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ABSTRACT

Human pre-mRNA splicing is primarily catalyzed by themajor spliceosome, comprising five small nuclear ribonucleoprotein
complexes, U1, U2, U4, U5, and U6 snRNPs, each of which contains the corresponding U-rich snRNA. These snRNAs are
encoded by large gene families exhibiting significant sequence variation, but it remains unknown if most human snRNA
genes are untranscribed pseudogenes or produce variant snRNAs with the potential to differentially influence splicing.
Since gene duplication and variation are powerful mechanisms of evolutionary adaptation, we sought to address this
knowledge gap by systematically profiling human U1, U2, U4, and U5 snRNA variant gene transcripts. We identified 55
transcripts that are detectably expressed in human cells, 38 of which incorporate into snRNPs and spliceosomes in 293T
cells. All U1 snRNA variants aremore than 1000-fold less abundant in spliceosomes than the canonical U1, whereas at least
1% of spliceosomes contain a variant of U2 or U4. In contrast, eight U5 snRNA sequence variants occupy spliceosomes at
levels of 1% to 46%. Furthermore, snRNAvariants display distinct expression patterns across five human cell lines and adult
and fetal tissues. Different RNAdegradation rates contribute to the diverse steady state levels of snRNAvariants. Our find-
ings suggest that variant spliceosomes containing noncanonical snRNAs may contribute to different tissue- and cell-type–
specific alternative splicing patterns.
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INTRODUCTION

Intron removal is a key step in the maturation of eukaryotic
messenger RNAs (mRNAs), and the generation of multiple
transcript isoforms through alternative splicing enables an
expanded proteome (Nilsen and Graveley 2010; Zheng
and Black 2013; Ule and Blencowe 2019). Human pre-
mRNA splicing is primarily catalyzed by the major spliceo-
some, a complex macromolecular assemblage that is con-
structed de novo in a step-wisemanner on each intron (Fig.
1A; Kastner et al. 2019; Wilkinson et al. 2020). The core of
the spliceosome consists of five small nuclear ribonucleo-
protein complexes (snRNPs), U1, U2, U4, U5, and U6,
each of which contains the corresponding U-rich snRNA
as well as common and snRNP-specific proteins. Many ad-
ditional proteins associate with the pre-mRNA and snRNPs
to execute intron removal. U1 andU2 snRNAs initially base-
pair with the 5′ splice site (5SS) and the branch site (BS)
upstream of the 3′ splice site (3SS), respectively. The U4/
U6.U5 tri-snRNP then joins U1 and U2, whereupon rear-
rangements lead to a catalytically active spliceosome and
removal of the intron (Fig. 1A). In a subset of eukaryotes,

including humans, a much less abundant “minor” spliceo-
some recognizes <1% of pre-mRNA introns. Minor introns
are characterized by noncanonical splice sites that are rec-
ognized by divergent sequence paralogs of the major
snRNAs, termed U11, U12, U4atac, and U6atac (Patel and
Steitz 2003; Padgett 2012; Turunen et al. 2013). U5 is the
only snRNA that is shared between the major and minor
spliceosomes. In bothmajor andminor spliceosomes, con-
served snRNA sequence motifs direct RNA:RNA and RNA:
protein interactions required for splicing.

U1, U2, U4, and U5 snRNA genes and their minor spli-
ceosome paralogs are transcribed by RNA polymerase II
(RNAP II), directed by a set of snRNA gene-specific tran-
scription factors (Hernandez 2001; Guiro and Murphy
2017). During synthesis, pre-snRNAs are 5′-capped,
3′-trimmed, and bound by factors that promote efficient
nuclear export (Matera and Wang 2014; Gruss et al.
2017). Delivery to the cytoplasm sets in motion several
steps of snRNP biogenesis, including the addition of a
ring formed of seven different Sm proteins by the SMN
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complex, 7-methylguanosine cap hypermethylation to a
2,2,7-trimethylguanosine (TMG) cap, and further trimming
of the 3′ end (Matera and Wang 2014; Gruss et al. 2017).
Together, the Sm ring and TMG cap function to direct
the pre-snRNP back into the nucleus for final 3′-trimming
(Fischer et al. 2011). RNAP III-made U6 snRNAs receive dif-
ferent 5′ and 3′ modifications and were not thought to be
actively exported from the nucleus (Didychuk et al. 2018),
although a recent study suggests otherwise (Becker et al.
2019). U6 snRNAs are loaded with a paralogous Lsm
(“like Sm”) ring instead of an Sm ring. Despite these dis-
tinct biogenesis pathways, final maturation steps for all
snRNAs occur in the nuclear Cajal bodies, where remain-
ing snRNP-specific proteins are loaded, base and ribose
modifications occur, and the U4/U6 di-snRNP and
U4/U6.U5 tri-snRNP complexes are formed prior to spli-
ceosome assembly (Matera and Wang 2014).
Prior studies showed that the abundances of protein

components of the splicing machinery are highly variable

across human tissues (Grosso et al. 2008), and that chang-
ing the expression level of individual proteins can affect
splicing in an intron-specific manner (Tejedor et al. 2015;
Han et al. 2017). Similarly, recent work demonstrated that
depleting individual snRNAs in vivo leads to altered
splice-site selection or reduced splicing efficiency for spe-
cific introns, rather than a global decrease in splicing tran-
scriptome-wide (Dvinge et al. 2019). The resulting
splicing profiles were specific to each snRNA, suggesting
that splice sites are not uniformly sensitive to the cellular
abundance of the individual snRNPs. This finding directly
implicates snRNAabundance as an additional level of alter-
native splicing regulation.
The major spliceosomal snRNAs are encoded by multi-

gene families, comprising expressed snRNA sequence
variants and putatively untranscribed retroposon-like pseu-
dogenes (Denisonet al. 1981; Berstein et al. 1985;Dahlberg
and Lund 1988). Studies in mice, frogs, and humans found
expression changes of the canonical U1 and multiple U1

B

A

C

D

FIGURE 1. The human genome contains more than a thousand snRNA gene variants. (A) Simplified splicing schematic. Shown are two exons
(filled rectangles) flanking an intron (black line). The U1 snRNP (red) binds the 5′ splice site (GU) and the U2 snRNP (green) binds the branch
site (A), upstream of the 3′ splice site (AG). The U4/U6.U5 tri-snRNP (blue, purple, orange) then joins and the U1 and U4 snRNPs are released
upon catalytic activation. The intron is excised as a branched “lariat” concomitant with exon ligation and the snRNPs are recycled. For simplicity,
non-snRNP splicing factors are not shown. (B) Number of snRNA genes per haploid genome identified based on a computational genome an-
notation and comparison of sequence homologywith themain snRNAgenes.Only genes annotated in both the Ensembl (Zerbino et al. 2018) and
Rfam (Kalvari et al. 2018) databases were included. Genomes within each clade are sorted according to their average number of snRNA genes,
excluding U6. The number of genomes analyzed in each clade is: fungi (46), plant (54), bird (6), fish (50), reptile (5), rodent (19), primate (24), and
other mammals (34). (C ) Distribution of annotated human snRNA gene lengths. The length in nucleotides of the canonical snRNA of each type is
indicated by a black bar and corresponds to: U1 (164), U2 (191), U4 (141), U5 (116), U6 (107). The total number of genes per snRNA family are
noted on the right. (D) Number of nucleotide mismatches or indels compared to the canonical snRNA. Differences were calculated according
to a Needleman–Wunsch alignment (Needleman and Wunsch 1970). A nucleotide difference of zero indicates snRNA genes with the canonical
sequence. Circle area is proportional to the percentage of genes for a given type of snRNA.
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variant genes during cellular differentiation and develop-
ment (Lund et al. 1985, 1987; O’Reilly et al. 2013). Further-
more, these changes have recently been implicated in
regulating developmental gene expression (Vazquez-Ara-
ngo et al. 2016). Likewise, it has been found that multiple
U5 variants are expressed in human cells (Krol et al. 1981;
Sontheimer and Steitz 1992) and can be assembled into ri-
bonucleoprotein complexes (Sontheimer and Steitz 1992).
In other organisms,U5 snRNAvariants have alsobeen found
to change in expression level during cellular differentiation
and development in a cell-type–specific manner (Morales
et al. 1997; Chen et al. 2005; Lu andMatera 2015). Addition-
al evidence has emerged suggesting that snRNAs have cell-
type–specific functions (Jia et al. 2012; Ishihara et al. 2013),
and that alterations in snRNA stoichiometry can cause
mRNA splicing defects (Zhang et al. 2008). It has been sug-
gested that low abundance human snRNA sequence vari-
ants can form functional “variant snRNPs” (Vazquez-
Arango and O’Reilly 2017).

Despite these findings, it remains unknown if the major-
ity of human snRNA genes are simply inactive pseudo-
genes or whether they have the potential to influence
alternative splicing. Splicing may be impacted either by
gain or loss of function imposedby snRNAvariants. The lat-
ter could include variants that are incorporated into snRNPs
but are unable to assemble into spliceosomes, thus
sequestering splicing factors, or that cannot undergo all
of the conformational changes and interactions required
during splicing, thereby arresting the splicing cycle
(Dvinge 2018). Even low abundance variant snRNAs may
influence cellular splicing programs by being preferentially
recruited to specific introns, analogous to the minor spli-
ceosomal snRNAs.

In this study, we systematically profiled human U1, U2,
U4, and U5 snRNA variants, including expression level,
RNA stability, subcellular localization, and incorporation
into snRNPs and spliceosomes. We used available RNA-
seq data on small noncoding RNAs from numerous human
cell lines to identify 55 expressed variant snRNA genes.
Although most expressed snRNA variants are detected in
the cytosol, a subset either remains in the nucleus or is rap-
idly degraded in the cytosol. All snRNA variants that are de-
tected in the cytoplasm associate with Sm proteins;
however, some are less efficiently incorporated into mature
snRNPs. The majority of expressed variants assemble into
mature snRNPs and spliceosomes, although often at very
low levels reflective of their low abundance. In contrast,
we observed more comparable abundances of eight U5
gene variants in snRNPs and spliceosomes. Furthermore,
we demonstrated that snRNA variant genes are variably ex-
pressed in human cell lines and display distinct expression
in pooled adult and fetal human tissues. Our findings sug-
gest that variant snRNAs may contribute to differential tis-
sue- and cell-type–specific splicing patterns, which may
have implications for human development and disease.

RESULTS

snRNA gene number, length, and sequence vary
greatly among eukaryotes

The number of snRNA genes identified across eukaryotes
varies by orders of magnitude (Fig. 1B). Many fungi have
only a single locus for each snRNA, but large snRNA
gene families are found in plants and animals (Egeland
et al. 1989;Mount et al. 2007;Marz et al. 2008). This expan-
sion of snRNAgenes is particularly evident inmammals, es-
pecially for U6 genes (Hayashi 1981). Interestingly, a
subclade of New World monkeys (Supplemental Fig. 1A)
has about fourfold more U4 genes than most other pri-
mates and twofoldmore than humans, without a concerted
increase in the number of U6 genes (Fig. 1B). The mecha-
nism of this expansion of U4 genes is unknown.

Most snRNA genes have been identified using compu-
tational approaches and annotated as being pseudogenes
due to sequence differences. However, only a small num-
ber have been manually evaluated or studied experimen-
tally (Denison et al. 1981; O’Reilly et al. 2013; Vazquez-
Arango et al. 2016; Kosmyna et al. 2020). Here, we refer
to the most abundantly expressed and biochemically stud-
ied snRNA within each family as the “canonical” snRNA,
and the remaining snRNAs as “variants.” Since U5A and
U5B are expressed at similar levels (Krol et al. 1981), we ar-
bitrarily specify U5A as canonical.

The human genome contains 1674 individual snRNA
genes annotated as either U1, U2, U4, U5, or U6
(Supplemental Table S1), which are spread throughout the
chromosomes as either tandem arrays or single genes
(Supplemental Fig. 1B). U6 snRNAgenes are themost abun-
dant in vertebrate genomes, althoughmanyare 3′ truncated
and may originate from chimeric fusions with the LINE-1
transposable element or other transcripts (Buzdin et al.
2002; Gilbert et al. 2005; Doucet et al. 2015; Moldovan
et al. 2019). The length of the predicted snRNA coding re-
gions varies substantially relative to each canonical snRNA
(Fig 1C), suggesting that many of the variant genes are trun-
cated and/or incorporated into the genome as fusion genes
withother transcripts. Thedivergence from thecanonical se-
quence ranges from a single nucleotide to more than 50 nt
difference across genes of a given snRNA (Fig. 1D). In the
case of U2 snRNA variant genes, the high rate of nucleotide
divergence is due primarily to the presence of numerous
truncated variant U2 genes (Fig. 1C,D).

Published RNA-seq data suggest many variant
snRNA genes are expressed

Owing to their short length and lack of polyA tails, snRNAs
are not detected by many RNA-seq protocols. To identify
expressed snRNA variants in existing data sets, we focused
on studies that specifically targeted short noncoding
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RNAs, which assayed 59 cell lines from the NCI-60 panel
(Marshall et al. 2017) and 34 cell lines from the ENCODE
consortium (Djebali et al. 2012). The U6 genes were not
considered for our analysis, owing to their large number
and high degree of sequence similarity. Two stringent cri-
teria were used for RNA-seq snRNA variant mapping. First,
all reads that aligned to more than one variant were dis-
carded, since their source could not be determined.
Second, only reads that aligned without mismatches
were considered, to provide the highest confidence in
snRNA variant detection. The alignments were combined
across samples for each genomic locus containing an
snRNAgene and all results weremanually assessed for cor-
rect read alignment (Supplemental Fig. 2).
The uniformity and coverage of RNA-seq reads across a

given gene locus depend on its expression level and the
degree of sequence diversity. Many U5 snRNA variants
have nucleotide variations that span most of their 120-nt
length. Therefore, uniquely mapped reads could often be
identified throughout the gene body, as exemplified by
RNU5D-1 (Supplemental Fig. 2D, asterisk). In contrast,
the transcribed U1 genes vary at fewer nucleotide posi-
tions. Thus, the uniquelymapped reads were often located
within a single regionwithin the gene, as seen in RNU1-11P
(Supplemental Fig. 2A, asterisk). Variants that displayed
limited unique sequence mapping and/or very low RPMs
were consideredunreliable andwereexcluded from further
study (e.g., U1-14P, U2-7P, and U4-4P, Supplemental Fig.
2). Since the RNA-seq data varied considerably both in
terms of number of samples per cell line and sequencing
depth for each sample, we do not anticipate that the
mapped reads are a precise indicator of the relative abun-
dance of individual variants, nor a definitive answer to
whether some snRNA variants are expressed. In total, 92
expressed snRNA variants were provisionally identified by
RNA-seq.

RT-qPCR confirms expression of a diverse collection
of variant snRNAs

In order to validate and more accurately quantify the ex-
pression of variant snRNAs, we performed reverse tran-
scription and polymerase chain reaction (RT-PCR) on
pooled total RNA from thirteen human cell lines (see
Materials and Methods) using primers specific for most of
the snRNA variants detected by RNA-seq (Supplemental
Table S2). Due to high sequence similarity and the poten-
tial for cross-hybridization, all PCR amplicons were validat-
ed by Sanger sequencing (Supplemental Fig. 3). For
several snRNA variants that had RNA-seq reads it was not
possible to design specific primers that could be validated
by sequencing, as the only sequence variation would be
within the primer. In total, we identified 55 unique se-
quence variants expressed in human cell lines, while 24 var-
iants detected by RNA-seq showed no discernable

expression (7) or amplified the wrong sequence (17) by
RT-PCR (Supplemental Table S2).
Since expression of snRNA variants may differ in cell

lines compared to in vivo, we measured the relative ex-
pression of the five canonical major snRNAs, four minor
snRNAs, 15 U1 variants, 16 U2 variants, five U4 variants,
and 19 U5 variants across a pool of healthy adult or fetal
human tissues by quantitative RT-PCR (RT-qPCR; Fig.
2A).We found that all snRNAvariants identified in cell lines
were expressed in the sampled human tissues, with the ex-
ception of U5F-6P andU5F-8P in the adult pool. Relative to
control noncoding RNA genes (5S rRNA, 7SK, and 7SL
RNA), significant differences in the expression of variant
snRNAs are observed between fetal and adult tissues
(Fig. 2B). For example, U2-70P and U5A-8P are expressed
greater than or equal to fivefold higher in adult tissues,
while U2-3P, U5F-6P, and U5F-8P are expressed greater
than fivefold higher in fetal tissues. This finding suggests
developmental regulation of snRNA variants in humans,
as has been previously suggested in other organisms
(Lund et al. 1985, 1987; Chen et al. 2005; Lu and Matera
2015) and for a handful of human U1 variants (O’Reilly
et al. 2013; Vazquez-Arango et al. 2016). We conclude
that snRNA variants are expressed in human tissues and
a subset of variants display differential fetal and adult ex-
pression profiles, suggestive of potential developmental-
and/or tissue-specific function.
To see if snRNA variant gene expression in a model hu-

man cell line is similar to what we observed in pooled tis-
sues, we measured the relative expression levels of
snRNA variants in human 293T cells by RT-qPCR (Fig.
2C). Most snRNA variants are expressed at levels two- to
fourfold higher in 293T cells than in adult and fetal tissues,
with the exception of vU1-19 and U2-2P, which are ex-
pressed at levels more than twofold lower. Most of the ca-
nonical snRNAgenes, bothmajor andminor, areexpressed
at comparable levels between adult and fetal tissues and
293T cells, except for U6 snRNA, which is expressed four-
fold higher in 293T cells. As for the pooled tissues, expres-
sion of U1 snRNA in 293T cells is dominated by the
canonical sequence, presumably due in part to gene dos-
age as seven U1 genes encode canonical U1 snRNA
(Supplemental Fig. 4A). All U1 variants combined account
for <0.1% of the cellular level of U1 snRNA in 293T cells.
By comparison, the minor spliceosome U1 paralog, U11,
is expressed at 1.6% of the level of canonical U1. In con-
trast, U2 and U4 each have a variant, U2-2P and U4-2, re-
spectively, that is expressed at 4%–8% of the level of the
canonical snRNA (Fig. 2C). All other U2 and U4 variants to-
gether were expressed at <1% of total cellular levels of
each snRNA gene. All four minor snRNA genes are ex-
pressed at between 0.6% and 2.3% the level of U1, which
corresponds to roughly 10,000 transcripts per cell (Fig.
2C; Supplemental Fig. 4A). Surprisingly, U4-1 is expressed
at the same level as U11 and is only about twice as
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abundant asU4atac. This low level ofU4-1 is consistentwith
its single gene copy, compared to≥5gene copies for U1-1,
U2-1, and the major species of U5 (Supplemental Fig. 4A),
and with the two- to threefold excess of U6 over U4 ob-
served in HeLa and 293T cell nuclear extract (Brow and
Vidaver 1995; see Supplemental Fig. 7D).

Consistent with previous findings in HeLa cells
(Sontheimer and Steitz 1992), 293T cells express five dom-
inant U5 snRNA variants (A-1, B-1, D-1, E-1, and F-1) each
ranging in abundance from 7%–35% of total U5 levels.
However, we identified the expression of three novel U5
variants, U5A-8P, U5E-4P, and U5E-6P, that together ac-

count for 6% of the total cellular U5 (Fig. 2C;
Supplemental Fig. 4A). These variants are expressed at lev-
els that are comparable tominor spliceosomal snRNAs and
so could potentially also carry out specialized functions.

To gain insight into transcriptional regulation of snRNA
variants, we examined the conservation of known promot-
er elements. snRNA promoters consist of distal- and prox-
imal- sequence elements (DSE/PSE) (Dergai and
Hernandez 2019), which are bound by a distinct set of tran-
scription factors that recruit and stabilize RNAP II (Guiro
and Murphy 2017). We found that the expressed variant
snRNAs showed stronger sequence conservation of the

BA C D

FIGURE 2. Multiple snRNAgene variants are transcribed in human cells. (A) Expression of snRNAvariants in pooled adult and fetal tissues relative
to the respective canonical gene (2−ΔCt) using RT-qPCR. U6 snRNAwas normalized to canonical U4 snRNA. Error bars represent the standard error
of the mean (SEM) of three technical replicates. The x-axis is log10 scaled. (B) Fold differential expression of snRNA variants in pooled adult versus
fetal tissues. Normalized ratios of expression between adult and fetal tissues are displayed (2−ΔΔCt). Ratios >1 indicate greater relative expression
of the snRNA in adult tissues. Ratios <1 indicate greater relative expression in fetal tissues. (C ) Expression of snRNAvariants in 293T cells relative to
the respective canonical gene (2−ΔCt) using RT-qPCR. U6 snRNAwas normalized to canonical U4 snRNA. (See Supplemental Fig. 4A for expression
of a subset of snRNAs relative to U1-1.) Error bars represent the standard error of the mean (SEM) of three technical replicates from human 293T
cell RNA. The x-axis is log10 scaled. (D) Heat map of the fold differential expression of the snRNA genes listed at left across the human cell lines
listed at top, as determined by RT-qPCR and indicated by the color scale below. Cell lines were hierarchically clustered based on their snRNA
expression profiles (bottom). Three technical replicates were run for each sample.
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PSE than the DSE (Supplemental Fig. 6A–D). This finding is
in agreement with the known function of the PSE in bind-
ing the snRNA-specific SNAPc transcription factor, which
recruits the general transcription initiation factors required
for basal levels of RNAP II transcription (Dergai and
Hernandez 2019). In contrast, the DSE acts to enhance
the stability of the SNAPc complex on the PSE by associat-
ing with activator proteins POU2F1, ZNF143, and SP1
(Dergai and Hernandez 2019). Consistently, we found
that variants with a more conserved DSE exhibited
more robust expression in 293T cells (Supplemental Fig.
6A–D). These data are in agreement with a previous study
in which variant gene promoters lacking identifiable DSEs
could still associate with RNAP II, but at much lower levels,
and did not show discernable association with transcrip-
tional activators (Faresse et al. 2012).
To qualitatively assess the promoter conservation and

expression level, we plotted the rank mean promoter con-
servation score (mean PSE and DSE rank) versus the rank
expression as compared to the canonical snRNA gene
(Supplemental Fig. 6E). Plotting either the mean PSE or
DSE conservation score versus the rank expression did
not clearly show that onewasmore important than the oth-
er. U4 and U5 snRNA gene promoter conservation corre-
lates most strongly with expression level (R=0.8–0.9).
The correlation for U1 and U2 is much weaker (R=0.4,
Supplemental Fig. 6E). Thus, promoter strength likely con-
tributes to, but is not wholly responsible for, the differing
levels of variant snRNAs.

snRNA variants are differentially expressed across
common human cell lines

It was previously shown that the levels of the canonical
snRNAs are not constant across different human tissues
(Dvinge et al. 2019). To see if the expression of snRNA var-
iants is similarly variable, we measured their abundance
and that of the canonical major and minor snRNAs in five
different human cell lines: HeLa (cervical adenocarcino-
ma), 293T (embryonic kidney), K562 (chronicmyelogenous
leukemia), hESCs (human embryonic stem cells), and
MCF7 (mammary gland adenocarcinoma) (Fig. 2D). This
analysis revealed that many of the variants exhibit differen-
tial expression across the cell lines relative to three refer-
ence noncoding RNAs. Strikingly, numerous variant
snRNA genes are differentially expressed by up to 16-
fold across these cell lines, including many of the U5
snRNA variants. The canonical major snRNA genes exhib-
ited the smallest degree of variation in expression across
all cell lines (less than or equal to twofold) but, due to their
high expression levels, these small fractional changes
could be biologically significant (Dvinge et al. 2019).
Interestingly, we find that hESCs appear to have the high-
est overall expression of snRNA variants relative to the oth-
er cell lines examined. This observation has previously

been reported for a handful of U1 snRNA variants in
hESCs compared to HeLa cells (O’Reilly et al. 2013). Our
data provide further evidence that snRNA variant genes
may help tailor the transcriptome in a cell-type-specific
manner.
To look for potential coordinate expression of snRNAs,

we next asked which snRNA variants exhibit similar
changes in expression across different human cell lines by
hierarchical clustering of the relative expression data (Sup-
plemental Fig. 4B). This analysis identified three statistically
significant clusters based on the similar expression of each
snRNA across all cell types. The first cluster includes the
most highly expressed U1-1 and U2-1 snRNAs, along with
canonical U5A-1 and two U5 snRNA variants, U5B-1 and
U5E-1 (P<0.001) (Supplemental Fig. 4B, red bar). These
variants exhibit similar low fold-expression changes across
all of the cell lines (Fig. 2D). The second cluster of snRNA
genes includes the remaining major U4 and U6 snRNAs,
all minor spliceosomal snRNAs and three U5 snRNA vari-
ants (U5D-1, U5A-8P, andU5E-6P) (P<0.001) (Supplemen-
tal Fig. 4B, orange bar). The third cluster contains two sub-
clusters: snRNA genes that display the most dramatic
change in expression across all cell lines (e.g., U5F-1,
U5E-6P, and multiple RNVU1s) (P<0.001) (Supplemental
Fig. 4B, yellow bar), and another composed of the very
low abundance or nonexpressed snRNA genes (P>0.1)
(Supplemental Fig. 4B, gray bar). The apparent coregula-
tionof snRNAgenes suggests thepotential for coordinated
gene expression programs.

Expressed snRNA variant genes exhibit sequence
variation in functional domains

Sequence alignments of all the expressed snRNA variants
we identified reveals interesting patterns of sequence con-
servation (Supplemental Fig. 5; Supplemental Table S3). In
general, the 5′ half of each mature snRNA is more con-
served than the 3′ half. In part, this is due to the fact that
some genes are 3′-truncated, including several U2 and
U4 genes. Many of the nucleotide differences that are
found within snRNA variants appear in single-stranded
and bulged regions of the snRNA (Supplemental Fig. 5).
Key residues in sequence motifs important for RNA:pro-
tein or RNA:RNA interactions during snRNP assembly
and function are substituted in a subset of snRNA variants.
For example, nearly two-thirds of the U1 variants have one
ormore nucleotide substitutions in the 5′ splice-site recog-
nition sequence or in sequences in Stem loops I and II that
interact with the U1 snRNP proteins U1-70K and U1-A, re-
spectively (Fig. 3A; Supplemental Fig. 5A; Scherly et al.
1989; Surowy et al. 1989;). Variants that have 5′ splice
site recognition sequence deviations could recognize
atypical or cryptic 5′ splice sites that may be important
for alternative splicing of certain pre-mRNA substrates or
contribute to splicing related disease phenotypes
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(Zhuang andWeiner 1986; Kyriakopoulou et al. 2006; Roca
and Krainer 2009; Shuai et al. 2019; Suzuki et al. 2019).

The U2 snRNA variant gene family appears to be the
most divergent in mature snRNA length and sequence
identity (Fig. 1C). Multiple truncated U2 variants are ex-
pressed in human cells, U2-13P, -16P, -41P and -42P.
These variants maintain a near canonical sequence from
Stem Loop I up to Stem Loop IIa and therefore likely main-
tain the canonical 5′ U2 structure (Supplemental Fig. 5B).
These truncated variants may, however, adopt different
secondary structures downstream from Stem Loop IIa.
Many U2 variants have one or more nucleotide changes
in domains that function in pre-mRNA branchpoint recog-
nition (BPRS), interactions with U6 snRNA, or stem struc-
tures required for splicing catalysis (BSL and stem IIa vs
stem IIc) (Fig. 3B). These variations in snRNA sequence

may impact 3′ splice site selection through binding of non-
consensus or cryptic pre-mRNA branch sites, or prevent
the dynamic structural rearrangements that occur during
spliceosome assembly and catalysis. Furthermore, most
nucleotides in U2 that were shown to be important for
binding SF3a, SF3b and U2-B′′ (Dybkov et al. 2006) are un-
altered in U2 variants, which may therefore assemble into
variant U2 snRNPs.

There are two types of variant U4 snRNAs. One type is
highly similar to U4-1 throughout the 146-nt length. For ex-
ample, U4-2 and -46P have only 6 and 13 nt differences,
respectively. The other, less abundant type is highly similar
to U4-1 up to position 68 and then diverges completely in
sequence, such as U4-59P, -82P, and -91P (Fig. 3C;
Supplemental Fig. 5C). The latter type often have an
oligo(A) sequence where they diverge from U4-1,

B

A C

D

E

FIGURE 3. Expressed snRNA variant genes exhibit sequence variation in RNA:RNA and RNA:protein interacting domains. Arrows show the po-
sitions of selected nucleotide variants relative to the canonical snRNA. Bold letters show the substituted base, followed by the variant snRNA(s) in
which the substitution occurs. Colored regions within each structure are known functional sequences further described in Supplemental Figure 5.
snRNA genes: (A) U1, (B) U2, (C ) U4, (D) U5. (E) Predicted 3′ stem–loop structure of U5 snRNA variants with conserved or divergent base changes.
Bold letters show the substituted base as compared to U5A. The free energy of formation (ΔG) and snRNA half-lives (t1/2) are shown below each
snRNA variant structure. For reference, the free energy of formation for the 3′ stem of U5A-1 is −13.53 kcal/mol. Structures and free energy of
folding were calculated using the Vienna RNAfold webserver (rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).

Mabin et al.

1192 RNA (2021) Vol. 27, No. 10

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078768.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078768.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078768.121/-/DC1


suggesting they might have been created by retrotranspo-
sition of degradation products that were oligoadenylated
by the TRAMP complex (LaCava et al. 2005). Only a small
subset of the U4 snRNA fusion genes are expressed, and
many appear to lack promoter and processing elements
that are required for expression andmaturation. Themech-
anism that apparently favors truncation at position 68 is not
known, but as this corresponds to the end of the U4/U6 in-
teraction region, it is possible that pairing with U6 blocks
degradation by 3′-exonucleases (see Discussion). Since
these truncated variant snRNAs may retain the ability to
pair with U6 snRNA, they could potentially form aberrant
U4/U6 di-snRNPs. However, the most abundant of them
(U4-82P) is expressed at less than 0.1% the level of U4-1
(Fig. 2C), so the truncated variant U4 snRNAs are unlikely
to have a significant dominant negative effect.
The U5 snRNA gene family has the highest percent se-

quence identity among its variants (Supplemental Table
S1). Most of the nucleotide variation occurs within bulges
of the largely paired first two-thirds or in the mostly un-
paired final third of the snRNA sequence (Fig. 3D; Supple-
mental Fig. 5D; Sontheimer and Steitz 1992). Nearly all U5
variants maintain the canonical sequence (CUUUU) within
the loop of Stem I, with U5F-8P being the only exception.
In conjunction with the U5 snRNP protein PRP8, the U-rich
loop is responsible for binding and aligning adjacent ex-
ons for ligation during the second step of splicing catalysis
(Sontheimer and Steitz 1993; Umen and Guthrie 1995;
Chiara et al. 1997; O’Keefe and Newman 1998; Maroney
et al. 2000; McConnell and Steitz 2001).
In summary, while some variants retain most or all of the

important functional elements of their canonical snRNA,
others contain primary and secondary structure alterations
that may lead to rapid turnover and/or loss of activity.

Nearly all snRNA variants are less stable than their
canonical snRNA

To test if the low steady-state levels of snRNA variants are
due in part to reduced stability of the RNAs, we monitored
the relative levels of snRNA variants over time following
treatment of cells with actinomycin D to stop transcription
(a subset is shown in Fig. 4 and the full list in Supplemental
Table S4). Nearly all snRNA variants displayed reduced
half-lives as compared to their canonical snRNAs, whose
level did not decrease over the 30-min time course. The
U1 variants tested fell into two groups, amore stable group
with half-lives of more than 30 min and a less stable group
with half-lives of less than 30 min (Fig. 4A). RNA stability
correlates only roughly with the number of nucleotide
changes (Fig. 4E). The more than twofold shorter half-life
of U1-148P compared to vU1-17, which both have 11 nt
changes, could be due to destabilizing nucleotide chang-
es in Stem IV in the former but not the latter (Fig. 3A).
Destabilization of Stem IV could make the RNA more sus-

ceptible to degradation by 3′-exonucleases. The same ex-
planation could apply to the more than threefold shorter
half-life of U1-138P (15 changes) than vU1-19 (12 changes).
While U4-46P, with 13 changes, has a half-life of 77 min,
the three U4 variants that are 3′-truncated at position 68
(U4-59P, -82P, and -91P), and thus lack Stem Loops II
and III and the Sm binding site, have half-lives of 17–21
min (Fig. 4C). Thus, sequence changes expected to disrupt
Sm binding and/or 3′ stem–loop structures result in more
rapid turnover of variant snRNAs.
Interestingly, theU53′ stem–loop (Stem/Loop II) varies in

size and sequence across species and is nonessential in
yeast (Frank et al. 1994). On the other hand, human U5
snRNAs require the 3′ stem–loop for proper expression
and snRNP maturation (Hinz et al. 1996). Similarly, single
point mutations in the 3′-terminal stem of U12 snRNA
were found to destabilize the snRNA leading to the accu-
mulation of truncated fragments in human cell lines
(Norppa and Frilander 2021). Multiple U5 variants have a
conserved Stem II, indicating a selective pressure to main-
tain a stable 3′-terminal stem–loop (Fig. 3E, left). However,
U5 variants with less stable Stem II structures exhibit re-
duced half-lives (Fig. 3E, right). These data indicate that a
stable 3′ stem–loop is an important determinant of human
snRNA half-life.
If RNA stability is the major determinant of the steady-

state level of variant snRNAs, then there should be a
good correlation between the half-life and relative abun-
dance. However, this does not seem to be the case for
the U1 snRNA variants, which exhibit an inverse relation-
ship between snRNA half-life and relative abundance in
293T cells (Fig. 4F). U1-85P and vU1-15 have the shortest
half-lives, but are the most abundant of the U1 variants.
Likewise, the least stable U2 variant, U2-63P, is one of the
most abundant variants. However, variants such as U2-2P,
U4-2, and multiple U5 snRNAs exhibit prolonged stability
andhigher levels of expression as compared to themajority
of snRNA variant genes. Together with a recent study indi-
cating that snRNA genes exhibit varying levels of occupan-
cyby transcription factors andRNApolymerase II (Kosmyna
et al. 2020), our data indicate that both transcription rates
and snRNA stability determine variant snRNA abundances.

A subset of expressed snRNA variants is not
detected in the cytoplasm

To better determine the cause of instability of variant
snRNAs, we examined key steps of snRNP biogenesis, in-
cluding export to the cytoplasm, binding of Sm proteins,
import into the nucleus, and assembly into mature snRNPs
and spliceosomes. We performed detergent-based sub-
cellular fractionation of 293T cells to separate the nucleus
from the cytoplasm (Supplemental Fig. 7A) and measured
the relative levels of snRNA variants in the two fractions
(Fig. 5A). We found that the canonical major and minor
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snRNAs other than U6/U6atac are present in the cytosol at
5% to 25% of their total cellular levels, which is generally
consistentwith a prior studyby Pessa et al. (2008), although
theydetected agreater fraction of U4 andU5 in the cytosol.
U6 and U6atac are present in the cytosol at 40% to 60% of
their total cellular abundance, as also seen by Pessa et al.
(2008). Since U6 snRNAs are transcribed by RNAP III and
are capped with a γ-monomethyl phosphate, these RNAs
were not thought to be targeted for nuclear export and
their presence in the cytoplasm was attributed to nuclear

leakage during fractionation. However, it was recently
shown that yeast (S. cerevisiae) U6 snRNA is exported to
the cytoplasm and imported into the nucleus along with
the RNAP II-synthesized snRNAs (Becker et al. 2019). The
accumulation of U6 in the mammalian cell cytoplasm may
reflect a similar pathway.

While all of the snRNA variants could be identified in the
nuclear fraction, a subset were absent from the cytosol
(e.g., U1-138P, U1-148P, U2-41P, U2-61P, U4-59P, and
U5A-2P) (Fig. 5A). In most cases, variants that are not found

E F

BA

C D

FIGURE4. Most snRNAvariants are less stable than their canonical snRNA. RT-qPCR assaysmonitoring the relative level of snRNAvariant remain-
ing after onset of actinomycin D-mediated transcription inhibition. Half-lives (t1/2) were calculated after normalization of snRNA levels to themean
of 7SK and 5S RNA levels. (A–D) Data and values for selected U1, U2, U4, and U5 variants, respectively; see Supplemental Table S4 for all values.
Error bars represent the SEMof three technical replicates from each time point. (E) Scatter plot comparing U1 variant nucleotide differences (from
Supplemental Table S3) versus snRNA half-life (from Supplemental Table S4). Linear regression line and correlation coefficient (R) are indicated in
red. (F ) Scatter plot comparing the relative expression levels of U1 variants (log10; Fig. 2D) versus snRNA half-life (Supplemental Table S3). Linear
regression line and correlation coefficient (R) are indicated in red.
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in the cytoplasm tend to exhibit multiple nucleotide
changes within snRNP-specific protein binding sites and
are less stable (Fig. 3; Supplemental Table S4). Their ab-
sence in the cytoplasm is not due simply to low abun-
dance, since variants of similar or lower total abundance
were detected in the cytoplasm (e.g., VU1-17, U1-63P,
U2-37P). These data suggest that, for a subset of variant
RNAs, nuclear export is blocked, the RNA is unstable in
the cytosol, or the assembled snRNP is very rapidly import-
ed. Nuclear export of an snRNA depends on 7-methylgua-
nosine (m7G) cap addition at the 5′ end (Hamm andMattaj
1990), initial 3′ processing (Ohno et al. 2002; Masuyama
et al. 2004), and association with snRNA-specific export
factors (Matera et al. 2007). Defects in any of these initial

steps may therefore impede export and preclude variant
snRNAs from undergoing snRNP maturation.

Some expressed snRNA variants do not stably
associate with the Sm ring

To examine the cytoplasmic fate of variant snRNAs, we in-
vestigated binding of the heteroheptameric Sm ring
(Matera and Wang 2014; Gruss et al. 2017). We expected
that variant snRNAs that are present in the cytoplasm and
retain a single-stranded Sm binding motif (Supplemental
Fig. 5E; Golembe et al. 2005) would be loaded with the
Sm ring. We analyzed RNA obtained by immunoprecipita-
tion (IP) of Sm subunits from 293T total cell lysates with the

BA C

FIGURE 5. Most snRNA variants are incorporated into spliceosomes. (A) Cytosolic fraction of variant snRNAs. Nuclear and cytoplasmic fractions
were normalized using cell equivalents to calculate total RNA. Error bars represent the SEM of three technical replicates from each fraction. (B)
Enrichment of snRNAvariants by anti-Sm (Y12mAb) IP relative to canonical snRNAs. Fold enrichmentwas calculated as 2-(Ct variant - Ct canonical) for Y12 IP/
2-(Ct variant - Ct canonical) for Total RNA. Error bars represent the SEMof three technical replicates. The x-axis is log2 scaled. See Supplemental Figure 7C for
relative levels in Y12 mAb IP. (C ) Enrichment of snRNA variants in snRNP and spliceosome fractions relative to canonical snRNAs. Fold enrichment
was calculated as 2-(Ct variant - Ct canonical) for snRNP or spliceosomes /2-(Ct variant - Ct canonical) for Total RNA. Error bars represent the SEM of three technical rep-
licates. The x-axis is log10 scaled. See Supplemental Figure 7E for relative levels in snRNPs or snRNPs or spliceosomes.
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Y12 monoclonal antibody (Supplemental Fig. 7B). While
all U1 snRNA variants that were detected in the cytoplasm
were present in the Sm IP, they copurified with different ef-
ficiencies (Fig. 5B). Of those that co-IP with <10% efficien-
cy relative to U1-1, some have substitutions in the Sm site
(e.g., vU1-15, U1-63P, U1-77P) but others do not (e.g., U1-
59P, U1-85P, U1-120P) (Fig. 3A; Supplemental Fig. 5A).
However, variant U1 snRNAs in this latter group have nu-
cleotide variations within the U1-70K protein binding site
(Fig. 3A), which may explain their decreased Sm occupan-
cy since the U1-70K protein helps recruit the SMN com-
plex (So et al. 2016). A similar phenomenon involving
other snRNP-specific proteins may account for the low
Sm ring occupancy of U2-23P, U5A-6P, and U5E-7P, which
also have canonical Sm sites. The fact that variant snRNAs
that are not detected in the cytoplasm are also not precip-
itated from whole-cell lysates by anti-Sm antibody (with
the exception of U2-5P and -70P) makes it unlikely that
they are rapidly exiting and reentering the nucleus.

Nucleotide deviations in the Sm binding sequence also
correlated with reduced relative enrichment of other
snRNA variants in the Sm IP to less than ten percent of their
canonical snRNA (e.g., U2-17P, U5A-4P, U5F-4P) (Figs.
3, 5). Conversely, some variants that had lower fractional
cytosolic levels than their canonical snRNA were found to
be more enriched than their canonical snRNA in Sm IPs
(e.g., U2-42P, U4-82P). These variants may associate with
snRNP biogenesis factors more readily, allowing for more
rapid nuclear import, or less readily, resulting in more cyto-
solic degradation of unbound snRNA. Overall, nearly half
of the snRNA variants tested are enriched in Sm IPs to ex-
tents comparable to their canonical snRNA despite their
relatively low (<0.1%) abundance. A few variants (U2-2P,
U5A-8P, U5E-4P, U5E-6P) were as abundant in Sm immu-
noprecipitates as the minor spliceosomal snRNAs (∼10%
of canonical snRNAs, Supplemental Fig. 7C).

Surprisingly, several U4 variants aremore enriched in the
Y12 IP than canonical U4, especially U4-82P, which is
greater than 10-fold more enriched than U4-1. This result
is unexpected given that U4-82P does not have a canonical
Sm binding site at the expected position. However, since
the length of the U4-82P transcript is unknown, it may
have an Sm binding site further downstream. Furthermore,
this result implies that less than 10% of U4-1 is coprecipi-
tated with Y12 antibody. Notably, the cryo-EM structure
of the human U4/U6.U5 tri-snRNP (Charenton et al.
2019), but not the crystal structure of U4 snRNP (Leung
et al. 2011), shows possible occlusion of the Y12 Sm epi-
topes (Hirakata et al. 1993; Brahms et al. 2000) by U4
Stem II, which could explain the poorer coprecipitation
of U4-1 with Y12 antibody. The absence of a correspond-
ing stem–loop in U4-82P may improve access to the Y12
epitopes. Another possibility is that U4-82P associates
with a different protein that contains symmetric dimethyl-
arginine residues, a key feature of the Y12 epitope, such

as Coilin (Herbert et al. 2002) or another protein (Stopa
et al. 2015). The ∼50% efficiency of U6 immunoprecipita-
tion with Y12 antibody relative to U4 (Fig. 5B) is consistent
with all of the U4 being paired with U6 and U6 being pres-
ent in roughly twofold excess over U4.

Formation of snRNPs and spliceosomes
by snRNA variants

The fact that a number of human variant snRNAs are ex-
pressed and loaded with an Sm ring raises the possibility
of variant snRNA-containing spliceosomes. To determine
which variant snRNAs are assembled into snRNPs and spli-
ceosomes, we isolated RNPs by glycerol gradient fraction-
ation of 293T nuclear extracts. Northern and western blot
analysis of the gradient fractions allowed identification of
peak fractions for each canonical snRNP (Supplemental
Fig. 7D). Each peak fraction and the two flanking fractions
were pooled to account for potential differences in sedi-
mentation rates between variant and canonical snRNPs.
To minimize contamination of spliceosomes with U4/U6.
U5 tri-snRNP or prespliceosomal complexes, we used frac-
tions from the bottomof the gradient. These fractions likely
contain higher order complexes of spliceosomes, called
>150S spliceosomes (Wassarman and Steitz 1993) or
supraspliceosomes (Müller et al. 1998). The abundances
(Supplemental Fig. 7E) and incorporation efficiencies
(Fig. 5C) of variant snRNAs relative to their canonical snRNA
were measured in each pool by RT-qPCR.

We found that the U1 snRNP contains <0.001% variant
U1 snRNA, whereas U11 snRNP is present at about 1%
the level of U1 snRNP (Supplemental Fig. 7E, left). All U1
snRNA variants tested assembled into U1 snRNP at least
10-fold less efficiently than U1-1, except for vU1-17 and
vU1-19 (Fig. 5C, left). However, since vU1-19 does not
co-IP with Sm or cosediment with spliceosomes (Fig. 5B,
C, right), it may be in a distinct complex that cosediments
with U1 snRNPs. It is likely that vU1-19 associates with U1-
70K less stably due to aG28 to Umutation, as well as an AA
dinucleotide insertion at position 32. Nucleotide changes
at position 28 had previously been found to reduce U1-
70K association with U1 (Kondo et al. 2015). In contrast
to the case with U1 snRNP, several U1 snRNA variants
were more strongly enriched in the spliceosomal fractions
than canonical U1, strikingly so for U1-63P (Fig. 5C, right).
A potential explanation for this strong enrichment is that
spliceosomes containing some noncanonical U1 snRNPs
are defective for activation and thus accumulate at the
pre-B complex stage, prior to U1 snRNP release.

U2 snRNP exhibits higher levels of variant incorporation
than U1 snRNP. In particular, about 2% of U2 snRNP con-
tains U2-2P, which differs from U2-1 by only eight substitu-
tions, all in the 3′ half. U2-2P snRNPs are about twofold
more abundant than U12 snRNP, which in turn is about
30-fold more abundant than any other variant U2 snRNP.
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Similar relative abundances of canon-
ical and variant U2 snRNAs were
found in spliceosomal fractions as
compared to the free U2 snRNP
(Supplemental Fig. 7E). Variant U2
snRNAs that did not co-IP with Y12
were not detected in snRNPs and spli-
ceosomes. U2-68P was detected in
Sm IP and U2 snRNP but not in
spliceosomes, possibly due to four
substitutions in U2/U6 Helix II. In con-
trast, U2-37P is almost 10-fold more
enriched in spliceosomes than U2-1.
U2-37P has a 4-nt deletion adjacent
to the branchpoint recognition se-
quence (Fig. 3B). Perhaps this dele-
tion inhibits spliceosome activation
but not assembly, thus causing accu-
mulation of inactive spliceosomes.
Similar to U2 snRNP, U4 snRNP has

an snRNA variant, U4-2, which is present in ∼5% of snRNPs
and ∼1% of spliceosomes. U4-2 has only four substitutions
compared to U4-1, one in Loop I, one in Loop II, and a
compensatory base-pair change in Stem II (Fig. 3C). The
relative overrepresentation of U4-2 in U4/U6 di-snRNP
compared to spliceosomes might be because U4-2/U6
di-snRNP is less efficiently assembled into U4/U6.U5 tri-
snRNP. In contrast, U4-46P and -82P are relatively overrep-
resented in spliceosomes as well as snRNPs, with U4-82P
being the most enriched in snRNPs by about 10-fold
(Fig. 3C). Still, there is a strong decrease in enrichment of
U4-82P going from snRNPs to spliceosomes, suggesting
a low efficiency of tri-snRNP addition (Supplemental Fig.
7E). A possible explanation for the overrepresentation of
U4-82P in spliceosomes is that SNRNP200 (human Brr2),
which binds U4 downstream from the U6 interaction region
and unwinds the U4/U6 duplex during spliceosome activa-
tion, is less able to do so with the divergent sequence
present in U4-82P. The resultant block to U4-82P/U6 disas-
sembly would likely lead to spliceosome arrest. Despite
their relative overrepresentation, U4-46P and U4-82P to-
gether occupy <1% of spliceosomes, due to their low
abundance (Fig. 2C; Supplemental Fig. 7E).
The U5 snRNAvariants are distinct in being incorporated

into snRNPs and spliceosomes at much higher levels than
other snRNA variants. U5A-1 was present in both U5
snRNP and spliceosomes at ∼20% of the total U5. U5B-1
occupied almost twice as many snRNPs and spliceosomes
as U5A-1. Overall, canonical U5A-1 and the previously
identified variants (U5B-1, D-1, E-1, F-1) comprise nearly
95% of the total U5 in both snRNPs and spliceosomes
(Fig. 6). However, 5% of the total U5 levels in spliceosomes
are the newly identified U5 snRNA variants U5A-8P, U5E-
4P, and U5E-6P. These variants were found in the spliceo-
somal fractions at levels comparable to that of the minor

snRNAs (1%–4%), indicating that these variants have the
potential to influence splicing.

DISCUSSION

Pioneering work in the previous century identified the hu-
man spliceosomal snRNA genes as multigene families.
Subsequent human genome sequencing identified more
than 350 loci with strong sequence similarity to the
RNAP II-transcribed spliceosomal snRNAs (U1, U2, U4,
and U5), but the expression of these genes has not been
systematically analyzed. Here we used published RNA-
seq data and allele-specific RT-qPCR to identify expressed
human snRNA genes across cell types and developmental
stages. To distinguish between potentially functional
snRNA variants and expressed pseudogenes, we exam-
ined their nuclear export, Sm ring loading, and assembly
into mature snRNPs and spliceosomes. We found that at
least 96% of the major spliceosomes are composed of
the canonical U1, U2, and U4 snRNAs (Fig. 6). In contrast,
only about 40% of spliceosomes contain the most abun-
dant U5 snRNA, U5B (Fig. 6). Given the large fraction of
spliceosomes in human cells that contain variant snRNAs,
an important future goal is to determine if these variant
spliceosomes carry out pre-mRNA splicing differently
than canonical spliceosomes.

Variant snRNA incorporation into spliceosomes is
influenced by the snRNP maturation pathway

Despite the expression of more than 50 snRNA variants,
nuclear export of the precursor snRNA appears to be a lim-
iting step that prevents some variants from undergoing
mature snRNP formation. Multiple mechanisms likely pre-
vent incompetent or immature snRNAs from being

FIGURE 6. snRNA variants are expressed and incorporated into splicing complexes.
Histogram of the proportion of canonical (gray) versus variant (colored) snRNAs from total
RNA, Sm IPs, snRNPs, and spliceosomes isolated from 293T cells. For U5 snRNA, the fivemajor
variants are labeled, and the unlabeled box corresponds to the sumof the threeminor variants.
The x-axis is log10 scaled.
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incorporated into snRNPs and spliceosomes (Becker et al.
2019; Lardelli and Lykke-Andersen 2020). snRNAs are pro-
cessed cotranscriptionally by the Integrator complex,
which generates pre-snRNA species (Matera and Wang
2014). Variant genes are potentially mis-processed and
targeted for decay by the nuclear exosome. U1 variant
vU1-15 has been shown to have a half-life of only 10
min, in agreement with our findings (Supplemental Table
S4), and knockdown of the nuclear exosome doubles its
half-life (Kawamoto et al. 2020; Lardelli and Lykke-
Andersen 2020). The deadenylase TOE1 antagonizes exo-
somal degradation of snRNAs, but appears to act prefer-
entially on canonical snRNAs compared to variants
(Lardelli and Lykke-Andersen 2020). Thus, there is a kinetic
competition between degradation and nuclear export that
favors the canonical snRNAs and could explain the short
half-lives of variant snRNAs that have intact Sm sites but
are not detected in the cytoplasm, such as U1-138P and
U2-5P. Cytoplasmic snRNA surveillance mechanisms add
another quality control step, weeding out snRNAs that
are defective in maturation phases including Sm protein
binding (Liu and Gall 2007).

Final snRNP maturation occurs upon reimport into the
nucleus, where remaining snRNP-specific proteins are
loaded onto the snRNAs. Variant genes with numerous nu-
cleotide substitutions or deletions in protein binding sites,
such as U1-120P and U1-122P, may produce variant
snRNPs that are inherently less stable or are incompletely
assembled, as indicated by reduced Sm enrichment and
half-life. Since snRNAs compete with one another for
snRNP proteins, it is possible that differences in the steady
state levels of snRNA variants in different human cell lines
are due to differential expression of snRNP biogenesis fac-
tors. However, this remains to be determined.

Potential roles of snRNA sequence variants
in splicing

Our identification of variant snRNAs in snRNPs and spli-
ceosomes raises the possibility that these snRNAs could
preferentially recognize unique splice sites, drive differen-
tial splicing kinetics, or even sequester core spliceosomal
proteins into nonproductive or unstable snRNPs. All elev-
en U1 variants that we detected in snRNPs and spliceo-
somes have 1 to 3 nt changes within their 5′ splice site
recognition sequence, and thus could alter 5′ splice site
selection. Variants vU1-3 and vU1-4 were previously found
to be incorporated into snRNP complexes (O’Reilly et al.
2013) and vU1-4 has been implicated in stem cell mainte-
nance (Vazquez-Arango et al. 2016). Similarly, four of the
U2 variants we detected in snRNPs and spliceosomes
(U2-17P, -37P, -63P, and -70P) each have a single nucleo-
tide change in the branch point recognition sequence,
which could skew intron recognition. While these variant
snRNPs are of very low abundance, it is conceivable that

altered protein interactions could target them to specific
introns.

Despite the presence of more than 90 variant U4 snRNA
genes in the human genome, we were able to detect ex-
pression of only five. Surprisingly, over half of the annotat-
ed human U4 snRNA genes (51/97) aremissing their 3′ half
(Fig. 1C). It remains unknown what mechanism(s) generat-
ed so many truncated U4 snRNA genes. An intriguing pos-
sibility is that the endonuclease-like domain of PRP8, which
is positioned near the end of the U4/U6 interaction domain
in the human tri-snRNP (Agafonovet al. 2016),may have re-
sidual catalytic activity that rarely cleaves U4 adjacent to
U4/U6 Stem/Loop I. Subsequent retrotransposition of
these degradation products may have given rise to the
large number of 3′-truncated U4 snRNA genes throughout
the genome. The truncated U4 variants that are expressed
in human cells have an unalteredU4/U6 Stem I, and amost-
ly intact U4/U6 Stem II sequence (Supplemental Fig. 5C),
and thus may retain the ability to assemble into the
U4/U6.U5 tri-snRNP. Indeed, we found U4-82P is associat-
ed with snRNPs and spliceosomes (Fig. 5C).

Overall, we find that most expressed snRNA variants ex-
hibit limited sequence changes in known functional do-
mains, allowing these variants to form snRNPs. However,
variations in other regions of the snRNA variants are
much more prevalent, which may promote associations
with unique splicing factors and give rise to variant
snRNPs with unique protein compositions.

There is no canonical U5 snRNA in humans

While the human U5 gene family is the smallest of all the
major snRNAgene families (Fig. 1C), it is theonly gene fam-
ily to express more than one variant at greater than 1% of
the total snRNA. Indeed, there is no canonical U5 snRNA.
The most abundant human variant, U5B, comprises less
than 50% of the U5 snRNA in the tissues and cell types ex-
amined (Fig. 6). We find that eight human U5 variants are
expressed at a level of more than 1% of the total U5
snRNA. An important unanswered question is whether a
subset of U5 variants is specifically enriched in the minor
spliceosome. Based on the shared relative expression lev-
els with minor spliceosomal snRNAs across human cells,
the three novel U5 variants (U5A-8P, E-4P, E-6P) would be
obvious candidates (Supplemental Fig. 4B). A more com-
prehensive study of U5 snRNA variant function is necessary
to establish a causal role of variants in regulating alternative
splicing events. It will also be interesting to determine if
specific U5 variants are favored by the minor spliceosome.

Implications of variant spliceosomes

In addition to the core splicing proteins, human spliceo-
somes contain many peripheral proteins, the inclusion or
exclusion of which could lead to splicing complexes with
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different substrate preferences. Noncanonical snRNAs
may contribute to this heterogeneity by recruiting different
peripheral proteins than canonical snRNAs. In addition,
variant snRNAs may directly recruit specific pre-mRNAs
by base-pairing, analogous to recruitment of specific
mRNAs by ribosomal RNA expansion segments (Leppek
et al. 2021). The minor spliceosome can be thought of as
an extreme example of a variant spliceosome, with variant
major spliceosomes presumably exhibiting more subtle
differences in pre-mRNA substrate specificity. Differential
expression of variant snRNA genes and/or use of their tran-
scripts across cell types may direct distinct splicing pro-
grams, as has already been observed for the canonical
snRNAs (Dvinge et al. 2019). Some snRNA variants may
even have evolved new functions, for example, blocking
splicing of certain introns by sequestering them in non-
functional complexes.
Although transcripts of some snRNA variant genes were

not detected within our cell lines, they could nevertheless
function in other cell types or developmental time points.
Despite the low expression of most human variant snRNA
genes, knockdown of a single U1 variant leads to global
pre-mRNA processing defects (O’Reilly et al. 2013), and
regulation of the cellular levels of U1 variants has recently
been implicated in stem cell maintenance (Vazquez-
Arango et al. 2016). The role of snRNA variants in splicing
regulation and disease should be an active area of further
study.

MATERIALS AND METHODS

snRNA variant genes

All genes with “biotype= snRNA” were downloaded from the
Ensembl database v92 (Cunningham et al. 2015) using BioMart
(N=2072). Results were filtered to include only genes annotated
as belonging to the Rfam v13 families RF00003 (U1), RF00004
(U2), RF00015 (U4), RF00020 (U5), and RF00026 (U6) (N=1840).
Genes present on genomic patches (scaffold sequences) were re-
moved, and only genes located on the 22 autosomes and the two
sex chromosomes were retained (N=1674). Only snRNA annota-
tions that were present in both the Ensembl (v92) and RFAM (v13)
database were presented to increase confidence in putative
snRNA gene annotations.

RNA-seq read mapping

Fastq files containing all raw RNA-seq reads were obtained from
the Sequence Read Archive, accession number SRP109305
(Marshall et al. 2017) (NCI-60) and SRP003754 (ENCODE). The
ENCODE samples were sequenced using variable read lengths,
and all results were therefore trimmed down to the minimal avail-
able read length (36 nt at their 5′ end), to provide more uniform
results. Bowtie (Langmead et al. 2009) and RSEM (Li and Dewey
2011) were used to map all reads to the UCSC hg19 (NCBI
GRCh37) human genome assembly. Reads were mapped to the

gene annotation file using RSEM with the arguments –bowtie-m
100 –bowtie-chunkmbs 500 –calc-ci –output-genome- bam after
modifying RSEM v1.2.4 to call Bowtie v1.0.0 with the -v 2 map-
ping strategy. Only alignments with zeromismatches were report-
ed, and alignments with a mapq score below 10 were filtered out
to include only uniquely mapped reads. snRNA variants that ex-
hibited multiple regions of sequence diversity suitable for PCR
primer design and expression >250 reads per kilobase million
were hand-selected for primer design.

snRNA variant genomic alignments

snRNA variant genomic sequences from Ensembl were aligned
using Clustal Omega, with five guide-tree/HMM iteration steps
(Sievers et al. 2011). Percent sequence identity was calculated
as compared to the canonical snRNA gene for each family.

Variant-specific PCR detection

For the PCR-based validation we used pooled total RNA from ten
human cell lines (QPCR Human Reference Total RNA, Agilent),
representing cell lines derived from tumors of the mammary
gland, liver, cervix, testis, brain, skin, soft tissue, macrophages,
and T and B cells. An amount of 1.0 µg of the pooled RNA was
supplemented with 0.1 µg each of 293T, K562, and MCF7 total
RNA. To amplify the snRNA variants, the qScript One-Step
RT-qPCR kit was used (Quantabio). Reactions were scaled down
from the manufacturer’s protocol to a 5 µL reaction volume.
RNA concentration was measured on a Nanodrop One (Thermo
Scientific) machine. The amount of RNA used for each experiment
is defined below. Reactions were run on a Bio-Rad CFX384 Real-
Time PCR detection system following the one-step qScript cy-
cling protocol with the annealing/amplification temperature of
61°C for all snRNAvariant primer sets. A cycle threshold (Ct) cutoff
of 35 was used to rule out possible false artifacts for all RT-qPCR
experiments. Reactions were then run on a 12% native-PAGE,
stained with Sybr Gold, gel extracted, eluted in DNA elution buff-
er (300 mM NaCl and 1 mM EDTA), ethanol precipitated as de-
scribed in Mabin et al. (2018), and submitted to GeneWiz for
Sanger sequencing to validate gene-specificity.

Real-time qPCR of snRNA variants

snRNA variants were quantitatively measured following the pro-
cedure mentioned above. The following amounts of RNA per
RT-qPCR reaction were used: total cell RNA 5.0 ng, Sm RIP 1.0
ng RNA, cytoplasmic RNA 5.0 ng, gradient fractionation of
snRNPs and spliceosomes 0.5–1.0 ng RNA. Data preprocessing
was carried out using Bio-Rad’s CFX Maestro program.
Unreliable RT-qPCR values (>35) were removed from downstream
analysis. Subsequent data analysis was carried out following stan-
dard ΔCt or ΔΔCt approaches as indicated in figure legends or
specified below.

Human cell line maintenance

Human 293T cell lines (ATCC) were cultured at 37°C under 5%
carbon dioxide in a humidified chamber in Dulbecco’s modified
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Eagle medium (DMEM) supplemented with 10% v/v fetal bovine
serum (FBS) and 1% v/v penicillin-streptomycin.

RNA stability assays

Human 293T cells were grown to approximately 90% confluency
in 12-well plates. Cells were then treated with 5 µg/mL of actino-
mycin D (Dot Scientific) for 30, 20, or 0 min before harvesting in
TRIzol according to the manufacturer’s protocols. Total RNA
was analyzed by RT-qPCR (5.0 ng/sample). Relative abundance
was determined by ΔCt methods using the mean of 7SK and 5S
RNAs at each time point.

Subcellular fractionation

For subcellular fractionation, three 10-cm plates of cultured 293T
cells were grown to approximately 90% confluency. Cells were
lysed in 1 mL of RSB100 Cell Lysis Buffer (10 mM Tris-Cl pH 7.4,
100 mM NaCl, 2.5 mM MgCl2, 0.5% v/v NP-40, 0.5% v/v Triton
X-100) supplemented with 40 µg/mL digitonin (Novex) and incu-
bated on ice for 5-min. Lysates were passed through a 40-gauge
needle three times and the nuclei were pelleted at 1000g for
8min at 4°C. The supernatant was decanted and saved as cytosol-
ic fraction. The nuclei were again resuspended in 1mL of RSB-100
plus 40 µg/mL digitonin. Nuclear suspensions were then centri-
fuged at 1000g for 8 min at 4°C. The supernatant was decanted.
Nuclear pellets were resuspended in RSBT (RSB-100, 0.5% v/v
Triton X-100) and incubated on ice for 5 min. The nuclear lysates
were centrifuged at 1000g for 8 min at 4°C. The supernatant was
decanted and saved as the nuclear fraction. RNA and protein
were extracted from subcellular fractions using TRIzol according
to the manufacturer’s protocols. RNA and protein were analyzed
by RT-qPCR (5.0 ng/sample) and western blotting, respectively,
the latter using antibody against GAPDH (Bethyl; A300-639A)
and HP1A (Bethyl; A300-877A). Relative abundance was deter-
mined by ΔCt methods using the canonical variant, and enrich-
ment was calculated using ΔΔCt as compared to relative total
RNA (nuclear fraction+ cytosolic fraction) levels. All minor
snRNAs except U6atac were compared to their major snRNA
counterpart. U6 and U6atac snRNAs were compared to U4-1.

Sm immunoprecipitation

Immunoprecipitation of endogenous proteins from 293T cells
was carried out as described in Mabin et al. (2018). One 15-cm
plate of cultured cells were lysed in 3 mL of hypotonic lysis buffer
(HLB: 20 mM Tris-HCl pH 7.5, 15 mM NaCl, 10 mM EDTA, 0.5%
v/v NP-40, 0.1% v/v Triton X-100, 1% v/v Sigma protease inhibitor
cocktail P8340). NaCl was then increased to 225 mM and, follow-
ing a 5-min incubation on ice, cell lysates were cleared for 10 min
at 15,000g and 4°C. The cleared lysate (3 mL) was added to
Protein A/G Dynabeads (Life Technologies) conjugated to 3 µg
of mouse IgG (Santa Cruz Biotechnology; sc-2025) or anti-Sm
Y12 monoclonal antibody (Invitrogen; MA5-13449) and mixed
gently by inversion for 2 h at 4°C. Beadswerewashed in hyperton-
ic wash buffer (20 mM Tris-HCl pH 7.5, 225 mM NaCl, 0.1% v/v
NP-40) eight times and eluted in clear sample buffer (100 mM
Tris-HCl pH 6.8, 4% w/v SDS, 10 mM EDTA, 100 mM DTT).

RNA and protein were isolated by TRIzol following the manufac-
turer’s protocol. The purified proteins were separated via 12% ac-
rylamide SDS-PAGE and analyzed by western blotting using a
1:1000 dilution (1.0 µg/mL) of the anti-Sm (Y12) antibody. The
RNA was analyzed by RT-qPCR (1.0 ng/sample). Relative abun-
dance was determined by ΔCt methods using the canonical vari-
ant, and enrichment was calculated using ΔΔCt as compared to
relative total RNA levels.

snRNP and spliceosome fractionation by glycerol
gradients

Nuclear extract from two 15-cm plates of 293T cells were pre-
pared as originally described by Dignam et al. (1983) and modi-
fied by Sontheimer and Steitz (1992). Nuclear extracts were
sedimented in a 14 mL 10%–30% v/v glycerol gradient at
25,000 rpm at 4°C for 16 h using an SW 41 rotor, as described
by Hartmuth et al. (2012). RNA or protein were extracted from
each 0.5 mL fraction using TRIzol according to the manufacturer’s
protocols. RNA and protein were analyzed by northern and west-
ern blotting, respectively (see Supplemental Table S5 for IR fluo-
rophore-conjugated DNA probes and primary antibodies: PRP8
[Santa Cruz Biotechnology; sc-55533], SNU114/EFTUD2
[Invitrogen; PA5-54554], PRP19 [Bethyl; A300-101A]). Image
Studio Lite (Licor) was used to analyze pixel densities of both
northern and western blots to determine which fractions con-
tained each snRNP and spliceosomes. Putative U1 snRNPs corre-
sponded to fractions 5–7, U2 snRNPs and U4/U6 snRNPs to
fractions 6–8, U5 snRNPs to fractions 8–10 and spliceosomes to
fractions 26–28. U4/U6.U5 tri-snRNP fractions were not tested.
Spliceosomes that migrated at the bottom of the gradient were
tested due to their strong enrichment of all snRNAs. RNA from
each fraction was diluted 1:250, except for fractions 26–28, which
were diluted 1:450. Relative abundance was determined by ΔCt

methods using the canonical variant, and enrichment was calcu-
lated using ΔΔCt as compared to relative total RNA levels.

Total-RNA specimens from healthy human tissues

Total RNA from adult and fetal human tissues was obtained from
Agilent Technologies. For the adult samples, breast, cerebellum,
larynx, liver, lung, spleen, stomach, and trachea samples were
each pooled across six donors. Both genders were represented,
with median age 56±16.5 yr (median± standard deviation). For
the fetal samples, all but brain, lung, and skeletal muscle were
pooled across two to 17 donors, 18 to 23 wk gestational age.
Equivalent weights of RNA from each adult tissue were pooled
to give total adult tissue, likewise, equivalent weights of RNA
from each fetal tissue were pooled to give total fetal tissue.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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