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ABSTRACT

U12-type introns are a rare class of introns in
the genomes of diverse eukaryotes. In the human
genome, they number over 700. A subset of these
introns has been shown to be spliced at a slower
rate compared to the major U2-type introns. This
suggests a rate-limiting regulatory function for the
minor spliceosome in the processing of transcripts
containing U12-type introns. However, both the gen-
erality of slower splicing and the subsequent fate of
partially processed pre-mRNAs remained unknown.
Here, we present a global analysis of the nuclear
retention of transcripts containing U12-type introns
and provide evidence for the nuclear decay of such
transcripts in human cells. Using SOLIiD RNA se-
quencing technology, we find that, in normal cells,
U12-type introns are on average 2-fold more retained
than the surrounding U2-type introns. Furthermore,
we find that knockdown of RRP41 and DIS3 subunits
of the exosome stabilizes an overlapping set of U12-
type introns. RRP41 knockdown leads to slower de-
cay kinetics of U12-type introns and globally upreg-
ulates the retention of U12-type, but not U2-type, in-
trons. Our results indicate that U12-type introns are
spliced less efficiently and are targeted by the exo-
some. These characteristics support their role in the
regulation of cellular mRNA levels.

INTRODUCTION

Precursor messenger RNAs (pre-mRNAs), transcribed
from the genomic DNA, undergo extensive processing prior
to their export to the cytoplasm as mature messenger ri-

bonucleoprotein particles (mRNPs). The processing steps
include 5 capping, pre-mRNA splicing and polyadenyla-
tion. A large amount of this processing is now known to
occur co-transcriptionally (1). At the same time, each step
of mRNA processing is subject to quality control in order
to achieve a high fidelity in relaying genetic information.
Nuclear quality-control pathways are triggered following a
delay or accumulation of a particular processing interme-
diate, and the transcript in question will be either retained
at the site of transcription, anchored at the nuclear pore
or completely degraded by nuclear exonucleases (2). Such a
degrade-when-delayed mechanism has been dubbed kinetic
competition; in other words, the kinetic rates of processing
reactions versus degradation reactions will determine the
overall fate of a particular transcript (3,4).

Quality control of splicing has been studied extensively
both in yeast and mammalian cells where the RNA exosome
and, more recently, the 5—3’ exonuclease Ratl/XRN2
(5,6) have been implicated in this process. The exosome is
an exoribonuclease complex that is involved in biogenesis,
degradation and surveillance of many RNA species, includ-
ing processing of ribosomal RNA, small nuclear and nu-
cleolar RNAs, mRNA turnover and surveillance of aber-
rant RNAs, and it is present both in the nucleus and in
the cytoplasm (7). It consists of a core of nine subunits
(called in human CSL4, RRP4, RRP40, RRP41, RRP46,
MTR3, RRP42, OIP2 and PM/SCL-75) forming a barrel-
shape structure, which is catalytically inactive in eukaryotes,
and associated catalytic subunits, which can include RRP6
(or PM/SCL-100), DIS3 or DIS3 homologs (8-12).

A diverse group of eukaryotes harbors two types of
spliccosomal introns in their genomes. These introns,
termed as U2- and Ul2-type introns (or major and mi-
nor introns), are removed by specific U2- or U12-dependent
spliceosomes, respectively. The minor spliceosome contains
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four unique snRNA components, Ul1l, Ul12, Udatac and
Ué6atac, and shares the U5 snRNA with the major spliceo-
some (13). Moreover, in addition to more than a hundred
protein components that are shared with the major spliceo-
some, there are seven unique protein components in the mi-
nor spliceosome, all located in the U11/U12 di-snRNP that
functions in the recognition of the Ul2-type introns (14—
17). The expression levels of several of the unique minor
spliceosome components, namely U11-48K and U11/U12-
65K proteins and the U6atac snRNA, have been shown to
be tightly regulated in evolutionarily distant organisms (18—
20), suggesting that precise control of spliceosome compo-
nent levels may be important for cellular survival or organis-
mal development (21,22). Mutations in the specific snRNA
or protein components of the minor spliceosome have also
been associated with two pediatric diseases, microcephalic
osteodysplastic primordial dwarfism type 1/Taybi-Linder
syndrome (MOPD1/TALS) (23-25) and Isolated familial
growth hormone deficiency IGHD) (26).

Reverse transcriptase-polymerase chain reaction (RT-
PCR) investigations of individual genes containing Ul2-
type introns have reported elevated levels of unspliced mi-
nor introns compared to the major introns within the same
genes in cellular mRNA pools at the steady state (27,28),
suggesting a model in which slow splicing of U12-type in-
trons would provide a rate-limiting control for the expres-
sion of genes containing U12-type introns (27,29). Consis-
tent with observed increased intron retention levels, quanti-
tative RT-PCR analysis of newly synthesized pre-mRNAs
revealed ~2-fold longer excision kinetics for Ul2-introns
compared to major introns (30). Furthermore, conversion
of a Ul2-type intron to U2-type (27) led to increased pro-
tein production, suggesting the rate-limiting control would
not only affect mRNA but also protein levels. The rate-
limiting regulation model has been recently further rein-
forced by findings showing that the efficiency of minor splic-
ing can be regulated through the levels Ubatac snRNA,
which in turn responds to p38MAPK pathway activation
(20).

In this study, we have investigated the retention of U12-
type introns at the transcriptome level using RNAseq anal-
ysis of nuclear RNAs. Consistent with earlier single-gene in-
vestigations, we found that on average unspliced U12-type
introns are present at ~2-fold higher level in the nuclear
fraction compared to their neighboring U2-type introns.
Furthermore, we asked if the unspliced U12-type introns
would be the targets of the nuclear quality-control path-
ways by knocking down two separate components, RRP41
and DIS3, of the exosome complex known to be involved in
nuclear RNA turnover and quality control. Our RNAseq
analysis, in particular of the RRP41 knockdown, revealed
global stabilization of unspliced U12-type introns, in strik-
ing contrast to U2-type introns which showed significantly
lower proportion of intron retention events, of which only
a few were further stabilized by the exosome knockdown.
Similar contrast was observed in our kinetic analyses of
intron decay in RRP41 knockdown cells, which revealed
that U12-type introns show significantly slower decay ki-
netics and display elevated baseline levels compared to the
U2-type introns. Together, our data provide evidence of a
transcriptome-wide retention of U12-type introns through
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poor splicing and their targeting by nuclear quality-control
mechanisms.

MATERIALS AND METHODS
Cell culture

All cell lines were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with FBS, penicillin and strep-
tomycin. HEp-2 and HEK293 cells were used for small-
scale experiments, whereas RNAseq samples were collected
from HEp-2 cells only. HEp-2 cells were chosen for their
consistent performance both in siRNA transfection experi-
ments and in the subsequent nuclear and cytoplasmic frac-
tionations. Transfections were performed using Oligofec-
tamine or Lipofectamine RNAIMAX following manufac-
turer’s recommendations. Forty eight hours after transfec-
tion, cells were harvested by trypsinization and each sam-
ple was divided into RNA and protein preparations. Trizol
reagent was used for RNA extraction. For protein analysis,
the cells were suspended in lysis buffer (25 mM Tris-HCI
pH 7.5, 100 mM KCI, 1 mM EDTA, 0.5 mM DTT, pro-
tease inhibitor cocktail), sonicated 3 x 30 s using Biorup-
tor sonicator and cleared by 10 min 13 000 rpm centrifu-
gation in an Eppendorf centrifuge. Rescue cotransfections
were performed by transfecting siRNAs first with Lipofec-
tamine RNAIMAX, followed by plasmid transfection af-
ter 24 h with Lipofectamine 2000, and cell harvesting 24
h after the second transfection. mRNA decay experiments
were performed 48 h after knockdown (control and RRP41
siRNA treated cells) using 100 uM DRB (5,6-dichloro-1-8-
D-ribofuranosylbenzimidazole) and harvested directly into
Trizol at indicated time points.

Cellular fractionation

Cells were trypsinized, washed once with cold phosphate
buffered saline, resuspended in hypotonic buffer (10 mM
HEPES-KOH pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
DTT, protease inhibitors) and incubated on ice for 10 min.
Then cells were collected by centrifugation, resuspended in
hypotonic buffer and lysed with a Kontes tight pestle (B)
douncer. Lysis was monitored under the microscope using
Trypan blue staining. The lysate was layered on 1 M sucrose
in hypotonic buffer and centrifuged 2300 g 30 min at 4°C,
resulting in separation of the nuclear pellet from the cyto-
plasmic fraction at the top of sucrose cushion. Nuclei were
washed once with hypotonic buffer containing 1 M sucrose.
Nuclear samples were subsequently sonicated and insoluble
material was cleared by centrifugation as described above
for total cell lysate. The quality of fractionation was moni-
tored on western blots with nuclear (topoisomerase 1) and
cytoplasmic (eIF2a) markers.

siRNAs

siRNAs were purchased from Eurogentec and Sigma-
Aldrich. Exosome and control siRNA sequences are listed
in Supplementary Table S2. siRNAs targeting XRN2 and
DCP2 have been described by Davidson et al. (6).
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Plasmids

The open reading frame of RRP41 was cloned into the pCI-
neo vector, as described previously (31), which allows the
expression of the N-terminally VSV-tagged RRP41 protein
(VSV-RRP41). Two silent point mutations in the coding
sequence of RRP41 (corresponding to the siRNA target
site) were introduced with the QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies) using the manufac-
turer’s recommendations and primers listed in Supplemen-
tary Table S3. More specifically, this procedure modified the
codons encoding Q126 and V127 from CAG to CAA and
GTG to GTA, respectively.

Antibodies

RRP41 rabbit polyclonal antibodies are described else-
where (32). DIS3 antibodies were purchased from Abnova
(cat. no. H00022894-A01), XRN2 and DCP2 antibodies
from Bethyl laboratories (A301-103A and A302-597A) and
VSV-tag antibodies from Abcam (ab1874).

RT-PCR and northern blotting

Complementary DNA (cDNA) was synthesized using
AMYV reverse transcriptase (Promega) and random hex-
amer primers. RT-PCR primers for PCR (agarose gel analy-
sis) have been described in (16). The gels were scanned with
Fuji LAS-3000 CCD camera and images were quantified
using AIDA image analyzer software (Raytest). Intensities
were normalized according to the lengths of the PCR prod-
ucts. LightCycler 480 DNA SYBR Green I master mix and
LightCycler 480 (Roche) were used in all RT-qPCR analy-
ses. Quantitative PCR (qPCR) primers are listed in Supple-
mentary Table S3. For steady-state analysis, each Ul2-type
intron signal was normalized to a U2-type exon—exon signal
in the same transcript, and in decay experiments, U12 and
U2 intron signal was normalized to a U6 snRNA amplicon,
using primers described in (33). All RT-qPCR samples were
assayed in triplicates. Northern blotting and probes were as
described in (19).

RNA sequencing and analysis

Sequencing libraries were constructed from nuclear and cy-
toplasmic RNA preparations of HEp-2 cells using SOLiD
Total RNA-Seq Kit (Applied Biosystems). Briefly, library
construction contained the following steps: ribosomal
RNA removal, fragmentation using RNaselll, reverse tran-
scription, amplification (14 cycles) and size selection (70—
150 bp). Sequencing was performed on SOLiD 4. Initial
read mapping to the human reference genome (hgl9) was
performed using SOLiD Bioscope V1.3, followed by re-
moval of PCR duplicates. The paired reads mapping to
Ul2-intron containing genes were normalized to the length
of each intron and exon and were also normalized to the
number of the paired reads mapped to the intron/exon and
its neighboring introns and exons to obtain the correspond-
ing normalized FPKM (Fragments Per Kilobase per Mil-
lion mapped fragments) values.

In order to avoid biases caused by misannotation and al-
ternative splicing, all intron and exon coordinates of the

multiple transcript annotations of the U12-intron contain-
ing genes were collapsed and the genes with changes in their
U12 intron coordinates were disregarded. Differentially re-
tained introns (U12 and U2-type introns) were identified us-
ing the Bioconductor package edgeR 2.4.6 (34) using com-
mon dispersion value of 0.02 and P-value cutoff 0.05 for
the intron. Intron—exon junction read pairs or individual
reads were identified based on their shared mapping to both
intronic and exonic sequences. Intron—exon junction levels
were normalized by the summation of the intron—exon junc-
tion levels across the transcripts. Intron retention factor is
the relative retention of the U12 introns (FPKM of the U12
introns) to the retention of their 5" and 3’ neighbor introns
(the mean of their FPKM).

For the global U2 intron retention analysis, mRNA an-
notations were extracted from RefSeq. Reads mapped to a
single transcript and reads mapped to multiple transcripts
were counted separately. For each intron/exon, the number
of the reads that were mapped to introns/exons of multi-
ple transcripts was divided uniformly and added to their
single mapped reads count. Analysis related to alternative
splicing was done using most recent (2013) MISO alterna-
tive splicing annotation files (35) downloaded from http:
/lgenes.mit.edu/burgelab/miso/docs/annotation.html#idS5.

RESULTS

Previous RT-PCR investigations have documented an el-
evated level of unspliced U12-type introns in the cellular
mRNA pool at the steady state (27,36). Given that pre-
mRNAs containing unspliced U12-type introns are not ex-
ported to the cytoplasm (37), we asked whether nuclear
quality-control mechanisms would target mRNAs contain-
ing unspliced U12-type introns. We knocked down two exo-
some subunits in HEp-2 cells, the RRP41 subunit that is one
of the core components of the exosome and DIS3, which
is one of the catalytic subunits. In both cases, we obtained
good knockdown levels as verified by western blotting (Fig-
ure 1B). We then assessed the Ul2-type intron retention
levels of three genes, VPS16, MAPKI2 and RCDS, using
primers in the exons flanking the Ul12-type introns (Fig-
ure 1A). These genes were chosen as they were previously
shown to contain moderate to high level unspliced U12-type
introns in the steady-state cellular mRNA pool (16). As a
control, we analyzed U2-type intron retention levels from
the same transcripts, but observed no stabilization of these
introns in any of the knockdowns (Figure 1C).

Consistent with a hypothesis that the nuclear exosome is
involved in the degradation of transcripts containing U12-
type introns, we observed a notable stabilization of the re-
tained Ul2-type introns (2- to 8-fold for RRP41 knock-
down and 2- to 4-fold for DIS3 knockdown), but not of
the U2 control introns in the same transcripts, nor in the
beta-actin gene used as an independent control (Figure
1C). Interestingly, even though knockdown of either exo-
some subunit seemed to stabilize unspliced U12-type in-
trons, the effect was generally more pronounced for RRP41
knockdown. A possible explanation for the stronger effect
is the codepletion of several other exosome subunits, in-
cluding core exosome components and RRP6 catalytic sub-
unit (Supplementary Figure S1) upon RRP41 depletion, as
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Figure 1. Ul2-intron-containing transcripts are stabilized by the exosome knockdown. (A) Exon/intron structures of human VPSI16, MAPKI2 and RCDS
genes and positions of the primers used in RT-PCR experiments (arrows). (B) Western blot illustrating the depletion of RRP41, DIS3, XRN2 and DCP2
upon siRNA-mediated knockdown. Cell lysates from cells treated with control siRNA were loaded in the indicated amounts. (C) RT-PCR analysis of the
three transcripts described in panel (A) and beta-actin after knockdown of RRP41, DIS3, XRN2 or DCP2. The positions of the transcripts (i.e. mRNA
versus pre-mRNA) are indicated on the left. U2 panels are shown in two versions, in the middle panel contrast settings are the same as in the U12 panel;
in the rightmost panel the same gel is shown with darker settings to reveal the weak U2 intron signals. (D) Expression level of VSV-epitope-tagged RRP41
containing silent mutations at the siRNA target site, analyzed by western blotting using a polyclonal anti-RRP41 antibody and anti-VSV tag antibody. The
relative intensity of the endogenous RRP41 signal (normalized to U1C signal) is shown below the panels. (E) Quantification of intron retention levels upon
RRP41 knockdown and with or without RRP41 rescue. VPS16, MAPKI2 and RCDS spliced and unspliced signals in agarose gels containing separated
RT-PCR products were quantified (¥*P < 0.05 and ***P < 0.001 with Student’s ¢-test).

shown earlier (38). We also tested the other exosome cat-
alytic subunits, of which RRP6 (also known as PM/SCL-
100) showed a small, but not repeatable stabilizing effect
on Ul2-type intron retention that varied from experiment
to experiment with our test gene set, while the effects of
DIS3L1 and DIS3L2 were always negative (Supplemen-
tary Figure S1). We also knocked down XRN2 and DCP2,
which function in the 5 — 3’ degradation pathway and have

recently been shown to co-transcriptionally monitor and
degrade aberrant pre-mRNAs containing unspliced introns
(6). Neither knockdown had any effect on either U2- or
Ul12-type intron retention of the tested VPSI16, MAPKI2
or RCDS transcripts (Figure 1B and C).

As the exosome is known to be involved in snRNA pro-
cessing and sn/snoRNA transcription termination (39-42)
and the Ub6atac snRNA has been linked to regulation of
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the splicing efficiency of Ul2-type introns (20), we tested
whether exosome knockdown causes aberrant processing or
destabilization snRNAs of the U12-dependent spliceosome.
However, our northern blot analysis of the snRNAs did not
reveal any effect on the levels or processing (Supplementary
Figure S2A). Neither were the levels of mRNAs encoding
the minor spliceosome specific proteins altered in our sub-
sequent RNAseq data set analysis (Supplementary Figure
S2D). Finally, we carried out a rescue experiment of the
knockdown by transfecting an RRP41 construct with silent
point mutations in the siRNA target site after the knock-
down. With a moderate level of VSV-RRP41 expression, we
were able to obtain a partial rescue of the levels of unspliced
U12-type introns (Figure 1D and E). Taken together, these
results suggest a role for the DIS3-exosome in the degrada-
tion of Ul2-type intron-containing pre-mRNA processing
intermediates.

Global analysis of U12-type intron retention

The above results showed that at least a subset of the more
slowly spliced Ul2-type intron-containing mRNA precur-
sors is degraded by the nuclear exosome. To ask if this
is a general property of Ul2-type intron pre-mRNAs, we
carried out a global transcriptome analysis of HEp-2 cells
treated with RRP41, DIS3 or control siRNAs targeting
green fluorescent protein (GFP). We verified knockdown
levels by western blotting (DIS3: 83%; RRP41: 81%; Fig-
ure 2A). To increase the relative abundance of mRNAs with
unspliced introns, we enriched nuclear RNA by separat-
ing nuclei from cytoplasm (Figure 2B). Based on the quan-
tification of the western blots, we observed very low levels
(<10%) of cytoplasmic contamination in the nuclear frac-
tion and virtually no nuclear contamination in the cyto-
plasmic fraction (Figure 2B). The resulting RNA fractions
were rRNA depleted and randomly fragmented after which
directional sequencing libraries were constructed by liga-
tion of SOLiD sequencing primers to RNA fragments, fol-
lowed by cDNA synthesis, amplification, size selection and
SOLiD sequencing (see Supplementary Figure S3 for over-
all strategy).

We mapped the reads from both nuclear and cytoplasmic
fractions to genes containing U12-type introns, followed by
removal of PCR duplicates (see Table 1 for overall read
statistics). Normalized FPKM values were calculated for
each exon and intron within the gene set as described in the
Materials and Methods section. nullnull

We detected the RNAseq reads from 544 Ul2-type in-
trons, covering 78% of all known human U12-type introns
(43). We first compared the global retention of Ul2-type
introns. FPKM values from Ul2-type introns were com-
pared to the values obtained from the neighboring U2-
type introns. As seen in Figure 2C, we found that the re-
tention levels of the U12-type introns were on average two
times higher than their close U2-type introns. Similar re-
sults were also observed with RRP41 and DIS3 knockdown
samples, but with a further increased contrast between U12-
and U2-type introns (see below). To exclude the possibil-
ity that the above result would be caused by stabilization of
excised introns in our RNA pool, we separately examined
exon—intron junction reads (Supplementary Figure S4). Al-
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Figure 2. Global analysis of U12-type intron retention. (A) Western blot
showing the depletion levels of RRP41 and DIS3 after knockdown. In-
tensities of the individual bands (shown below each lane) were quantified
using the Odyssey Imaging System (LI-COR) and normalized to the vy-
tubulin signal. (B) Western blot of nuclear and cytoplasmic fractions of
cells after knockdown. Topoisomerase I (TOPO-I) was used as a nuclear
marker and elF2a as a cytoplasmic marker. T, total cell lysate; C, cytoplas-
mic fraction; N, nuclear fraction. (C) Distribution of normalized read val-
ues in U12-type introns in comparison with the flanking U2-type introns,
as indicated below the figure, in the nuclear fraction of control siRNA
treated cells. The whiskers represent 1.5 times the interquartile range.

Table 1. RNAseq statistics

Sequencing platform SOLiD 4

Reads size 50-35

Fragment size ~70-150 bps
Overall reads® 865136419
Reads mapped to genome 354 850 544
Reads mapped to U12 genes 26 861 817
Unique reads mapped to:

Introns of U12 genes 7187277
Exons of U12 genes 1788 277
U2 introns 683 051

U2 introns of U12 genes 6468 221
Flanking exons of U12 introns 167 648

4Total of all samples.



though the number of such reads was limited in our data
set due to the short read length, the general result, i.e. >2-
fold elevated retention of Ul2-type introns in comparison
to neighboring U2-type introns, was also seen with all the
three exon-intron junction read data sets (control, RRP41
and DIS3 knockdowns), suggesting that our results with
intron-specific reads reflect the stabilization of transcripts
containing unspliced U12-type introns, and not the stabi-
lization of spliced intron lariats. This interpretation is fur-
ther supported by our initial RT-PCR observations using
intron—exon spanning primers (see Figure 1) and by the val-
idation of the most stabilized introns (see below), which all
showed elevated U12-type intron signals compared to the
U2-type introns used as controls. Finally, to investigate if a
subset of our results could be explained by possible intron-
encoded stable RNAs (such as miRNAs, snoRNAs or other
non-coding RNAs) residing within the U12-type introns, we
also examined the distribution of annotated RNA and pro-
tein coding genes within the U12-type introns. Interestingly,
Ul12-type introns in the human genome appear to be com-
pletely devoid of annotated ncRNA genes. Taken together,
our transcriptome-wide results indicate increased levels of
transcripts containing unspliced U12-type introns in the nu-
clear RNA pool, substantiating the previous observations
with individual U12-type intron-containing transcripts.

Exosome knockdown leads to stabilization of U12-type in-
tron containing pre-mRNAs

We investigated transcriptome-wide effects of the exosome
subunit knockdowns on U12-type intron retention by iden-
tifying introns that were differentially retained in either
knockdown using a P-value cutoff of 0.05 (34). Similarly
as with the total U12-type intron data set, the stabilized in-
trons also showed higher retention levels compared to the
neighboring U2-type introns (cf. Figures 2C and 3D). Of
the 119 introns meeting the statistical criteria, 80% were de-
rived from RRP41 knockdown. Majority of those were sta-
bilized (Figure 3A and C) and displayed on average 2-fold
higher retention levels compared to the control knockdown
(Figure 3D). This set includes introns in PSMC4, KIFAP
and /FT80 that have been identified earlier [(30); see Sup-
plementary Table S1 (36)]. With the DIS3 knockdown the
number of statistically significant introns was significantly
smaller and the ratio between stabilized and destabilized
Ul2-type introns more even, with a slight excess of desta-
bilized U12-type introns (Figure 3B and C). Nevertheless,
there was a statistically significant overlap between the two
knockdowns for both the stabilized and destabilized U12-
type introns (P = 1.74E—10 and P = 0.0122, respectively,
using hypergeometric test).

A closer examination of the data set revealed a more
widespread effect upon RRP41 knockdown. Significantly,
the entire group of Ul2-type introns, comprising also the
majority of those above the statistical cutoff, has been sta-
bilized as a result of the RRP41 depletion as indicated by
the off-diagonal shift seen in Figure 3A and more clearly
in a frequency plot (Figure 3E; see also Supplementary
Figure S7). This is also seen as an increased number of
stabilized Ul12-type introns (Figure 3G). While the DIS3
knockdown does not lead to similar prominent off-diagonal
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global changes (Figure 3B and F), a pairwise comparison
of both the RRP41 and DIS3 data at intron level (Supple-
mentary Figure S5) indicates a similar response of U12-type
intron retention, but the magnitude of change with DIS3 is
less pronounced than with the RRP41 knockdown (slope
0.607).

Importantly, the global shift observed with RRP41
knockdown was statistically highly significant (P <
2.2E—16, Jonckheere trend test) and was not observed with
the U2-type introns located immediately up- or downstream
of the Ul12-type introns (Figure 3F) or in the group of all
the U2-type introns in the same genes. Similarly, random
sampling of U2-type introns from the genes with similar
expression levels as those carrying U12-type introns also
returned a profile centered at 0-fold change (Figure 3E).
We conclude that U12-type introns are preferably stabilized
upon exosome subunit knockdown and that the effect of
stabilization with RRP41 subunit is more prominent com-
pared to the DIS3 subunit. In many cases the effect with
U12-type introns is small, but it is still distinguishable in
our global analysis, while the largest effects are about 4-fold.
Furthermore, it suggests that in these transcripts U12-type
introns remain unspliced whereas U2-type introns have al-
ready been excised.

To ask if the differential responses of the U12-type in-
trons to exosome subunit depletion can be explained by dif-
ferences in sequence characteristics, we compared the sta-
tistically significant and unchanged introns. The analysis in-
cluded intron length, position (first, last or middle location),
distance to 3’ end of the gene, intron subtype (AT-AC vs.
GT-AG) and the strength of splice sites. For splice site anal-
ysis, we also generated sequence logos for the 5’ss, branch-
point and 3’ss of statistically stabilized and unchanged in-
trons for visual examination (Supplementary Figure S6).
Finally, we carried out k-mer analysis searching for over-
represented or under-represented 6-mers in the stabilized
and destabilized U12 introns and their flanking exons us-
ing Fisher’s exact test. In none of the analyses did we de-
tect any significant correlation that would explain the dif-
ferences between statistically stabilized and unchanged in-
trons. Our negative results suggest either that there is no
clear-cut classification between the two groups, but perhaps
rather a continuum of the responses as suggested by the re-
sults in Figure 3E. Alternatively, there may also be multiple
signals and pathways resulting the same exosome response,
which make identification difficult from a relatively small
set used in our analyses.

To ask if we could detect U2-type introns responding
in the same way to exosome knockdown as Ul12-type in-
trons, we analyzed the entire human U2-type intron com-
plement to identify U2-type introns showing statistically
significant stabilization in our edgeR analysis. Strikingly,
out of 200.033 unique introns analyzed we identified only
0.6% (1208 introns) that showed stabilization after knock-
down while the percentage is 14.7% for U12-type introns
using the same statistical cutoff. A further analysis of the
retention profile of these introns in the control cells re-
vealed that they displayed a lower retention compared to
the neighboring U2-type introns unlike the Ul2-type in-
trons that were more retained in the control cells (cf. Fig-
ures 3H and 2C). Further selection to identify introns that
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show a similar retention pattern as U12-type introns in Fig-
ure 2C and respond to RRP41 knockdown returned only
86 introns. Our analysis of the 1208 U2-type introns that
are stabilized by RRP41 knockdown or the group of 86 in-
trons that show higher retention levels in control cells and
further stabilization after RRP41 knockdown did not re-
turn statistically significant correlations using the same se-
quence and position characteristics as we used in the U12-
type intron analysis above. However, within the group of
86 U2-type introns 30 are listed as introns related to exon-
skipping events (see Supplementary Table S5) in alternative
splicing database. This result is statistically significant (P <
0.01, Fisher’s exact test) and is interesting because alterna-
tive splicing events have been reported to often occur post-
transcriptionally (44-46).

Together, our analysis with U2-type introns emphasizes
differences between the two spliceosomes with U12-type
intron being affected significantly more by the exosome
knockdown than the U2-type introns. Interestingly, a small
subset of alternatively spliced U2-type introns showed in-
creased retention in control cells and further stabilization
upon RRP41 knockdown similarly as the U12-type introns.

Kinetic differences between U12- and U2-type intron decay

To ask if there are differences in the kinetics of mRNA de-
cay between the two intron types, we investigated a sub-
set of Ul2-type introns identified from the RNAseq anal-
ysis. First we used RT-qPCR using total RNA preparations
from three independent knockdown reactions to confirm
the U12-type intron retention with primers that span exon—
intron junctions (Figure 4A). Of the top eight U12-type in-
trons in the RRP41 knockdown list showing elevated intron
retention (Supplementary Table S1), seven out of eight were
validated in RT-qPCR, all showing typically more than 3-
fold higher levels than in control knockdown (Figure 4B),
even though the exact stabilization values varied somewhat
between the individual knockdown reactions (see Figure
4C). Five of these introns were also showing higher reten-
tion levels in the RNAseq data of the DIS3 knockdown, and
only one of these (RABL2B) was validated by RT-qPCR
(Figure 4B). This may reflect that DIS3 knockdown effect
size 1s smaller, and while it is seen in the nuclear enriched
RNAseq dataset, it may be more easily missed in the to-
tal RNA samples that were used in the RT-qPCR (compare
also to Figure 1C).

Subsequently we selected three qPCR-validated genes
(see Figure 4B), STX10, MORC4 and CHDIL, that have
RRP41 knockdown-stabilized Ul2-type introns in either
5" end, in the middle of the transcript or 3’ end, respec-
tively. We investigated pre-mRNA decay kinetics between
the Ul2-type intron and a U2-type intron in the same gene
following inhibition of transcription initiation. We treated
control and knockdown cells with DRB, which inhibits
CDK7 phosphorylation, and thus prevents transcription
initiation, but does not affect ongoing elongation or pre-
mRNA processing (30). Therefore, the decline of the pre-
mRNA signal is a combination of both pre-mRNA splic-
ing and nuclear decay. As seen in Figure 4C, there is a clear
accumulation of transcripts containing unspliced U12-type,
but not U2-type introns, upon RRP41 knockdown. Follow-
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ing DR B treatment, the U12-type intron levels decline after
a gene-specific lag period; however, the lag period does not
correlate with estimated elongation time after DRB addi-
tion, as all three transcripts are expected to complete tran-
scription within ~15 min of incubation start, calculated
with an elongation rate of 3.8 kb/min as in (30). The lag pe-
riod was clearly longer for U12-type introns than U2-type
introns. RRP41 knockdown led to a further, ~2-fold, exten-
sion of the lag period with the U12-type introns in CHDLI
and STX10 genes. Using the data we estimated the half-lives
of the U2- and Ul2-type intron containing pre-mRNAs.
With U2-type introns the half-lives varied between ~30 min
and 75 min with little differences between the control and
RRP41 knockdown. In comparison, with the U12-type in-
trons half-lives were clearly increased with each gene in the
RRP41 knockdown, but the exact numbers were difficult to
estimate because of very high baseline levels of the U12-type
introns even after extended incubation in the presence of
DRB. Nevertheless, conservative estimates indicate ~180—
210-min minimal half-life after RRP41 knockdown, which
is 1.5 to 2-fold longer than in control cells.

Together, the half-life measurements indicate clear differ-
ences between the two intron types. The slow decline of the
Ul2-type pre-mRNA signal in particularly in the RRP41
knockdown cells supports the model in which the nuclear
exosome is involved in the decay of transcripts containing
unspliced U12-type introns.

DISCUSSION

In this study, we have investigated the nuclear retention of
transcripts containing unspliced Ul12-type introns at the
whole transcriptome level using RNAseq methods. On av-
erage, we find ~2-fold higher levels of unspliced U12-type
introns compared to the neighboring U2-type introns on
the same transcript in human cells. Additionally, the nuclear
levels of a subset of unspliced U12-type introns are further
increased after the knockdown of exosome subunits. In par-
ticular, depletion of the core subunit RRP41 leads to stabi-
lization of large number of Ul2-type introns that display
significantly delayed and inefficient decay kinetics, suggest-
ing that transcripts containing unspliced U12-type introns
are actively degraded by the exosome complex. Thus our re-
sults provide the first transcriptome-level evidence that the
inefficient splicing and accumulation of unspliced introns
is a general property of most Ul2-type introns. Further-
more, we show that nuclear exosome, possibly together with
the other nuclear processing mechanisms, targets such tran-
scripts and prevents their accumulation in the nucleus.

Our results on minor intron retention are consistent
with previous single-gene observations in mammalian and
Drosophila cells that have similarly reported 2 to 4-
fold higher levels of unspliced Ul2-type introns in cel-
lular steady-state RNA pools but extend these results
to transcriptome-wide level (27,36). Furthermore, we ob-
served selective stabilization of majority of Ul2-type in-
trons, but only a very small subset of U2-type introns by
the nuclear exosome depletion. Thus our results provide
now an experimental evidence that links the slower splic-
ing of U12-type introns that has been observed both in vivo
(30) and in vitro (47,48), and the proposed role of these in-
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trons as rate-limiting controls that regulate the formation
of fully processed mRNAs (20,27). Nuclear degradation has
been implicated with earlier experiments using a splicing re-
porter with a Ul2-type intron which show increased pre-
mRNA degradation (27) and after an antisense oligonu-
cleotide blocking of U6atac snRNA that leads to down-
regulation of all minor-intron containing genes (20), but

in those earlier studies the nuclear components involved in
pre-mRNA degradation had not been identified.

The underlying mechanisms behind the slower splicing
or elevated intron retention levels are not fully understood.
However, recent work has provided evidence that U6atac
snRNA, a component of the catalytic core of the minor
spliceosome, could be a molecular switch that regulates
the efficiency of splicing of U12-type introns (20). Alterna-



tively or additionally, the splicing efficiency could be regu-
lated by limiting the abundance of the key protein compo-
nents of the minor spliceosome, for example via the neg-
ative feedback loop that controls the cellular homeostasis
of the U11/U12 di-snRNP. This regulatory system desta-
bilizes the transcripts of the U11-48K and U11/U12-65K
proteins, which are necessary for intron recognition (19). In
both cases the regulatory pathways respond to external fac-
tors, such as MAPK signalling and hnRNP H protein levels
(18,20).

Analogous results have also been observed in a number
of experiments with U2-type introns. For example, defects
in spliceosome components or splicing factors (5), inhibi-
tion of splicing by spliceostatin A (6), defunct splice sites
(49) and changes in nuclear retention (50) have all been
shown to induce degradation of incompletely spliced tran-
scripts. Thus, any deviation in the kinetics of pre-mRNA
splicing that prevents nuclear export also leads to nuclear
decay as suggested by the kinetic proofreading hypothesis
(3,4). In yeast, a similar nuclear pathway controlling expres-
sion of a set of genes has been described. There, it has been
shown that mRNAs containing slowly spliced introns are
degraded and that this response requires PAB2 and RRP6
(51). Together with the yeast study, the Ul2-type intron
findings presented here support the conclusion that this is a
widespread mechanism for gene regulation.

Since alternative splicing has been reported to favor post-
transcriptional processing (44-46), introns related to alter-
native splicing events are potential candidates to display
similar retention and exosome-related degradation patterns
as Ul2-type introns. Intriguingly, our query to such U2-
type introns revealed an enrichment of introns related to
exon-skipping events in the nuclear compartment. However,
given that our retrieved group of introns represents a mi-
nor subpopulation of all exon-skipping events (or alterna-
tive splicing in general), this is unlikely to be a general char-
acteristic of exon-skipping introns.

Recent transcriptome-wide work has indicated that the
exosome targets more than half of the yeast intron-
containing genes. (40). Similarly, crosslinking and cDNA
sequencing (CRAC) experiments in yeast revealed that
DIS3 binds to intron-containing pre-mRNAs (41). The ob-
servation that so many transcripts are subjected to degrada-
tion pathways suggests that mis-processing events are very
common, but in the case of Ul2-type intron-containing
transcripts, and others, it can also be a mechanism for reg-
ulation. Excess production of transcripts that are consti-
tutively degraded by the exosome can be used to quickly
activate gene expression patterns in a switch-like manner,
as shown in fission yeast meiotic gene expression (52), re-
sponse to environmental stress (51), and a similar mecha-
nism has been suggested for U12-type introns recently (20).

The effect with RRP41 knockdown on retention of
Ul2-type intron-containing transcripts led mostly to sta-
bilization of the pre-mRNAs. In addition to the statisti-
cally significant effect on individual transcripts, the U12-
type intron-containing transcripts were also stabilized as a
group. The most likely explanation for such a strong effect is
that depletion of the RRP41 destabilizes the core of the exo-
some, causing co-depletion of the other core subunits, simi-
larly as observed with mutations inactivating Rrp41, which
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inhibit the activity of the whole exosome complex (7,53).
In contrast, with the DIS3 knockdown the overall stabiliza-
tion of the Ul2-type intron-containing transcripts was not
detected at all (Figure 3F) and many introns were in fact
destabilized. Why this would be the case is somewhat un-
clear; however, it may be speculated that the knockdown of
DIS3 may cause a disturbance in the ratio of active exo-
some subunits or in their relative association with the core
exosome. Thus, overall exonucleolytic activity may increase
upon the knockdown of one active subunit, as the others
may compensate (R. Staals and G. Pruijn, manuscript in
preparation). Nevertheless, of the introns showing a signif-
icant stabilization effect 17 (out of 80) were shared between
the two knockdowns.

A possible alternative hypothesis to explain our data
on Ul2-type intron stabilization is that exosome (or the
RRP41 subunit) is itself involved in the splicing of U12-
type introns. However, our data argue against this possibil-
ity as the knockdown of neither exosome component leads
to reduction of U12-type spliced reads in the nucleus (exon—
exon junction reads; see Supplementary Figure S2B) or re-
duction of mRNA levels in the cytoplasm (Supplementary
Figure S2C). Nor are the minor spliceosome components
affected by exosome knockdown (neither snRNAs as de-
tected on northern blot nor the mRNA levels of the protein
components specific to the minor spliceosome, as detected
in RNAseq data; Supplementary Figure S2A and D). Fi-
nally, earlier mass spectrometry analyses on proteins inter-
acting with the exosome components have failed to detect
minor spliccosome components, and, conversely, analysis of
minor spliceosome protein composition has failed to detect
exosome components (12,17,54).

Given that only a subset of Ul2-type intron-containing
genes showed a strong response to either exosome knock-
downs, we sought for potential characteristics from the se-
quence of the introns themselves and the surrounding ex-
ons that would explain differential stabilization. However,
none of characteristics tested, including intron length, po-
sition within the gene, intron subtype, splice site strength,
expression level of the transcript, enrichment or absence of
sequence elements within the intron or the surrounding ex-
ons, showed any correlation with the observed stabilization
effect. The most likely explanation for the lack of enriched
signals is that many different sequences and interactions can
result in a similar outcome or that our strongest respond-
ing introns represent only a subset of introns which all share
the similar characteristics but with varying strengths as sug-
gested by the data in Figure 3E.

In summary, we provide here transcriptome-wide evi-
dence that the overall intron retention is higher in the steady
state for Ul2-type introns compared to U2-type introns.
Furthermore, our data support a role for the nuclear exo-
some, among its other tasks, in the quality control of pre-
mRNAs and in targeting such transcripts that have retained
unspliced U12-type introns. We postulate that U12-type in-
trons are needed for the proper regulation of the genes that
they reside in and that the mechanism of regulation relies
on surveillance of nuclear processing, suggesting that the
minor spliceosome is essential for the regulatory networks
of eukaryotic cells.
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