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Abstract

The expression of protein-coding genes is enhanced by the exquisite coupling of transcription by
RNA polymerase 11 with pre-messenger RNA processing reactions, such as 5’-end capping, splicing
and 3’-end formation. Integration between cotranscriptional processing events extends beyond the
nucleus, as proteins that bind cotranscriptionally can affect the localization, translation and
degradation of the mature messenger RNA. MicroRNAs are RNA polymerase Il transcripts with
crucial roles in the regulation of gene expression. Recent data demonstrate that processing of primary
microRNA transcripts might be yet another cotranscriptional event that is woven into this elaborate
nuclear network. This review discusses the extensive molecular interactions that couple the earliest
steps in gene expression and therefore influence the final fate and function of the mature messenger
RNA or microRNA produced.

Introduction

In vertebrates, RNA polymerase 11 (RNAPII) is responsible for the transcription of genes
encoding proteins and many noncoding RNAs, including most microRNAs (miRNAs). For
each of these gene classes, the initial primary transcript undergoes a number of processing
reactions to produce the final RNA product or products. Most of these RNA remodeling steps
occur in the cell nucleus.

In the case of protein-coding genes, the initial transcript, or pre-messenger (pre-mRNA),
contains both coding sequences — exons — and intervening noncoding sequences — introns. Pre-
MRNA processing involves 5'-end capping, the removal of introns by means of splicing, and
3’-end cleavage and polyadenylation (CPA) to produce the final messenger RNA (MRNA,;
Figure 1A). Many pre-mRNAs are subjected to additional processing steps, such as editing
and surveillance, which can further influence the coding potential of transcripts [1,2].
Furthermore, several types of noncoding RNAS, such as small nucleolar RNAs (SnoRNAS)
and small Cajal body-associated RNAs (scaRNAs), are released from some introns of select
pre-mRNA transcripts [3].

The most recently discovered class of genes transcribed by RNAPII is the miRNA class. These
tiny RNAs posttranscriptionally control expression of their target messenger RNAs and govern
cellular functions ranging from cell growth and differentiation to apoptosis [4]. The biogenesis
of miRNA involves cleavage of the primary miRNA (pri-miRNA) transcript in the nucleus by
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the Microprocessor complex [5], which contains the required RNase-111-like enzyme Drosha
and its double-stranded RNA binding partner, DGCRS, to produce the hairpin-shaped precursor
miRNA (pre-miRNA,; Figure 1B). Further cleavage by another RNase-111-like enzyme, Dicer,
in the cytoplasm produces the mature miRNA [6]. Approximately 80% of miRNAs are located
within introns of either protein-coding or spliced, noncoding transcripts [7]. Thus, some
RNAPII transcripts are simultaneously pre-mRNAs and pri-miRNASs.

Coupling of pre-mRNA processing and transcription

Each of the processing steps mentioned above is catalyzed by its own specific molecular
machinery. Yet, a vast amount of data argues that, for pre-mRNAs, these reactions occur not
as a series of independent stepwise events but, rather, in a complex and highly coordinated
network [1,2,8,9]. This molecular coupling, or cross-talk, between multiple processes results
in dramatically enhanced efficiency and accuracy of gene expression, as discussed below.
Recent work suggests that the initial stages of miRNA biogenesis might also be interwoven
into this remarkably sophisticated network.

Three mechanisms underlying the coupling of transcription and pre-mRNA processing have
been described: (i) physical coupling, (ii) kinetic coupling and (iii) allosteric activation [2]. In
physical coupling, interactions between the transcription machinery and pre-mRNA processing
factors result in increased concentrations of factors adjacent to the pre-mRNA as it emerges
from the exit channel of elongating RNAPII [9]. Thus, the correct processing enzymes bind to
nascent pre-mRNAs before other abundant, nonspecific nuclear RNA-binding proteins gain
access. Major players in physical coupling are RNAPII and its unique C-terminal domain
(CTD; Box 1), as well as RNAPII-associated transcription factors [10]. In kinetic coupling,
alterations in the rate of RNAPII elongation modulate the time available for splicing to occur
[11]. Consequently, a slow RNAPII elongation rate allows inclusion of an exon with weak
splice sites, whereas rapid elongation leads to exclusion because of more efficient splicing to
a downstream exon with a stronger 3’ splice site [11]. In allosteric coupling, interactions
between RNAPII and pre-mRNA processing factors result in activation of their catalytic
activity [2]. In the following, we discuss how these mechanisms contribute to specific pre-
MRNA processing steps.

Coupling of 5-end capping to transcription

The capping reaction, in which RNAPII transcripts receive an m7GpppN cap structure, is
coupled to transcription through direct physical interactions of the two capping enzymes, HCE1
and HCM1, with phosphorylated forms of the RNAPII CTD (Figure 1Ai) [1,12]. Binding to
the CTD of RNAPII phosphorylated on serine 5 (Ser5P) also allosterically activates the
guanylyltransferase activity of HCE1 [2,12]. As RNAPII with Ser5P CTD is most abundant
in promoter-proximal regions, capping enzymes are both concentrated and activated near
transcription initiation sites, resulting in rapid capping of nascent transcripts that are only 20—
40 nucleotides long. The 5’ cap is crucial for stability of the pre-mRNA, as well as for its
recognition by the cap binding complex (CBC) in the nucleus and by elF4E in the cytoplasm
[12]. Thus, functional coupling of capping to transcription dramatically enhances the efficiency
and fidelity of pre-mRNA production, stability and translation.

Coupling of transcription and pre-mRNA splicing

Multiple lines of evidence indicate that pre-mRNA splicing is both physically and kinetically
coupled to transcription. Specific mutations within the CTD greatly reduce the efficiency of
splicing without affecting transcription [2]. Some splicing factors directly interact with
RNAPII through the CTD [13], as well as with RNAPII-associated transcription factors and
coactivators [14]. The SR family of essential splicing factors plays a particularly important
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role in splicing by binding to specific sequence elements in exons termed exonic sequence
enhancers (ESEs) and recruiting the rest of the splicing machinery to constitutive or alternative
splice sites [15]. Some SR proteins can also bind indirectly to the CTD of RNAPII [13,16] or
directly to histones [17] and thus serve as bridges that tether nascent exons to RNAPII or to
the chromatin template (Figure 1Aii). This phenomenon of ‘exon tethering’ is thought to
dramatically increase the fidelity of splicing by bringing short exons into close proximity, even
when intervening introns are thousands of nucleotides long [16,18]. However, additional data
suggest that SR proteins are recruited to chromatin primarily through interactions with the
nascent transcript [19]. Therefore, it is possible that chromatin, RNAPII and the nascent RNA
act cooperatively in the formation of stable nascent ribonucleoprotein (RNP) complexes [19,
20].

In support of this hypothesis, in vitro coupled transcription—splicing systems have
demonstrated that pre-mRNAs transcribed by RNAPII more efficiently recruit splicing factors
and are more efficiently spliced than those transcribed by T7 phage polymerase or RNA
polymerase 111[13,21]. The CTD of RNAPII is necessary but not sufficient for this recruitment;
thus, other RNAPII-specific factors are also likely to contribute [21]. Additional evidence for
coupling between transcription and splicing includes observations that different promoters,
enhancers, transcription elongation factors and transcriptional activators favor alternative
splice-site choices [11,22] and that the rate of transcription elongation can dramatically affect
the efficiency of splicing, as well as splice-site decisions for both constitutive and alternative
splicing [2,11]. In many cases, promoter structure or gene context affects the specific repertoire
of transcription and splicing factors recruited to gene promoters, as well as the rate of RNAPII
elongation, which in turn affects the efficiency of splicing [11,23,24].

Conversely, splicing can affect transcription. The U2 snRNP directly interacts with TAT-SF1,
a transcription elongation factor [1,8]. Recruitment of TAT-SF1 to spliced genes in turn
stimulates elongation by binding to and activating the positive transcription elongation factor
b (P-TEFb) complex [9], which contains the kinase responsible for phosphorylation of the
RNAPII CTD on serine 2 (Ser2) [25]. The essential SR splicing factor SC35 also recruits P-
TEFb to specific pre-mRNAs, an interaction that is vital to promote more efficient RNAPII
escape from pause sites [26].

Coupling of transcription and 3'-end formation

RNA editing

During 3'-end formation, the nascent pre-mRNA is cleaved, released from the DNA template
and, in most cases, polyadenylated and exported to the cytoplasm [27]. Components of the
CPA machinery are recruited to promoters and transcription sites through direct interactions
with multiple targets within the transcription machinery, including RNAPII, the RNAPII-
associated transcription factor TFIID and transcriptional coactivators such as PC4 [8,9,27].
Pausing of RNAPII near the promoter and in the 3'-flanking region of the gene might enhance
association of 3’-end processing factors with the RNAPII ternary complex [28]. The promoter
structure likewise modulates the specificity of 3’-end processing factor recruitment by
influencing the modification state of the RNAPII CTD [27]. Confirming the importance of
RNAPII in coordinating the CPA reaction, purified RNAPII or the CTD can stimulate CPA
in vitro [29]. Thus, the efficiency of 3'-end cleavage and polyadenylation is dramatically
enhanced by coupling to transcription.

The most common type of RNA editing is conversion of adenosine to inosine, which is

catalyzed by adenosine deaminases acting on RNA (ADARs). As inosine is read as guanosine
during translation, editing of a single nucleotide can introduce or remove a stop codon or splice
site, as well as alter single codons [30]. Because intronic sequences are frequently required for
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editing, editing must occur before splicing. Transcriptional coupling seems to be crucial for
coordinating these events. For example, for both the glutamate receptor B and ADAR2 pre-
mRNAsS, the RNAPII CTD is required to delay splicing until after ADAR editing has occurred
[31-33].

The coupling of MRNA export to transcription was initially suggested by the observation that
spliced mRNAs exit the nucleus more efficiently than unspliced mMRNAs or RNAs derived
from cDNAs [9]. In vertebrates, this increase in export efficiency is mediated by the
transcription-export complex (TREX) complex, which consists of two export factors, Aly and
UAP56, in conjunction with the THO complex, which is involved in transcription elongation
[34]. The TREX complex is recruited to the 5’ ends of pre-mRNAs through a direct interaction
between Aly and CBP80 of the CBC (Figure 1Ai) [34]. This cap-dependent recruitment of the
TREX complex might be stabilized by interactions between TREX and the exon-junction
complex (EJC), which is deposited during splicing just upstream of exon—exon junctions
(Figure 1Aii) [8,34]. Splicing-induced structural changes within the mRNP can promote the
CBP80-Aly/TREX interaction as well [34]. Splicing-dependent recruitment and stabilization
of TREX explain why mRNAs produced from cDNAs are not efficiently exported, even though
these transcripts acquire a 5’ cap.

Defective pre-mRNAs and mRNAs arising from improper processing or mutation are
recognized and targeted for destruction by multiple surveillance systems or checkpoints, most
of which are coupled to transcription [16]. Soon after processive transcription begins, the
transcription complex is stalled by binding of NELF (negative elongation factor) and DSIF
(DRB-sensitivity inducing factor) to RNAPII, thereby facilitating 5’-end capping and
recruitment of 3'-end processing factors [28]. Subsequent binding of capping enzymes to Ser5P
CTD disables NELF- and DSIF-mediated repression of transcription and allows RNAPII to
pass through this checkpoint [16]. Another checkpoint occurs during 3'-end processing, as
transcripts that are not properly cleaved and polyadenylated are retained at transcription sites
through a mechanism that involves the CTD [35]. The exosome, which is a complex of several
3'-5' exoribonucleases, also participates in cotranscriptional surveillance of pre-mRNAs and
ensures that aberrantly processed transcripts are degraded [36]. A component of the nuclear
exosome, Rrp6, is recruited to elongating RNAPII through interactions with transcription
elongation factor Spt6, which binds Ser2P CTD [37]. Depletion of the Spt6 binding partner
Iws1 reduces recruitment of Rrp6 to nascent transcripts, resulting in mRNA processing and
export defects [37]. Nonsense-mediated decay (NMD) is yet another surveillance system; it
subjects mRNAs with premature translation termination codons to degradation [38]. Certain
components of the NMD machinery are deposited on spliced mRNASs cotranscriptionally with
the EJC. If a stop codon stalls the ribosome greater than 50 nucleotides upstream of an exon—
exon junction, then the mRNA is degraded primarily in the cytoplasm during the initial
(‘pioneer’) round of translation [38]. Coupling of these multiple surveillance pathways to
transcription greatly increases the fidelity of gene expression by rapidly targeting aberrant
transcripts for decay, in many cases even before they are released from transcription sites.

Chromatin modification and pre-mRNA processing

During transcription, the DNA template, which is wrapped around histone octamers to form
nucleosomes, is rearranged and made accessible to the transcription apparatus. Interestingly,
histone remodeling and modification complexes affect not only the DNA structure, but also
splicing [39]. For example, the SWI/SNF complex uses the energy of ATP hydrolysis to fashion
an altered chromatin state at promoters, allowing transcription factors to bind [39]. For some
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genes, this complex is also detected within the coding regions [40]. The SWI/SNF catalytic
subunit, Brm, promotes exon inclusion both by recruiting spliceosomal components to
alternative exons and by inducing selective accumulation of a hyperphosphorylated form of
RNAPII with a decreased rate of elongation over alternative exons [40]. Thus, splicing is
enhanced through both physical and kinetic coupling to transcription by means of a protein
involved in nucleosome remodeling.

Specific chromatin modifications can also directly recruit spliceosomal proteins to nascent pre-
mRNAs. An example is the chromodomain-containing protein CHD1, which binds to the active
chromatin mark of trimethylated histone H3 lysine 4 (H3K4me3) and interacts with the U2
snRNP, thereby tethering a core spliceosomal component to active DNA [41].

Coupling between pre-mRNA processing events

In addition to coupling to transcription, specific molecular interactions link the various pre-
MRNA processing reactions to each other (Figure 1A). The CBC not only recruits export factors
to nascent pre-mRNAs [34], but also interacts directly with splicing factors to stimulate
recognition of splice sites in the cap-proximal intron [9]. Similarly, splicing factors recruited
to the 3’ splice site of the terminal intron or to specific sequence elements in the 3" end of the
transcript bind to polyadenylation factors, thus increasing the efficiency of 3'-end CPA (Figure
1Aiii) [2,27]. Polyadenylation complexes can reciprocally stimulate splicing of the 3'-most
intron [27]. An additional level of coupling exists in that 3'-end CPA proceeds only after
splicing of the 3'-terminal exon [42]. Ultimately, transcription termination is tightly coupled
to 3'-end formation and requires an intact CPA signal [43].

The production of noncoding snoRNAs is also coupled to transcription and to splicing. Proteins
involved in the processing of intronic box C/D snoRNAs are recruited to spliceosomal
complexes specifically in the C1 stage, linking box C/D snoRNA release to splicing [44].
Similarly, box H/ACA snoRNA biogenesis is coupled to RNAPII transcription and requires
RNAPII-associated factors for efficient assembly of the snoRNA processing machinery [45].

Regulation of pre-mRNA processing

Alternative splicing and alternative 3'-end formation allow the production of distinct mMRNAs
from the same pre-mRNA and thus play crucial roles in expanding the coding potential of the
human genome. Alternative pre-mRNA processing must be tightly regulated because
alternative splice isoforms can perform antagonistic functions. Although some pre-mRNA
processing factors are tissue-specific, other mechanisms can impart regulation of alternative
pre-mRNA processing. Many of these involve coupling to transcription. For example, promoter
structure dramatically affects alternative splice-site choice by recruiting different transcription
complexes, which in turn can engage various combinations of splicing factors or lead to
differences in RNAPII elongation rates [11]. Kinetic coupling is also influenced by RNAPII
pause sites within the DNA template, which affect splice-site choices [11]. Cotranscriptional
regulation of pre-mRNA processing can be responsive to external stimuli and cell signaling
cascades, allowing splicing of some transcripts to be rapidly modulated in response to changes
in the environment [46]. Signaling cascades can affect alternative splicing by either physical
or kinetic coupling to transcription. For example, stimulation of mitogen-activated protein
(MAP) kinase leads to phosphorylation of splicing factor Sam6é8, allowing it to associate with
the SWI/SNF chromatin remodeling component Brm, which binds to regulatory sequences in
a normally excluded variant exon of the CD44 pre-mRNA [40]. In this case, physical coupling
to a chromatin-associated protein leads to inclusion of the CD44 variant exon [40,47].
Alternatively, signaling cascades can alter the elongation rate of RNAPII, in turn affecting
alternative splice-site choices by kinetic coupling to transcription. For instance, DNA
damaging agents such as ultraviolet (UV) radiation or neural cell depolarization in response
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to high levels of extracellular potassium can induce either hyperphosphorylation of RNAPII
or histone modifications in the vicinity of variant exons, leading to altered rates of
transcriptional elongation [48,49]. These changes lead in turn to inclusion or exclusion of
variant exons during splicing and thus affect the protein isoforms produced [48,49]. Such
splicing alterations are reversed following removal of the extracellular signal, demonstrating
that specific and reversible epigenetic changes can have dramatic effects on alternative splicing
decisions through either physical or kinetic coupling to transcription.

Pri-miRNA processing: cotranscriptional, but is it coupled to transcription?

A recent addition to the list of RNA processing events that occur cotranscriptionally is pri-
miRNA cleavage by Drosha (Figure 1B). Hints initially came from observations that miRNA-
containing introns are spliced more slowly than neighboring introns, and even more slowly
when Drosha levels are reduced [7]. Direct evidence then emerged demonstrating that nascent
RNAPII transcripts are indeed substrates for Drosha and that Drosha cleavage of intronic
miRNAs occurs before splicing [50]. Consistently, chromatin immunoprecipitation (ChIP)
experiments revealed that the presence of Drosha correlates with that of RNAPII at pri-miRNA
genomic loci, suggesting that Drosha recruitment is linked to transcription [50]. In HeLa cells,
Drosha interaction with miRNA genomic loci seems to be both restricted to and dependent on
the pre-miRNA hairpin [50]. By contrast, in cell lines expressing the leukemogenic fusion
protein All1/Af4, Drosha is detected on genomic miRNA loci at distances up to 3.5 kb away
from a pre-miRNA hairpin; even at these loci, Drosha presence is correlated with increased
pri-miRNA processing efficiency [51]. The association of Drosha with miRNA genomic loci
is also dependent on its interaction with DGCR8 [50], implying that DGCR8 will be found at
miRNA genomic loci as well.

Evidence for coupling of pri-miRNA processing and transcription

The finding that pri-miRNA processing occurs cotranscriptionally does not necessarily mean
that pri-miRNA processing and transcription are functionally coupled. However, recent
observations that pri-miRNAs are processed with enhanced efficiency at their transcription
sites provide indirect support for coupling. Transiently expressed pri-miRNAs that lack a CPA
signal are retained on the DNA template and are processed to pre- and mature miRNA with 3-
to 4-fold greater efficiency than pri-miRNAs that undergo CPA [52]. By contrast, pri-miRNAs
containing either a viral RNA stabilizing element or a ribozyme near their 3’ end accumulate
to high nuclear levels after release from transcription sites, but are not efficiently processed to
pre- or mature miRNA [52,53]. For endogenous pri-miRNAs, those that undergo efficient
processing are enriched in chromatin-associated nuclear fractions [50,52]. These findings raise
the questions of how coupling of transcription and pri-miRNA processing might be achieved
and whether the main mechanisms of physical, kinetic and allosteric coupling contribute.
Recruitment of pre-mRNA processing factors through the CTD or other RNAPII-specific
transcription factors is clearly important for enhancing the efficiency of capping, splicing and
3'-end formation. Although a direct interaction between the CTD and Drosha or DGCRS8 has
not yet been demonstrated, many proteins that interact with Drosha also interact with the CTD
(Table 1), suggesting that Drosha recruitment might be indirectly mediated by the CTD. In
addition, sequences or structural features within the nascent pri-miRNA could act
cooperatively with the CTD or associated factors to promote the formation of stable complexes
involving RNAPII and Microprocessor components. Kinetic coupling could explain the finding
that increased retention of the nascent pri-miRNA at the site of transcription by means of
deletion of 3'-end processing signals or use of a miRNA promoter leads to an increase in pri-
miRNA processing efficiency [52,54]. Here, kinetic competition between transcription and
release of the pri-miRNA from the DNA template seem strikingly similar to the situation
whereby stalling of RNAPII induced by the topoisomerase | inhibitor camptothecin results in
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enhanced accumulation of splicing factors on the constitutively spliced FOS pre-mRNA [20],
leading to an increase in cotranscriptional FOS splicing. Thus, in the case of both constitutive
splicing at strong splice sites [20] and pri-miRNA cleavage [52,54], processing is limited by
kinetic competition between elongation and release of the completed transcript from the
template.

Promoter structure and gene context might also influence the coupling of pri-miRNA
processing to transcription by enhancing the recruitment of Microprocessor components. For
instance, transient expression of pri-miRNAs from an endogenous miRNA promoter leads to
higher levels of Drosha recruitment, increased retention of the pri-miRNA on the DNA
template and enhanced pri-miRNA processing in comparison with pri-miRNAs expressed from
mRNA or snRNA RNAPII promoters [54]. Interestingly, some intronic pri-miRNAs have
recently been shown to contain their own promoter elements, which do not correspond to the
host protein gene promoter [55,56].

Chromatin structure or chromatin remodeling complexes could likewise affect Drosha
association with active pri-miRNA genomic loci. Notably, the active chromatin mark of
H3K4me3 binds to CHD1, which in turn binds to NF90 [41], a component of the
Microprocessor complex that copurifies with Drosha [5]. Similarly, Drosha interacts with
SNIP1 [57], a protein that controls transcription through interaction with several transcription
factors and with Brgl, a component of the SWI/SNF chromatin remodeling complex [58]. Pri-
miRNA processing is also linked to another cotranscriptional process: 5-end capping. The
CBC is important for recruiting Ars2 (arsenite resistance protein 2), a protein that has an
important role in maintenance of proliferative expansion in mammalian cells [59]. Ars2
interacts with the CBC, as well as with Drosha, and is necessary for both the stability and
processing of a subset of pri-miRNAs [59]. These data suggest that Drosha recruitment to
nascent pri-miRNAs could be mediated by Ars2 interaction with the CBC (Figure 1B).
However, as Ars2 depletion does not affect all miRNAs, and Ars2 is expressed only in
proliferating cells, it is likely that other mechanisms contribute to the recruitment of the
Microprocessor complex to nascent pri-miRNAs.

Interestingly, pri-miRNA processing might reciprocally affect other cotranscriptional
processes, such as splicing and transcription termination. For instance, Drosha and DGCR8
associate with components of the spliceosome [60]. Cotranscriptional cleavage of nascent pri-
miRNAs by Drosha results in recruitment of the 5-3’ and 3'-5" exonucleases XRN2 and
PMScl100, respectively, to the newly generated ends of the cleaved transcript (Figure 1Biii)
[50,54]. After Drosha cleavage of intergenic pri-miRNAs, recruitment of XRN2 might result
in termination of transcription through a hypothesized torpedo-like mechanism in which its 5'-
3’ exonuclease activity allows XRN2 to catch up with RNAPII and ‘torpedo’ it off the DNA
template [54]. For intronic miRNAs, the degradation of intronic sequences might enhance
splicing efficiency by clearing away sequences that interfere with the splicing apparatus,
thereby allowing more efficient exon ligation [50]. Such coordination would enable a single
primary transcript to be efficiently and accurately processed to produce both a mature miRNA
and a protein-coding mMRNA. Together, these findings argue for intricate coordination of pri-
miRNA processing with transcription, splicing, exonucleolytic degradation and transcription
termination.

Regulation of miRNA expression

The expression of miRNA is extensively regulated by developmental and tissue-specific
signaling. Control of miRNA expression can occur at the level of transcription, as many pri-
miRNA promoters contain binding sites for RNAPII-associated transcription factors, such as
p53, Myc and muscle-specific myogenin, resulting in expression of these miRNAs only under
specific conditions [6]. MiRNA expression can be regulated at several posttranscriptional steps
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as well, including pri-miRNA cleavage by the Microprocessor complex, pre-miRNA export,
Dicer cleavage and miRNA stability [6].

Regulation of pri-miRNA processing plays a crucial role during development, and a block in
Microprocessor activity contributes to aberrant miRNA expression in numerous diseases,
including cancer and neurological disorders [61-63]. Several proteins interact with Drosha and
can either promote or inhibit cleavage of specific pri-miRNAs (Table 1). For example, the
DEAD-box helicases p68 and p72 interact with Drosha to increase the processing efficiency
of asubset of mMiRNAs [64]. The multifunctional protein hnRNP Al is necessary for processing
of miR-18a from its primary transcript [65]. The RNA binding protein Lin-28 plays a crucial
role in inhibiting Drosha cleavage of pri-let-7 family members during embryonic development
[66-68]. Transcription factors NF90 and NF45 also interact with Drosha and affect the
processing efficiency of some pri-miRNAs [69]. Interestingly, terminal loop nucleotides within
the pri-miRNA hairpin play essential roles in regulation by several of these auxiliary proteins
(Box 2). As most of these Drosha-associated proteins function in both transcription and
regulation of alternative splicing (Table 1) and are known to bind to nascent transcripts, future
research might well uncover their importance for cotranscriptional regulation of pri-miRNA
processing.

External signaling pathways can also stimulate pri-miRNA processing. Induction of
transforming growth factor TGF-f or BMP (bone morphogenetic protein) signaling in smooth
muscle cells activates SMAD proteins, which then interact with p68 and Drosha to enhance
Drosha cleavage of pri-miR-21 [70]. In response to DNA damage, activated p53 binds to
Drosha complexed to p68 and enhances the processing efficiency of several pri-miRNAsS,
indicating that regulation of pri-miRNA cleavage by Drosha is a component of the p53-induced
DNA damage response [71]. Similarly, activation of protein kinase Ce (PKCg), through events
such as hyaluronan binding to the CD44 receptor, results in phosphorylation of the transcription
factor Nanog, its translocation to the nucleus, and its subsequent interaction with the Drosha—
p68 complex to promote processing of pri-miR-21 [72]. It will be of great interest to determine
whether physical or kinetic coupling to transcription contributes to regulation of pri-miRNA
processing in response to external signaling cascades, promoter structure, chromatin structure,
chromatin remodeling complexes or transcription factors. The biogenesis of miRNAs can be
regulated through ADAR editing as well. Several pri-miRNAs undergo editing at multiple
sites, resulting in an altered structure of the miRNA-containing hairpin, thus preventing
cleavage by Drosha or Dicer [73]. Because the CTD coordinates cotranscriptional splicing and
pre-mRNA editing [31-33], it is possible that editing of pri-miRNAs occurs
cotranscriptionally, orchestrated by the CTD. Observations that miRNA-containing introns are
spliced more slowly than adjacent introns [7] support the idea that splicing of miRNA-
containing introns is delayed until after Drosha cleavage. In this scenario, the CTD could act
to ensure that the miRNA-harboring intron is not excised prematurely. Conversely, rapid
splicing promoted by the CTD or other interacting factors could render mMRNA and miRNA
expression from the same transcript mutually exclusive. Interestingly, Microprocessor
components Drosha and DGCR8 regulate each other posttranscriptionally. A pre-miRNA-like
hairpin in the 5’ untranslated region (UTR) of DGCR8 mRNA is cleaved by the Microprocessor
complex, downregulating DGCRS8 expression [74,75]. In Drosophila, several protein-coding
pre-mRNAs that do not contain annotated miRNASs also contain pre-miRNA-like hairpins in
their 5 UTRs and are probably substrates for cleavage by the Microprocessor complex [76].
Thus, Microprocessor cleavage might impact transcripts other than pri-miRNAs and could
involve cotranscriptional binding of Drosha.

In summary, many proteins involved in regulation of pri-miRNA processing by Drosha (Table
1) play roles in transcription, in the cotranscriptional regulation of pre-mRNA processing and/
or in the coordination of cotranscriptional events. It will therefore be of significant interest to
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establish whether the regulation of pri-miRNA processing also occurs cotranscriptionally, and
whether any of the mechanisms of coupling described for pre-mRNAs above have a role in
this coordination (Box 3).

Coupling nuclear events to microRNA fate

Nuclear history can dramatically affect the final functions of pre-mRNA transcripts [8,77]. For
example, some SR proteins, as well as components of the EJC, remain on the mRNA after
splicing and exit to the cytoplasm, providing a ‘molecular memory’ of nuclear events that can
modulate the localization, stability or translational efficiency of the transcript [8,19,77]. An
important area of future research will be to determine whether the nuclear history of a pri-
miRNA likewise affects the functioning of its mature miRNA product. Supporting evidence
is provided by the multifunctional protein KSRP. KSRP is required for Drosha cleavage of a
subset of pri-miRNAs but remains associated with the pre-miRNA during nuclear export by
Exportin 5 and promotes Dicer processing [78]. As KSRP is also involved in recruiting the
decay machinery to mRNAs containing AU-rich elements in their 3' UTRs [79], it might remain
associated with the mature miRNA in the RNA induced silencing complex (RISC) and
contribute to miRNA-mediated mRNA decay. Several other multifunctional proteins that are
mediators of pri-miRNA processing by Drosha or that bind to pri-miRNA terminal loops also
shuttle between the nucleus and cytoplasm and have reported roles in the regulation of
translation, including hnRNP A1, hnRNP L, PTB, p53, and lin-28 (Box 2) [71,80,81]. Drosha-
interacting proteins that are found in cytoplasmic complexes containing Argonautes, Dicer and
RISC activity include NF90, NF45, SRPK1 and hnRNP proteins [5,82]. RBM4, another
multifunctional protein with roles in both splicing and translation [83,84], interacts with
Argonaute 2 and is required for miRNA-mediated repression of translation [82]. RBM4 binds
to several pre-mRNAs cotranscriptionally [84], raising the possibility that it could load onto
pri-miRNAs cotranscriptionally as well. Thus, cotranscriptional binding of multifunctional
regulatory proteins could dictate the final fate and function of the mature miRNA, consistent
with the recent demonstration that pri-miRNA terminal loops play a role in determining mature
miRNA function (Box 2) [85].

Concluding remarks

Future experiments should focus on elucidating the molecular mechanisms underlying pri-
miRNA processing (Box 3) and will need to consider these events in the context of
transcription, chromatin state and pre-mRNA processing. Such investigations promise to reveal
novel connections that allow pri-miRNA processing to be interwoven into the elaborate nuclear
network of gene expression.

Box 1
The RNAPII CTD

Eukaryotic RNAPII is unlike all other DNA-dependent RNA polymerases in that it contains
a unique appendage at the C terminus of its largest subunit, termed the C-terminal domain
(CTD). The CTD comprises a number of heptapeptide repeats with the sequence
Y1S2P3T4S5P6S7. The yeast CTD contains 26 conserved repeats, whereas the human CTD
contains 52 repeats, 31 of which diverge from the consensus sequence in one or more
residues [29]. Phosphorylation plays a crucial role in CTD function. The unphosphorylated
form of RNAPII is recruited to preinitiation complexes at gene promoters, where it engages
in nonprocessive transcription and generates short, abortive transcripts. Phosphorylation of
the CTD on Ser5 of the repeat is required for initiation of processive transcription and escape
of RNAPII from promoter-proximal pause sites; subsequent phosphorylation of Ser2 allows
elongation into the gene body [10,86].
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General transcription-factor-initiated RNA synthesis can proceed in vitro without the CTD,
suggesting that the CTD has crucial functions aside from transcription [2,10]. Indeed, the
CTD plays an essential role in facilitating and integrating a number of cotranscriptional
events by simultaneously interacting with a wide range of factors, including pre-mRNA
processing factors, DNA-remodeling complexes, chromatin and the nascent RNA [29].
Many proteins bind the CTD only when it is phosphorylated on specific residues or
combinations of residues. Upon dephosphorylation by CTD phosphatases, the bound
processing factors are released. In addition to phosphorylation, residues on the CTD can
also be modified by glycosylation or proline isomerization. Because all seven residues of
each heptapeptide can be modified, an extremely large number of combinations is possible.
These different modification patterns contribute toa ‘CTD code’, whereby dynamic changes
properly coordinate recruitment of the correct processing factors at specific times during
pre-mRNA transcription and maturation [10,86]. Recent work has expanded our
understanding of the CTD code by demonstrating that Ser7 phosphorylation is essential for
transcription and 3’-end formation of ShRNA genes, as well as of some protein-coding genes
[10]. Different CTD phosphorylation states might also affect the rate of elongation of
RNAPII, which in turn affects the timing of pre-mRNA processing events [11]. Thus, the
CTD plays an integral role in the coordination of RNAPII transcription and pre-mRNA
processing.

Box 2
The importance of loop nucleotides in pri-miRNA processing

Several recent studies have demonstrated that nucleotides within the terminal loop of some
pri-miRNA hairpins play an important role in regulation of miRNA biogenesis, as well as
in the function of the miRNA itself [85]. These terminal loops have been demonstrated to
be the major binding sites for regulatory proteins such as hnRNP A1, Lin-28 and KSRP
[65,68,78,80]. Protein binding is crucial for regulation of processing, as hnRNPA1 and
KSRP are required for Drosha cleavage of specific pri-miRNAS, whereas Lin-28 binding
inhibits cleavage (see the text).

The majority of pri-miRNA terminal loops are not well conserved across mammalian
species. However, a subset of miRNA precursors (14%) exhibit higher conservation in the
loop sequence than expected [80]. Consistently, transfection of 2’-O-methyl-modified
oligonucleotides complementary to terminal loop sequences inhibits cleavage of pri-
miRNAs with conserved loops, but has no effect on pri-miRNAs with nonconserved loops
[80]. Thus, terminal loop binding sites for auxiliary proteins seem to be crucial to either
promote or inhibit Drosha cleavage of select pri-miRNAs.

Further studies suggest that the terminal loop might play additional roles in miRNA
function. The sequences of mature miR-181a-1 and miR-181c differ in only one nucleotide,
but these miRNAs have dramatically different functions in thymocyte T cells [85].
Surprisingly, the terminal loop sequences of the corresponding pri-miRNAs dictate final
function, as demonstrated by terminal loop swapping experiments [85]. It has been
postulated that the terminal loop affects Drosha cleavage, binding of export factors,
subcellular localization, Dicer processing or loading into the RISC complex [85]. As many
terminal loop binding proteins, such as hnRNPA1 and KSRP, interact with Drosha and
might therefore bind cotranscriptionally, these findings raise the possibility that the
cotranscriptional binding of multifunctional proteins to terminal loops influences the final
fate and function of the mature miRNA.
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Box 3

Outstanding questions
How are Drosha and DGCRS recruited to sites of pri-miRNA transcription?

Is DGCR8 recruited cotranscriptionally, and, if so, does its recruitment depend on
the nascent pri-miRNA and on RNAPII?

Does regulation of pri-miRNA processing occur cotranscriptionally?

Does promoter identity influence recruitment of the Microprocessor and/or pri-
miRNA processing efficiency?

Does RNAPII or the CTD directly or indirectly recruit the Microprocessor
complex?

Does CTD phosphorylation affect Microprocessor recruitment?
Does the rate of transcription elongation affect pri-miRNA processing?

Do chromatin modifications or chromatin remodeling complexes affect
recruitment or activity of the Microprocessor complex?

Does DNA damage result in changes in pri-miRNA processing?

Does pri-miRNA processing have reciprocal effects on transcription elongation
and/or other pre-mRNA processing events?

Avre factors that bind to pri-miRNAs cotranscriptionally carried with the pre-
miRNA into the cytoplasm and do these proteins participate in the final functions
of the mature miRNA?

Do RNA helicases such as p68/p72 have roles in disassembly of protein complexes
and remodeling of mMiRNPs?

Do components of the Microprocessor complex that are known to have roles in
transcription and regulation of pre-mRNA processing events also have roles in
miRNA biogenesis (i.e. EWS, TLS, FUS)?

How widespread is the role of Microprocessor cleavage of hairpins in protein-
coding gene 5" UTRs in mRNA stability control?
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Figure 1.

Cotranscriptional RNA processing. (A) Cotranscriptional pre-mRNA processing. Exons are
represented as thick solid lines and introns as thin lines. Dashed arrows depict interactions
between proteins that might stabilize interactions or promote the corresponding reaction. (i)
Capping. Near the transcription initiation site, RNAPII is phosphorylated (P) on Ser5, which
results in recruitment and activation of the capping enzymes. The cap binding complex (CBC)
subsequently binds to the 5’ cap. Splicing factors (SFs) and some components of the CPA
machinery are recruited to gene promoters through interactions with RNAPII, as well as
associated transcription factors. SFs also bind to exonic sequence enhancers, and interactions
with the C-terminal domain (CTD) might stabilize complex formation. Export factors in
conjunction with the THO complex form the transcription-export (TREX) complex, which is
recruited to the nascent transcript through interactions with the CBC. (ii) Spliceosome
assembly. Phosphorylation of RNAPII on Ser2 allows elongation into the gene body. The
spliceosome assembles on the first intron; assembly is enhanced by binding of SR proteins and
other splicing factors to both the nascent RNA and the CTD, serving to bring the first and
second exons into close proximity. The exon-junction complex (EJC) is recruited by the
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splicing machinery and is deposited just upstream of the exon—exon junction. The TREX
complex stably associates with nascent RNA owing to interactions with CBC, as well as SFs
and/or the EJC. (iii) Splicing of the 3'-terminal exon and 3'-end formation. The final intron and
the 3'-terminal exon have been transcribed, and splicing of the final intron is under way. The
CPA signal has also been transcribed, and interactions with splicing factors bound to the
terminal exon, as well as the CTD, enhance recruitment of additional components of the CPA
machinery. The CPA machinery reciprocally stabilizes interaction of SFs with the 3'-terminal
intron. The CPA machinery assembles on the CPA signal and will cleave the RNA to release
the transcript from the DNA template after splicing of the last intron is complete. (iv) Export.
The processed mRNA is exported to the cytoplasm. Note that many proteins deposited on the
pre-mRNA during splicing remain associated with the mRNA in the cytoplasm and might
affect downstream processes.

(B) Cotranscriptional pri-miRNA processing. (i) Microprocessor recruitment. The
Microprocessor, consisting of Drosha, DGCR8 and additional accessory proteins, can be
recruited to the pri-miRNA by means of the promoter, through interaction with Ars2 (which
binds to CBC), through interaction with auxiliary proteins that bind to the pri-miRNA terminal
loop (see Table 1 for examples) or through other, currently unknown, mechanisms. Auxiliary
proteins might also inhibit Microprocessor interaction with the pri-miRNA. Note that the
indicated interactions might affect pri-miRNA processing for only some miRNAs, as indicated
by dashed arrows. (ii) Microprocessor assembly and cleavage. Drosha cleaves at the base of
the hairpin to release the pre-miRNA. For some pri-miRNAs, Ars2 might facilitate Drosha
cleavage. Proteins that bind to the pri-miRNA terminal loop could also facilitate or inhibit pri-
miRNA cleavage. Note that, for intronic miRNAs, Drosha association with the pri-miRNA
might be enhanced by interaction with splicing factors, and the bridging of exons mediated by
binding of SR proteins to the flanking exons and to the CTD (as demonstrated in Figure 1Aii)
would allow exons to be efficiently spliced despite prior cotranscriptional cleavage of the
intronic miRNA. (iii) Pre-miRNA release and exonuclease recruitment. Exonucleases are
recruited to the newly generated ends of the flanking pri-miRNA sequences. 5'-3’ degradation
of the 3’ segment of the pri-miRNA might lead to premature termination of intergenic pri-
miRNA transcription by RNAPII. (iv) Export. The pre-miRNA is exported to the cytoplasm
by the Exportin5—RanG TP complex. Note that proteins that bind the pri-miRNA terminal loop,
such as KSRP, might remain associated with the pre-miRNA and affect downstream processes
in the cytoplasm such as Dicer cleavage. Hypothetical CTD phosphorylation states are
indicated by question marks as the effect of CTD phosphorylation on pri-miRNA processing
has not yet been determined.

Trends Cell Biol. Author manuscript; available in PMC 2010 July 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Pawlicki and Steitz

Table 1
Regulators of pri-miRNA processing

Page 18

Protein Major function Role in pri- Link to transcription Refs
miRNA
processing
ADAR1 & 2 RNA editing (A—1) Blocks Drosha Coordinated with [30-33,73]
cleavage or splicing by the CTD
Dicer cleavage
ALL/AF4 ALL/AF9  Histone methyl- Recruits Drosha  Regulates transcription [51,87]
transferase fusion protein ~ to DNA resulting  through chromatin
in enhanced pri- ~ remodeling
miRNA
processing
Ars2 Essential for maintenance  Interacts with Interacts with CBP80 [59]
of cell proliferation Drosha, and CBP20
enhances
processing of
specific pri-
miRNAs
hnRNPA1 Splicing regulation Binds pri- Interacts with nascent [65,80,88]
miRNA terminal  pre-mRNA, regulates
loop, promotes alternative splicing
processing to
pre-miRNA
KSRP Splicing regulation Interacts with Regulates alternative [78,79,89,90]
mRNA decay Drosha and splicing
Dicer, binds to cotranscriptionally
pri-miRNA
terminal loop,
promotes
processing to
pre- and mature
miRNA
Lin-28 Transcription factor Binds to pri- Binds to DNA, activates  [66-68,91,92]
Translation regulation miRNA terminal  transcription
loop, inhibits
processing to
pre-miRNA
Nanog Transcription factor Interacts with Activates or represses [72,93,94]
Drosha and p68,  transcription
promotes
processing to
pre- and mature
miRNA
NF90/NF45 Transcription factor Interacts with Facilitates pre-mRNA [5,69,95]
Drosha, inhibits splicing, activates
Drosha cleavage  transcription
of some pri-
miRNAs
p53 Transcription factor Interacts with Regulates transcription [71,96]
Tumor suppressor Drosha and p68,  in response to DNA
promotes damage
processing to
pre- and mature
miRNA
p68/p72 RNA helicase Interacts with Interacts with CTD, [64,97]
Drosha, transcriptional
enhances Drosha  coactivators
cleavage of some
pri-miRNAs
SMAD1/SMAD5 Signal transduction Recruits Drosha  Interacts with p68, [70,98]
Transcription regulation and p68 to pri- activates transcription
miRNAs after
TGF-B

stimulation to
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Protein Major function Role in pri-
miRNA
processing

Link to transcription Refs

miRNAs after
TGF-B
stimulation to
enhance
processing to
pre-miRNA

SNIP1 Transcription regulation Interacts with
Drosha,
enhances
processing of
specific pri-
miRNAs

Interacts with [57,58,99]
transcription factors

including SMADs,

recruits RNA processing

factors to DNA

Proteins with roles in pri-miRNA processing are listed and their known associations with transcription are described. Note that several other proteins
with roles in transcription or cotranscriptional processes also interact with Drosha [5], including EWS, FUS/TLS, TAF15, TDP-43 and SRPK 14a; these
proteins might play a role in cotranscriptional pri-miRNA processing as well (see also [53]).
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