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The 164 bp U1 small nuclear (sn) RNA is one of the most abundant non-coding (nc) RNA in human cells,
estimated to be in the region of 10° copies/cell. Although best known for its role in pre-mRNA splicing
events, research over the past 20 years has revealed diverse functions of this ncRNA in mammalian cell
types. Excellent reviews exist detailing the role of U1 snRNA in pre-mRNA splicing events. This review
highlights what is currently known regarding the additional roles, snRNP composition, expression profiles
and the genomic organization of this ncRNA.

THE HETEROGENEOUS U1 SNRNP COMPLEX

The U1 snRNA primarily exerts its function in the form of a ribonucleoprotein complex consisting of three
U1-specific proteins, U1-A, U1-70K and U1-C, and 8 Sm proteins Sm-B/B’, -D1,- D2, -D3, -E, -F, which are
shared with other U-rich containing snRNAs (U2, U4/46 and U5)(1) (Figure 1). Each Sm protein binds a
single base of the highly conserved Sm motif (AUUUGUG in the case of the U1 snRNA) in the order Sm-E,
G, D3, B, D1, D2, and Sm-F, forming a stable ring structure around the motif (2,3). Assembly of the Sm
proteins occurs in the cytoplasm and is catalyzed by the Survival of Motor Neuron (SMN) complex (4-6).
U1-70K and U1-A both contain RNA binding domains (RBDs) and bind the stem loop I (SLI) and stem loop
Il (SLIl) structure of the U1 snRNA, respectively, in the nucleus (2). The zinc-finger-containing U1-C protein
does not bind the U1 snRNA directly and is recruited through protein:protein interactions with U1-70K and
Sm-D3(2,7).

Structural analysis of the native U1 snRNP, purified from Hela cells, indicates that at least 4 major isoforms
exist (8). The Sm-B and Sm-B’-containing U1 snRNPs are present in equal abundance. Sm-B’ is a spliced
variant of Sm-B, which differs by 9 residues, introducing an additional proline-rich glycine/arginine/glycine
(GRG) repeat at the end of its C-terminal domain (9). These repeats are common to other Sm proteins,
including Sm-D1 and —D3, and are typically dimethylated in the cytoplasm by methyltransferase enzymes,
including PRMT4/CARM1 and PRMT5 (10-14). Both the native Sm-B- and -B’- containing U1 snRNP
complexes are fully dimethylated in vivo and thought to play important roles in U1 snRNP assembly in the
cytoplasm. In particular, dimethylation of SmB/B’ enhances protein:protein interactions with the Tudor
domain of SMIN1 (15,16). Interestingly, Sm-B’ is expressed in all tissues analyzed with the exception of
brain. The functional consequence of this is currently not clear. Since many splicing regulators contain RG
motifs which are important for protein:protein interactions, the lack of such a repeat in the Sm-B-
containing U1 snRNP complex found in the brain likely plays an important role in alternative splicing events
by abrogating/enhancing U1 snRNP activity with brain-specific splicing modulators.

Two different isoforms of the U1-70K are also known to associate with the U1 snRNA in human cells (8,17).
Isoform 1 contains a nine amino acid insertion containing a serine residue (Ser 226), which is known to be
phosphorylated in vivo. 70% of the native U1 snRNP complex consists of this isoform. U1-70K is the only
reported Ul-associated protein which is phosphorylated and multiple variants exist in human cells as a
consequence of differential phosphorylation at 6 sites, 5 of which are located within the C-terminal
arginine/serine (RS) domain and 1 in the N-terminal RNA binding domain (RBD) (18,19). Although little is
known about the functional consequences of particular phosphorylated residues or the specific enzymes
involved in phosphorylation/dephosphorylation, this post-translational modification is important for
regulating the splicing activity of Ul snRNP specifically. Studies have shown that purified



thiophosphorylated U1 snRNP complexes, which contain a phosphatase-resistant hyperphosphorylated
form of U1-70K, are unable to complement splicing activity of Ul-depleted nuclear extracts, whereas
purified U1 snRNP complexes can fully restore activity in vitro. Although the molecular basis of this is
unclear, hyperphosphorylation of U1-70K does not seem to interfere with the association of the mature
spliceosome but specifically blocks activation of the first step of splicing. Moreover, enhanced
phosphorylation of a serine residue in the RBD (Ser 140), which occurs during apoptosis, results in U1-70K
relocation from sites of active splicing (perichromatin fibrils) to sites of storage (Interchromatin granules)
(20,21). Additionally, phosphorylation on Serine 226 (isoform 1-specific) enhances U1-70K interaction with
U1-C, whereas Isoform 2 interacts more strongly with Sm-B/B’. Since U1-C participates in 5’ss selection by
stabilizing the base pairing between the 5'end of the U1 snRNA and the 5’ splice-site region, altering the
affinity of U1-C for the U1 snRNA could affect 5' splice site choice (2,22-26). Consequently, the existence of
U1-70K isoforms and the numerous variants associated with their differential phosphorylation could serve
as a platform for integrating differential protein:protein interactions, which would influence both U1
snRNP activity and /or location underpinning alternative splicing events in different cell types and/or
during development.

In addition to these four major isoforms of U1 snRNP complexes, several of the U1 containing proteins are
subject to additional post-translational modifications, including methylation of the zinc-finger domain of
U1-C by CARM1 and dimethylation of the unstructured C-terminal tails of Sm-D1 (9 sites) and —D3 (4 sites)
by PRMT5 (11,16,27). Moreover, the U1 snRNA is also post-transcriptionally edited. Two uridines at
position +5 and +6 (+1 being the first base of the U1 snRNA) are converted to pseudouridines (28). The
additional imino group in pseudouridine not only confers rigidity to the local RNA structure by promoting
local base stacking but also contributes to base-pairing interactions (29,30). In support of this, U2 snRNA
lacking pseudouridine in the region required for interaction with the pre-mRNA branch site, is unable to
reconstitute pre-mRNA splicing activity following injection into U2 depleted Xenopus oocytes, whereas
control U2 isolated from untreated cells completely reconstituted the splicing (31,32). Furthermore, four
adenosine bases are methylated at positions +1, +2, +65 and +70. Although the biological significance of
these modifications has not been determined, they are thought to enhance association of Ul-specific
proteins to the U1 snRNA. In particular, methylation of the backbone ribose of adenosines A65 and A70
facilitates contact with the U1-A protein (33). This suggest that in some tissues at least the control of U1
SnRNA function could be modulated by post-transcription editing events, which could influence specific
protein:U1 RNP interactions.

U1 AND VARIANT (V)U1 SNRNA GENES.

The heterogeneity of the native U1 snRNP is not only restricted to variations in the U1 associated proteins
but also extends to the associated U1 snRNAs. RNA species migrating in polyacrylamide gels with the U1
snRNA were first observed in RNA extracts purified from rat hematoma (34) and Hela cells (35). However,
the first vU1 gene, referred to as Ulb, was cloned and sequenced from mouse cells and differs from U1
SnRNA by seven base changes, including a single base insertion (36). All base changes occur within SLII and
disrupt U1-A association (7). Unlike U1, which is constitutively expressed, U1b is restricted to mouse fetal
tissues, adult tissues that contain a significant number of undifferentiated stem cells and transformed cells,



including teratocarcinoma, lymphoma, and Friend cells; accounting for almost 40% of total U1 snRNA in
these cell types (37-39).

The mechanism by which U1 and U1b snRNAs differentially accumulate in various cell types is not well
understood but is thought to be controlled at the level of transcription rather than RNA stability. In support
of this, U1b snRNA is stable in fully differentiated cells, whereas the U1b promoter is largely inactive (40).
Distal sequences (>2 kb from the transcription start site) and sequences within the immediate 5’ flanking
region, but not including the PTF/SNAPc (PSE-binding transcription factor, snRNA-activating protein
complex) binding site, are important for developmental requlation (41). This region is not well conserved
with the U1 snRNA gene, supporting a model whereby developmental control of U1b expression involves
either sequence-specific recruitment of a repressor molecule(s) to down-regulate expression during
differentiation or the association of specific enhancer protein(s) to promote expression in stem cells.
However, it remains unclear what these factors might be or even, for that matter, the biological
significance of a tissue-restricted vU1 snRNA. Since U1lb snRNA contains the same 5‘end as U1, it is
impossible to predict potential pre-mRNA targets for regulation through nucleotide sequence
complementarity. Moreover, as the numbers of base changes are so few, specific knockdown experiments
to assess its global function(s) are also difficult. Renewed interest in these vU1 snRNAs was sparked again
when developmentally-regulated vU1 snRNAs were purified and sequenced from RNP complexes across a
number of different species, including frog (42), fly (43), moths (44) and sea urchin (45,46). Like mouse,
these vU1 snRNA genes retain good conservation of known sequences elements required for basal
(proximal sequence element (PSE) (PTF/SNAPc binding site)) and activated (distal sequence element (DSE)
(Oct1 and Sp1 binding site) expression. Furthermore, sequences flanking these elements, although highly
conserved amongst the vU1 snRNA genes of a particular species, are less well conserved compared to their
respective Ul snRNA, reinforcing the model that tissue-specific factors are likely key regulatory
components modulating the differential expression of vU1 snRNA genes in the different species (43,47,48).
Unfortunately, the similarly high degree of conservation between these vU1 snRNAs and their
corresponding species-specific U1 snRNA also limited the potential to investigate their biological
function(s) further.

In contrast, the discovery of vU1 snRNAs expressed in human cancer and embryonic stem cells,
which contain numerous base changes in their ncRNA regions, including the 5’ ends, provided the first real
opportunity to address the biological significance of this class of human vU1 snRNAs (49-52). The human
genome encodes approximately 141 vU1 snRNA genes (Feb 2009 hg19 build) and many are dispersed
throughout the human genome (http.//www.genenames.org/rna/snRNA) (53-55). Several of the
dispersed vU1 genes have no homology in their flanking regions to each other or to the U1 snRNA genes
and are typically flanked by repeat elements or stretches of adenines or thymines (56-58). While the lack
of any recognizable promoter sequences and 3’ end processing elements would suggest that such Ul
copies are transcriptionally inactive, vU1 snRNAs matching these genes copies have previously been
detected in human cells (51,59). Although no known function(s) has been assigned to these vU1 copies, it
does suggest, at least, that U1 snRNA expression can be controlled by mechanisms other than that which
has been previously described for the RNU1.1-4 U1 genes (60). The remaining vU1 genes are encoded
within a multigene locus on Chromosome 1q21-22 (54). These vU1 snRNA genes have good conservation



of promoter, U1 snRNA-encoding and 3’ flanking sequences and recruit snRNA-specific factors, including
PTF/SNAPc and RNA Pol Il phosphorylated on Serine 7 of the Carboxyl Terminal Domain (CTD) heptapeptide
of the large subunit, for active transcription (52,61,62). The majority of these genes encode vU1 snRNAs
that deviate in sequence from U1 snRNA by numerous bases changes and/or small deletions (52) (Figure
1). Like the vU1 snRNAs previously described in other species, this group of human vU1 snRNAs are
primarily expressed in human stem and carcinoma cells, contain a trimethyl cap structure at the 5'end and
are packaged into Sm-containing complexes. With regards the core proteins, including U1-C, U1-A and U1-
70K, only vU1 snRNAs with the highest identity to U1 are capable of associating with all of these proteins
invivo in general (52,63). Gel shift assays using recombinant core proteins with in vitro transcribed U1/vU1
snRNA demonstrate that most of the vU1 snRNAs analyzed display a range of binding capabilities, with
varying affinities, for the U1-specific core proteins when compared to the U1 snRNA. Since all vU1 snRNAs
analyzed form high molecular complexes in vitro, this data suggests that several vU1 snRNAs are packaged
into novel RNP complexes. These uncharacterized RNPs may have additional roles in requlating vU1 snRNA
activity by directing precise recruitment to target pre-mRNAs via specific protein:protein interactions with
RNA processing regulators. Moreover, these unique proteins may also impact a completely novel function
on the vU1 snRNP. While future work will be required to determine the contribution of each vU1 snRNA,
an intriguing possibility is that the modulation of vU1 snRNA expression profiles in different cell types
and/or during development profoundly impacts on the proteome output of each cell type.

DIFFERENT FLAVOURS TO U1 SNRNP ACTIVITY

U1 snRNA was first proposed to participate in mRNA biogenesis in the 1970s following the observation
that sequences within the 5'end of the U1 snRNA were complementary to exon/intron junction sequences
located at the 5' end of introns (64-66). Subsequently, using U1 snRNP-specific antibodies, it was shown
that the U1 snRNP could specifically associate to the 5'ss in vitro (1,67) and in the mid-1980s it was firmly
demonstrated that the U1 snRNA forms RNA:RNA base pair interactions with the 5'ss in vivo (68). While
99% of all splice sites contain a GU at the first two intronic positions, which are complementary to A7 and
C8in U1 (1 being the first base of the U1 snRNA), only 0.85% of splice sites are complementary to the first
nine bases of the U1l snRNA (69). This increases to 5% considering that U1 snRNA binds 5’ ss using
alternative base pairing registers, including shifting base pairing interactions by one or more nucleotides
or allowing nucleotides to bulge out of the 5’ ss-U1 snRNA duplex to increase complementarity (70,71).
These data reflect the tremendous flexibility and redundancy which is allowed between the 5’ ss-U1 snRNA
base-pairing to achieve efficient splicing at 5’ ss. In addition, splicing regulators, including the serine
arginine (SR)-containing and hnRNP proteins, play a major role in regulating U1 snRNP recruitment
enabling seemingly weak 5’ ss to be efficiently recognised and processed by the spliceosome machinery
and much effort over the past 20 years has focused on understanding the mechanism of action of these SR
and hnRNP enhancers/silencers in modulating splice site choice (72-76). Nonetheless, there is growing
evidence that splicing can occur independently of U1 snRNP/snRNA, implicating other mechanisms
regulating alternative splicing in mammalian cells.

Immunodepletion of HelLa nuclear extracts of U1 snRNP or blocking its activity with complementary
oligonucleotides abolishes splicing activity in vitro. However this activity is restored with increasing
concentrations of SR proteins (77,78). These were among the first reports raising questions regarding the
requirement for U1 snRNP activity in 5’ ss recognition and spliceosome assembly. Subsequent reports



provided more evidence of naturally occurring Ul-independent splicing mechanisms. Neurofibromatosis
type | is a multisystem disorder with complete penetrance by the age of 5. One of the most common
mutations associated with the disease resides in the 5’ ss of exon 29, which causes aberrant splicing at
that exon. Attempts to rescue this mutation, however, using a minigene approach with suppressor U1l
SnRNAs proved unsuccessful (79). Another study showed that U1 snRNA was absent from the E complex
formed on intron 9 of the human ATP synthase ysubunit (hIFy) pre-mRNA in spliceosome assembly assays,
whereas U2 and U2AF levels were normal (80). Moreover, exon 9-10 of hiFy was efficiently spliced in U1
SnRNA inactivated Hela nuclear extracts and Xenopus oocytes, re-enforcing the notion that hiFyexon 9 is
a natural substrate for Ul independent splicing and that U1 independent splicing mechanisms are
conserved in other species.

The mechanism(s) of naturally-occurring Ul-independent splicing is currently unclear but some reports
have highlighted the importance of additional factors in circumventing the requirement for U1 snRNP in
early spliceosome assembly. The U1-C protein, for example, is known to contact the 5’ ss directly in the
absence of U1 snRNP base pairing (2,26,81). In support of this, an in vitro SELEX assay using normal or 5’
end cleaved U1 snRNA-containing extracts demonstrated little differences in the functional 5’ss sequences
selected, drawing into question the requirement for U1 snRNA base-pairing (82). Additional evidence is
also available implicating a role for U6 snRNA, which replaces U1 prior to the first transesterification
reaction, as the efficiency of splicing in SR enriched extracts is affected by the level of complementarity to
U6 snRNA (83,84). However, there is growing evidence that alternative mechanisms of spliceosome
assembly exist since U1 snRNA independent 5’ ss are processed as efficiently as U1-dependent 5’ ss, in the
absence of U1 snRNA. Likely candidates are the human vU1 snRNAs, which have previously been shown to
contribute to mRNA 3’ end processing (52). Many vU1 snRNAs differ in their respective 5’ ends and could
participate in atypical 5’ ss selection. In support of this, cryptic 5’ ss, rather than canonical 5’ ss, were often
selected in the SR-enriched U1 snRNA-depleted splicing events and the efficiency of splicing varies with
different mRNA substrates. Moreover, some vU1 snRNAs may have evolved to participate in splicing
regulation in the absence of RNA:RNA base pairing. As discussed above, the majority of vU1 snRNAs are
likely packaged into novel RNP complexes since they lack conservation to U1 snRNA in regions known to
be required for core-protein binding. Consequently, splicing regulators could play important roles in
specifically recruiting vU1 snRNPs to particular target 5’ ss via interactions with novel vU1- associated
factors. In agreement with this, sequences flanking the 5’ ss and downstream of the branch site are known
to contribute to Ul-independent splicing mechanisms (85). Following vU1 snRNP recruitment, splice site
choice is subsequently mediated through direct binding of the U1-C protein, for example, which is known
to be associated with several vU1 snRNP complexes (52,63). In agreement with this, no psoralen cross-
linking of RNA to the 5’ ss(s) were detected in the SR-enriched splicing extracts pre-treated with 2’ O-methyl!
oligonucleotides targeting the 5’ end of the U1 snRNA, re-enforcing the notion that vU1 snRNPs may use
alternative mechanisms in regulating mRNA processing. Furthermore, since many vU1 snRNAs are
differentially expressed, they could contribute to tissue-specific, developmentally-regulated alternative
splicing events. In support of this, a U1 independent isoform of hiFyis known to exist in many different
tissues, with the exception of brain, heart and skeleton muscle (80). Further research is needed to fully
ascertain the requirements for U1 independence, the likely role for vU1 snRNAs in U1 bypass reactions and
the prevalence of such mechanism in mammalian cells.



THE MULTIFACETED U1/vU1 SNRNP COMPLEX

a) Role in 3’ end processing and directionality of transcription

U1 snRNP is classically known for its role in pre-mRNA splicing events, playing an integral part in splice site
selection and spliceosome assembly by base-pairing to the 5’ ss (Figure 3). However, the finding that U1
SnRNA levels far exceed other spliceosomal associated snRNA levels led to the notion that U1 snRNA may
have additional roles in the cell apart from splicing regulation. In support of this, recent evidence has
highlighted a global role for U1 snRNP in regulating transcript length and directionality of transcription via
competition with components of the polyadenylation machinery (Figure 2)(86,87). Using morpholino
oligonucleotides to block the base pairing activity of Ul snRNA followed by tiling array analysis to
quantitate changes in transcript levels and composition, researchers observed a sharp reduction in mRNA
3’ ends instead of the expected stabilization of intronic RNA, which would be indicative of a splicing defect
(87). Subsequent cloning and sequencing of these short stable mRNA products revealed the presence of a
poly A (pA) tail added downstream of a bona fida pA site. The requirement for both the U1 snRNA and the
pA site was corroborated with mini-gene experiments demonstrating the need for a functional 5’ ss and
AAUAAA hexamer. Importantly, this effect was not observed when splicing was disrupted by
pharmacologically abrogating U2 snRNP’s activity, supporting a splicing-independent role for U1 snRNP in
the suppression of internal poly A site usage. This additional function of Ul snRNP was further
substantiated by other studies demonstrating a relationship between the amount of available U1 snRNA
in the cell and the corresponding length of the mRNA transcripts generated. For example, complete
inhibition of U1 snRNA activity resulted in the production of very short stable polyadenylated mRNAs
whereas lowering the concentration of the U1-specific morpholino, and thereby increasing the amount of
active U1 snRNA available, caused a progressive lengthening of the mRNAs synthesized (88). Furthermore,
reactivation of internal pA site suppression was achieved using decoy RNA molecules designed to impair
U1 snRNA base-pairing with 5’ ss sequences upstream of the target pA site (89).

Interestingly, bioinformatics analysis of regions flanking transcription start sites indicated a bias in the
positioning of U1 snRNA binding sites relative to transcription start sites. The number of U1 snRNA binding
sites are typically reduced in the antisense direction with an asymmetric enrichment in the sense direction
(86) (Figure 2). It has been known for some time that RNA Pol Il transcription is bidirectional at promoters
(90,91). Transcription in the antisense direction is quickly terminated giving rise to short products that are
rapidly turned over by the exosome (92). In contrast, transcription in the sense direction proceeds
productively. The authors proposed that specific recruitment of U1 snRNP in the sense direction ensures
suppression of the pA sites enabling transcription to proceed productively. This work was further
corroborated in another study demonstrating that the short antisense transcripts were indeed prematurely
terminated at functional pA sites (93).

b) Requirements for polyadenylation control

The involvement of a component(s) of the splicing machinery in the regulation of pA site usage was evident
from an early study demonstrating that pA site usage was position-dependent. When a strong synthetic
PA site was placed downstream of a terminal pA site it was exclusively used but when placed within an
intron it was silenced completely. Importantly, reactivation of the synthetic pA site usage was observed
following mutation of the proximal 5’ ss (94). The direct involvement of U1 snRNA in polyadenylation



control, and specifically its suppression, was later demonstrated in studies investigating viral gene
expression. Work on human and bovine papillamona virus late gene expression identified an inhibitory
element within the 3’ UTR, upstream of the pA site, which contained 5’ ss—like sequence motifs
complementary to the 5’ end of U1 snRNA. Mutations of these motifs abrogated the inhibitory effect, which
was restored upon co-expression of suppressor U1 snRNAs containing complimentary base changes in the
5’end (95,96). These data were further supported by other work investigating pA site selection in the long
terminal repeat (LTR) regions that flank the HIV-1 proviral genome. Both LTRs contain identical pA sites
but the use of the proximal pA site needs to be restricted to enable efficient viral gene expression. The
critical determinant of this suppression also relied on a 5’ ss sequence located downstream of the pA site.
As expected, mutation of this motif relieved the suppression and co-expression of mutant U1 snRNAs
engineered to bind the mutant 5’ ss re-instated the inhibitory effect on the pA site (97,98). Interestingly,
the recruitment of U1 snRNP downstream of the pA site also contributed to interference with mRNA
cleavage, enabling transcription and proper processing of the HIV-1 downstream genes and transcripts,
respectively (99). These data highlight the existence of distinct mechanisms of Ul snRNP-mediated
cleavage and polyadenylation control with the position of the U1 snRNA binding site relative to the pA site
being a major determinant.

The range of U1 snRNP’s inhibitory affect seems to be limited to within 1 kb of the pA site and since 5’ ss
can be up to 100’s of kb apart, it suggests that the abundant pseudo 5’ ss are functionally important in
mediating U1 snRNP’s role in pA silencing (99). This finding has far-reaching implications for the
interpretation of disease associated mutations as base changes at pseudo 5’ ss are not normally predicted
to cause disease. However, it is now evident that such mutations could lead to the activation of a
downstream pA site with the consequent generation of a shortened protein with potentially pathogenic
properties if expressed in the wrong cell or at an inappropriate stage of development.

PA suppression is thought to be orchestrated through direct binding of the U1-70K protein with the poly A
polymerase (PAP) (100). U1-70K contains four PAP regulatory domains (PRDs) within its SR domain, which
contact the PAP enzyme and physically interferes with its ability to add a pA tail to the 3’ end of the
message. In support of this, knockdown of U1-70K leads to a general activation of internal sites and
tethering a MS2/U1-70K fusion protein to a modified U1 snRNP in which SLI has been replaced by an MS2-
binding loop is sufficient to mediate pA suppression (89,101). Although the mechanism by which U1 snRNP
contributes to mRNA cleavage inhibition is currently not known, it is possible that U1-70K is also involved
as it has been reported to interact with components of the mammealian cleavage factor 1 complex (CF1);
in particular, the 25 kDa subunit (102). Consequently, association of U1-70K with the CF1 complex may
also impede its binding and prevent cleavage of the pre-mRNA at the upstream pA site.

Interesting, the developmentally regulated human vU1 snRNAs are also known to be involved in pA site
suppression in spite of the fact that many are packaged into snRNP complexes that lack the U1-70K protein
(52,63). Recent evidence has shown that splicing modulators, including SRP20, SRP75 and U2AF65, contain
SR domains that closely match the U1-70K consensus and two of these factors, SRP20 and U2AF65, can
interact with and modulate the polyadenylation machinery (103,104). This data suggests that pA site
usage may be regulated by alternate mechanisms in vivo. Since vU1 snRNAs are thought to form novel
RNP complexes they could interact directly or indirectly with such factors to facilitate their role in pA
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suppression. Further analysis is required to determine the specific role of U2AF65 and the additional SR
factors in pA suppression and how individual vU1 snRNPs target specific subsets of pre-mRNAs for pA
control in vivo.

Although it is still unclear how suppression of pA site usage by U1 snRNP is alleviated at the terminal pA
sites, it is apparent that U1 snRNP plays a major non-splicing role in regulating the output from our genes
by safeguarding the integrity of all transcripts and ensuring the correct product is generated by RNA pol Il
transcribing in the correct direction. The physiological role of this property of U1 snRNP and its exploitation
in the treatment of human diseases and cancers is discussed in detail in a recent review (105)

Role in transcription initiation

In addition to U1 snRNP’s contribution to pre-mRNA splicing and 3’ end regulation, there is also evidence
indicating a possible role in transcription initiation, which is independent of its RNA processing roles (Figure
3). The presence of intronic sequences, and in particular the requirement for the 5’ ss, have long been
known to have a stimulatory effect on the amount of mRNA produced from transgenes either transiently
or stably expressed in different cell types (106,107). The role for U1 snRNA in enhancing this gene output
was later confirmed in experiments using mutant HIV minigene constructs and suppressor U1 snRNAs
(108). Moreover, mutations within the 5’ ss or altering its distance from the transcription start site affect
the association of Pol Il and recruitment of general transcription factors, including TFIIB and TFIIH (109).
The link between U1l snRNA and transcription was later supported by the finding that the U1 snRNA
specifically co-purifies with the general transcription factor TFIIH (110). TFIIH contains a cyclin dependent
kinase (CDK)-activating kinase (CAK) complex, which phosphorylates the RNA Pol Il large subunit carboxyl-
terminal domain (CTD) at the early stages of transcription to promote transcription initiation (111-115).
This kinase activity of TFIIH consists of three subunits CDK7, cyclin H and an assembly factor MAT-1. SLII of
the U1 snRNA interacts with the cyclin H component and the addition of cyclin H peptides, which
specifically disrupts this interaction, dramatically impairs the kinase activity of an immunoaffinity purified
CAK complex when assessed against a CTD substrate (116). Although the molecular basis for this
interaction is unclear, this work highlights an important role for U1 snRNA in the early events of
transcription initiation.

In addition to TFIIH, U1 snRNA is also known to associate with other factors implicated in transcription
initiation, including TAF-15 (TAF,68). TAF15 is a putative RNA/ssDNA binding protein and seems to form
two separate complexes with U1, a U1 snRNP-containing and U1-snRNA-containing complex, which are
distinct from the TAF-15-containing TFIID complex (117-119). However, the functional significance to this
interaction has currently not been determined.

Further analysis is necessary to establish the specific contribution(s) U1 snRNA makes to transcription
initiation and how regulation of U1 snRNA association could affect the expression of different genes in
different cell types, for example.

CONSERVATION OF VU1 SNRNA GENES.
Two large scale comparative studies analysing the evolution of spliceosomal proteins and splicing signals
revealed a selective expansion of SR protein gene families in metazoans and hnRNP gene families in



vertebrates alongside an increased degeneracy at the 5'ss and 3'ss (120,121). Although the expansion of
splicing regulatory factors correlates well with alternative splicing being widespread in multicellular
organisms, there appears to be little correlation between degeneracy at the 5'ss and evolution of the U1
SNRNA genes (121). The bases located at the 5'end of U1 snRNA are very well conserved across all species
analysed, supporting a role for splicing regulators as key modulators of splicing activity. However, in both
of these studies only the highly expressing U1 snRNA genes were considered as vU1 snRNA genes were
thought to represent non-functional U1 snRNA pseudogenes. In light of what we now know regarding the
differential expression of vU1 snRNA genes in different species, it may be worthwhile re-considering the
potential contribution U1/vU1 snRNA gene products make to the evolution of alternative splicing in higher
organisms. On the basis of RNA structure alone, secondary structure predictions indicate that despite the
numerous base changes, all human vU1 snRNAs identified can adopt a typical clover-leaf structure (2,122).
Wherever a base change has occurred, there appears to have been some evolutionary pressure to
introduce a compensatory change at the corresponding position to maintain this structure (52). This is
inconsistent with the idea that vU1 snRNA genes have evolved neutrally and supports the idea that
evolutionary pressure maintains and diversifies vU1 snRNA genes in many different species. In fact, a
simple comparative analysis of multiple genomes, using the UCSC web browser, indicates the existence of
numerous vU1 snRNA gene sequences in different species including monkeys, mouse, fly, plants and
protozoa. As expected, the Saccharomyces cerevisiae yeast genome does not contain any vU1 snRNA gene
copies, which is consistent with the fact that 5’ ss within the 3% of intron-containing genes are highly
conserved and complementary to the 5’ end of the yeast U1 snRNA. While there appears to be good
conservation of the human vU1 snRNA genes between monkey and human, there is clear evidence of
interspecies variations. Taken together, this analysis suggests that vU1 snRNA genes, like SR and hnRNP
gene families, have recently appeared during evolution, which correlates with a similar increase in 5' ss
degeneracy. This expansion of vU1 snRNA genes is consistent with the view that the concurrent increase
in the abundance of alternatively spliced mRNA isoforms is particularly associated with multicellular
organismes.

Considering the functional repertoire of the Ul snRNA, this non-coding RNA is in no doubt a truly
fascinating molecule. Consequently, the existence of a diverse population of vU1 snRNAs, which are
differentially-expressed, developmentally-regulated and evolutionary-conserved, shouldn’t be ignored.
Low abundant vU1 snRNAs expressed in different tissues and at different stages of development could
contribute to the fidelity of mRNA processing and underpin regulated mRNA processing events in many
different cells types and in response to different environment stimuli. De-regulated expression of variant
U snRNAs has previously been reported to cause disease phenotypes in both mouse and humans (123-
126). A five nucleotide deletion within mouse U2 snRNA genes causes ataxia and neurodegeneration and
four mutations in the human Udaac gene is associated with microcephalic osteodysplastic primordial
dwarfism type 1. Moreover, deletion of the chromosome region 1q12-21, encompassing all of the human
vU1 snRNA genes, causes severe neurological dysfunction reinforcing the notion that vU1 snRNAs may
exert tissue-specific effects and be important for normal development.
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Figure 1: Composite figure illustrating the heterogenetity of the U1 and vU1 snRNAs

The U1 snRNA is illustrated in black in the form of a clover leaf structure. Base changes, which have been
documented for human variant (v)U1 snRNAs located on chromosome 1q12-21, are illustrated in red.
Insertion of additional bases is denoted by a blue triangle. Deleted regions, associated with some vU1
snRNAs are denoted in grey. ms? 2’Gppp represents the snRNA-specific trimethyl cap structure. The
positions of the Ul-specific proteins U1-70K (blue), U1-A (green), U1-C (yellow) and Sm proteins (brown)
are illustrated. U1-C does not associate with the U1 snRNA directly but interacts specifically with U1-70K
and Sm-D3. U1-70k specifically interacts with stem loop Il (SLI) of the U1 snRNA and makes additional
contacts with U1-C and Sm-B/B’ and Sm—D3.
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Figure 2: U1/vU1 snRNAs participates in pA site selection and Pol Il directionality at promoters.

U1 snRNA binding sites (*) are located at exon/intron junctions and within intronic and UTR regions of pre-mRNAs. In addition, poly A (pA) hexamers
are also found within intronic regions and the UTRs. If U1 snRNP associates with the pre-mRNA in the vicinity of a pA site, both cleavage and
polyadenylation at the pA site can be inhibited. The Ul-specific protein, U1-70K, contributes to this block in polyadenylation by interfering with the
association of the poly A polymerase (PAP), which adds a poly adenosine tail to the end of the mRNA. Depending on where U1 snRNA binds, varying
length mRNAs can be generated as a result of cleavage/polyadenylation at internal ‘cryptic’ pA sites or alternative pA sites within the 3’UTRs (terminal
pA sites). vU1 snRNPs, denoted in light green, have also been shown to participate in polyadenylation control.

Motif analysis of regions flanking the promoters of human genes has confirmed specific enrichment of pA sites upstream and U1 snRNA binding sites
downstream of the transcription start sites. Consequently, transcripts generated in the antisense direction are cleaved and polyadenylated early during
transcription due to the lack of U1 snRNA binding sites to recruit U1 snRNP to block polyadenylation. These short polyadenylated RNAs are rapidly
degraded by the exosome complex. Productive elongation by Pol Il is favoured in the sense direction owning to the increased number of U1 snRNA
binding sites which enable U1 snRNA to bind and block cleavage/polyadenylation at internal cryptic pA sites in favour of proper polyadenylation at the
end.

The DNA and RNA are depicted as black and red lines, respectively. Exons are denoted as blue (DNA) or red boxes (RNA). The start of transcription is
illustrated by an arrow. Differential phosphorylation of the C-terminal domain of the large subunit of Pol Il (black wavy line) throughout the transcription
cycle is noted by ‘P’. Cap: m,G trimethy cap structure.
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Figure 3: U1 snRNA participates in transcription initiation and pre-mRNA splicing.

U1 snRNA is recruited to the transcription initiation complex by Taf15, which associates with the pre-initiation complex either through protein:protein
interactions with the general transcription factors (GTFs) or through recognition of specific promoter elements. Taf15 forms two complexes with the
U1 snRNA: the U1 snRNA alone or as part of a ribonucleoprotein complex (U1 snRNA/RNP). Following initiation, TFIIH phosphorylates the C-terminal
domain of the large subunit of Pol Il (black wavy line) to promote productive elongation. U1 snRNA interacts with the TFIIH associated kinase complex
and is thought to enhance the rate of transcription initiation/re-initiation.

U1 snRNP also associates with the transcribing polymerase during productive elongation, which is thought to position U1 snRNA in close proximity to
the emerging pre-RNA to enhance base-pairing interactions with the 5’ splice sites (*). Together with splicing factors (SR and hnRNP proteins), U2 snRNA
and the Spliceosome, U1 snRNP facilitates excision of the intronic sequences and splices together the exonic sequences to generate a translatable
mRNA. Figure 3 is labelled as in Figure 2 above with the addition of U2: U2 snRNP; SR: serine-arginine splicing factors; hnRNP: heterogeneous nuclear
ribonucleoproteins.
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