Ran-GTP
complex. In the cytoplasm, Dicer, its cofactor TRBP, and Ago2 recognize the pre-miRNA,
118,119 and Dicer cleavage results in a miRNA:miRNA* duplex. The mature miRNA strand
is then incorporated into the RISC effector complex, which targets an mRNA to regulate its
translational output19,120 or stimulates miRNA-mediated deadenylation and decay.19 In the
alternate pathway, where either Microprocessor binding or action is lacking, nascent pri-
miRNAs undergo CPA and are released into the nucleoplasm. Unprocessed polyadenylated
pri-miRNAs may then be transported to SC35 foci, degraded in the nucleoplasm, or
processed to pre-miRNAs, but with lower efficiency than those processed at transcription
sites. In SC35 foci, protein complexes are recycled and then released and recruited to sites of
active transcription. 37 Pri-miRNAs that accumulate in SC35 foci undergo surveillance and
may be retained or degraded within the domain, or they may be released into the
nucleoplasm, followed by degradation or less efficient processing to pre-miRNAs. The
inhibitory effects of the ENE and of ribozyme cleavage are indicated.
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