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Abstract

To promote fidelity in nuclear pre-mRNA splicing, the spliceosome rejects and discards
suboptimal splicing substrates after they have engaged the spliceosome. Although nuclear
quality control mechanisms have been proposed to retain immature mRNPs, evidence
indicates that discarded splicing substrates, including lariat intermediates, do export to the
cytoplasm, as indicated by their translation and degradation by cytoplasmic nucleases.
However, the mechanism for exporting these species has remained unknown. By single
molecule (sm) RNA FISH in budding yeast, we have directly observed the nuclear export of
lariat intermediates. Further, by crosslinking, export reporter assays, and smRNA FISH, we
have demonstrated that the export of lariat intermediates requires the general mRNA export
receptor Mex67p and three of its mRNA export adapter proteins, Nab2p, Yra1p, and Nlp3,
establishing that mRNAs and lariat intermediates share the same export machinery.
Unexpectedly, the export of lariat intermediates, but not mRNA, requires an interaction
between Nab2p and Mlp1p, a nuclear basket component implicated in retaining immature
mRNPs, including unspliced pre-mRNA, in the nucleus of budding yeast. Finally, the export of
lariat intermediates, like mRNA, relies on the E3 ubiquitin ligase Tom1p and its target sites in
Yra1p. Overall, our data indicate that the nuclear basket can promote, rather than
antagonize, the export of an immature mRNP. Further, our data imply that the export of
discarded lariat intermediates requires both Mlp1p-dependent docking onto the nuclear
basket and subsequent Tom1p-mediated undocking, a mechanism our data suggests functions
in the export of mRNA also but in a manner obscured by redundant pathways.

eLife assessment

This is an important study that demonstrates that RNA intermediates arising from
improper splicing are exported out of the nucleus via the canonical mRNA export
machinery and the nuclear pore basket. The authors provide convincing evidence
that the role of the nuclear basket rather than retaining the transcripts is stimulating
their export, putting into question the current model of the role of the basket. The
conclusions are in line with recent studies in mammalian cells that suggest that the
basket's role in mRNA export and quality control has to be revised.
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Introduction

In eukaryotes, the nuclear membrane uncouples translation from mRNA transcription and
processing, thereby necessitating mRNA export through the nuclear pore complex (NPC; Petrovic
et al., 2022     ), after transcription and RNA processing (Niño et al., 2013     ; Xie and Ren, 2019     ).
Because the NPC establishes a permeability barrier, the export of such substrates requires the
binding of export receptors to enable passage through the pore (Petrovic et al., 2022     ). The export
of most mRNAs requires the heterodimeric export receptor – Mex67p-Mtr2p in yeast or NXF1-
NXT1 in humans (Grüter et al., 1998     ; Katahira et al., 1999     ; Segref et al., 1997     ). The binding
of Mex67p-Mtr2p to mRNA is mediated by export adapters, which bind mRNA in a manner that is
generally coupled to transcription and RNA processing (Ben-Yishay and Shav-Tal, 2019     ; Stewart,
2019     ). Such coupling imparts specificity to Mex67p-Mtr2p binding. In a complementary manner,
nuclear retention and decay have been invoked as a quality control mechanism that restricts the
export of some mRNA transcripts, including immature or improperly processed messages (Palazzo
and Lee, 2018     ). For example, the exosome, the PAXT complex, and PAXT complex components,
especially ZFH3C1, have been implicated in retention and decay of such RNAs (Hilleren et al.,
2001     ; Kwiatek et al., 2023     ; Lee et al., 2022     ; Ogami et al., 2017     ; Silla et al., 2018     ). In
addition, the nuclear basket has been implicated in budding yeast and humans in the nuclear
retention of incompletely spliced transcripts (Coyle et al., 2011     ; Galy et al., 2004     ; Palancade et
al., 2005     ; Rajanala and Nandicoori, 2012     ); however, an absolute requirement for such a
nuclear-basket quality control mechanism is challenged by a number of observations that also
raise questions concerning the actual role of factors implicated in nuclear retention at the nuclear
basket (Aksenova et al., 2020     ; Iino, 2017     ; Lee et al., 2020     ; Mayas et al., 2010     ; Palazzo and
Lee, 2018     ; Sayani and Chanfreau, 2012     ). We have gained insight into these issues by
investigating the proofreading of pre-mRNA splicing.

Pre-mRNA splicing is catalyzed by the spliceosome, a ribonucleoprotein machine that comprises
over 80 conserved proteins and five small nuclear RNAs (snRNAs) (Wilkinson et al., 2020     ). The
snRNA components play key roles in recognizing the substrate and catalyzing intron excision
through two transesterification reactions; in the first reaction, branching, the 2’ hydroxyl of the
branch site attacks the 5’ splice site, yielding a lariat intermediate and a free 5’ exon, which in the
second reaction, exon ligation, attacks the 3’ splice site to yield mRNA and an excised intron.
Proofreading in splicing functions to enhance the specificity of splice site choice (Semlow and
Staley, 2012     ). Grossly suboptimal splice sites never bind the spliceosome, but suboptimal splice
sites do bind, necessitating downstream mechanisms to distinguish and reject such splice sites.
Indeed, proofreading mechanisms have been implicated throughout the splicing cycle, including
the phases of spliceosome assembly, activation, and catalysis. ATPases of the DEAD and DExH
families of the helicase II superfamily play a central role in proofreading (De Bortoli et al., 2021     ;
Semlow and Staley, 2012     ). In addition to driving the splicing cycle forward in the case of optimal
splice sites, these ATPases also reject and discard splicing substrates having suboptimal splice sites.
For example, the DExH ATPase Prp22p, in the case of an optimal substrate, promotes the release of
mRNA from the spliceosome after exon ligation, but in the case of a suboptimal 3’ splice site,
Prp22p rejects the splice site by undocking the splice site from the catalytic core before exon
ligation (Mayas et al., 2006     ; Semlow et al., 2016     ). If an alternative, optimal 3’ splice site does
not engage the spliceosome, then a second DExH ATPase Prp43p, which acts as a general
terminator of splicing, disassembles the spliceosome, discarding the suboptimal substrate at the
intermediate stage (Mayas et al., 2010     ; Pandit et al., 2006     ). As a consequence of such
proofreading pathways, any mechanism proposed to enforce robust quality control of mRNA
export would need to distinguish against not only pre-mRNA that failed to engage the spliceosome
but also pre-mRNA that did engage the spliceosome but subsequently suffered discard at either the
pre-mRNA or the intermediate stage. A robust quality control mechanism to discriminate against
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the nuclear export of such species has been thought to be essential to preclude the translation of
such species into truncated protein products (Coyle et al., 2011     ; Galy et al., 2004     ; Rajanala and
Nandicoori, 2012     ) (but see below).

Specific factors have been implicated in coupling transcription and RNA processing to mRNA
export and in the nuclear retention of immature species to establish specificity in mRNA export
(Tutucci and Stutz, 2011     ; Schmid and Jensen, 2018     ; Palazzo and Lee, 2018     ). For example, the
TREX complex, which functions in transcription elongation and mRNA export, favors the export of
spliced RNA (Masuda et al., 2005     ; Tutucci and Stutz, 2011     ). Further, reporter assays have
implicated Mlp1p (TPR in humans), a subunit of the nuclear basket, as a quality control factor for
retaining faulty RNA transcripts, especially unspliced pre-mRNAs, in the nucleus (Coyle et al.,
2011     ; Galy et al., 2004     ; Palancade et al., 2005     ; Rajanala and Nandicoori, 2012     ). However,
several observations question the requirement for strict quality control mechanisms in mRNA
export. First, several studies found that Mlp1p/TPR does not act as a general quality control factor
in broadly retaining pre-mRNA in the nucleus and instead promotes mRNA export in some cases
(Bangs et al., 1998     ; Green et al., 2003     ; Bae et al., 2009     ; Xu et al., 2007     ; Lee et al., 2020     ;
Zuckerman et al., 2020     ; Aksenova et al., 2020     ; Iino, 2017     ; Sayani and Chanfreau, 2012     ).
Further, evidence indicates that pre-mRNA and splicing intermediates can be localized to the
cytoplasm in both budding yeast and humans (Mayas et al., 2010     ; Harigaya and Parker, 2012     ;
Sayani and Chanfreau, 2012     ; Carvalho et al., 2017     ; Talhouarne and Gall, 2018     ; Hilleren and
Parker, 2003     ; Legrain and Rosbash, 1989     ). Lastly, disabling the nonsense-mediated decay
machinery stabilizes pre-mRNAs in the cytoplasm (Sayani and Chanfreau, 2012     ). These
observations raise questions about a strict requirement for quality control in mRNA export and
the role of factors implicated in nuclear retention, in particular, the nuclear basket. Further, the
cytoplasmic localization of splicing intermediates raises questions concerning the pathway
utilized for export and the relation of this pathway to mRNA export, because, for example, a
cleaved 5’ exon lacks a poly(A) tail, and a lariat intermediate lacks a cap, both features of mRNA
implicated in promoting export.

In yeast, several mRNA export adapters have been identified, including the SR-like protein Npl3p,
Nab2p, the TREX-2 complex, and the TREX complex, featuring Yra1p (Tutucci and Stutz, 2011     ). In
addition to interacting with mRNA and Mex67p-Mtr2p, these adapters often interact with
additional factors. For instance, the N-terminal domain of Nab2, a poly-A tail binding protein
(Anderson et al., 1993     ), interacts directly with the C-terminal domain of Mlp1p (Grant et al.,
2008     ). Yra1p has also been implicated in binding to the nuclear basket, through interactions
with Mlp1p and Mlp2p in an RNA-dependent manner (Vinciguerra et al., 2005     ). Interestingly, the
E3 ubiquitin ligase Tom1p ubiquitylates Yra1p and then dissociates Yra1p from mRNAs in the
nucleus (Iglesias et al., 2010     ). Deletion of TOM1 inhibits mRNA export at high temperature
(Duncan et al., 2000     ), and genetic assays imply that deletion of TOM1 leads to nuclear retention
of mRNA in an Mlp1p and Mlp2p dependent manner (Iglesias et al., 2010     ).

Mlp1p and Mlp2p compose the elongated fiber-like structures of the nuclear basket (Strambio-de-
Castillia et al., 1999     ; Niepel et al., 2013     ; Kim et al., 2018     ). The N-termini of these proteins are
anchored to the nuclear pore, and their C-termini extend roughly 300 nm into the nuclear interior
(Bangs et al., 1998     ; Kim et al., 2018     ). In addition to the purported roles in retaining immature
RNAs in the nucleus, Mlp1p and TPR have been implicated in mRNA export in S. pombe,
Arabidopsis, and mammalian cells as perturbations of these proteins result in the accumulation of
poly(A)+ RNA in the nucleus and/or defects in export of specific mRNAs to the cytoplasm (Aksenova
et al., 2020     ; Bae et al., 2009     ; Bhat et al., 2023     ; Lee et al., 2020     ; Li et al., 2021     ; Shibata et
al., 2002     ; Umlauf et al., 2013     ; Xu et al., 2007     ; Zuckerman et al., 2020     ). Indeed, rapid
depletion of TPR and NXF1 results in similar mRNA export defects (Aksenova et al., 2020     ;
Zuckerman et al., 2020     ), supporting an mRNA export role for TPR, which microscopy implies
functions in mRNA docking to the NPC (Aksenova et al., 2020     ; Lee et al., 2020     ; Li et al.,
2021     ). Consistent with a role in mRNA export, Mlp1p/2p/TPR interact not only with the mRNA
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export adapters Nab2p and Yra1p but also Npl3p and the TREX-2 complex (Ashkenazy-Titelman et
al., 2020     ; Fasken et al., 2008     ; Green et al., 2003     ; Vinciguerra et al., 2005     ). However,
Mlp1p/TPR may not play a general role in mRNA export, because in budding yeast MLP1 is not
essential for growth or mRNA export (Bangs et al., 1998     ; Green et al., 2003     ; Kosova et al.,
2000     ), and in mammals TPR is only required to export a subset of poly(A)+ mRNAs (Umlauf et
al., 2013     ) that are short, intron poor, or GC poor (Lee et al., 2020     ; Zuckerman et al., 2020     ).
The lack of a general role for Mlp1p and Mlp2p in mRNA export has suggested a broader role for
Mlp1p and its orthologs in nuclear retention of immature substrates, but the role of Mlp1p in both
export and retention remains under investigation.

In this work, we have gained a unique perspective into the role of Mlp1p in mRNA export and
quality control through an investigation of the export pathway for discarded lariat intermediates,
in budding yeast where export studies are not complicated by open mitosis. We found that, like the
export of mRNA, the export of discarded, lariat intermediates require the export receptor Mex67p
and three of its adapters, Yra1p, Nab2p, and Npl3p. Unlike mRNA export, lariat intermediate
export requires Mlp1p and an interaction between Mlp1p and Nab2p. Further, lariat intermediate
export required, even at permissive temperature, Tom1p-mediated ubiquitylation of Yra1p.
Unexpectedly, our data argue against a general role for Mlp1p in quality control through nuclear
retention of immature RNAs and instead highlight a role for Mlp1p in exporting immature RNAs.
Specifically, our data suggest a model in which the export of lariat intermediates first requires
docking onto the nuclear basket and then undocking to permit transit through the nuclear pore, a
pathway that likely also operates in the case of mRNA export but in a manner that is normally
masked by redundant pathways.

Results

Export of lariat intermediates requires
the mRNA export factor Mex67p
To investigate the mechanism of lariat intermediate export in Saccharomyces cerevisiae, we tested
whether the canonical mRNA export factor Mex67p is required, given that the association of its
adapters on a transcript initiates co-transcriptionally. First, to observe the subcellular localization
of lariat intermediates, we utilized a lacZ-expressing ACT1 export reporter that includes a branch
site (br) A-to-G mutation and thus accumulates lariat intermediates that localize to the cytoplasm,
based on indirect assays (Fig. 1A, B     ; Mayas et al., 2010     ). To define the subcellular localization
of reporters directly, we targeted the lacZ gene in the 3’ exon of the derived reporter, named brG,
and the wild-type control, named brA, for smRNA FISH. To resolve individual foci and thereby
allow accurate, subcellular RNA counting, we modified the reporter by replacing its strong
promoter with the weak pSTE5 promoter. Consistent with previous indirect assays (Mayas et al.,
2010     ), in a wild-type strain at 30 °C the vast majority of the brG reporter localized to the
cytoplasm, as for the brA reporter, with only a minor fraction in the nucleus (17% ±1% (SEM) and
17% ±1%, respectively; Fig. 1C     ). By primer extension analysis, the brG mutation increases lariat
intermediate levels by 7-fold (Fig. 1B     ); although the mutation also increases pre-mRNA levels by
2-fold, the pre-mRNA represents only 33% of all brG species (Fig. 1B     ), which is insufficient to
account for the magnitude of the cytoplasmic signal from the brG reporter (83%), and a different
reporter that accumulates lariat intermediate exclusively also localizes to the cytoplasm by
smRNA FISH (see below). These data provide direct evidence for the nuclear export of lariat
intermediates.

Next, we used smRNA FISH and RNA FISH to examine whether the export of lariat intermediates
required Mex67p. Indeed, in a temperature-sensitive mex67-5 mutant that blocks mRNA export at
the non-permissive temperature of 37 °C (Segref et al., 1997     ), both the brG and brA reporters
accumulated in the nucleus after a temperature shift to 37 °C (Fig. 1C     ; Fig. S1A, B     ).
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Figure 1.

Export of a lariat intermediate requires the mRNA export factor Mex67p.

A. Schematic representation of the brA and brG export reporters. B. The brG reporter accumulates lariat intermediate, as well
as pre-mRNA to a lesser extent, as shown by extension of a primer that anneals to the downstream exon. The migration of
the indicated splicing species is shown. C. By smRNA FISH, the export of the brG reporter is impeded by the mex67-5 mutant
at the non-permissive temperature. Wild-type or mex67-5 mutant cells transformed with the indicated reporters were shifted
from 30 °C to 37 °C for 30 minutes. The fraction of nuclear RNA for each cell was quantitated and displayed as a box plot. The
number of cells used for quantitation is indicated beneath each box plot. The lacZ region of the reporter transcript was
targeted by Cy3-labeled probes; DNA was probed by DAPI. Representative cells are shown; dashed lines mark the cell
boundary. D. By RNA co-IP, Mex67p interacts with lariat intermediates in vivo. Top, the indicated cells were mixed before lysis
and co-IP. Bottom, the brG lariat intermediate or RPL21a mRNA was detected by RT-PCR before (Input) and after (Bound) IP
of Mex67p-TAP, expressed from the indicated strains (MEX67-TAP). The p-values were calculated by Mann-Whitney test; n.s.
(not significant), p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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Specifically, by smRNA FISH, the localization of the brG reporter in the nuclei of mex67-5 cells
increased 3.9-fold from 19% ±1% to 74% ±2%, paralleling a 4.0-fold increase in brA-derived mRNAs
from 18% ±1% to 71% ±3% (Fig. 1C     ); by RNA FISH, the localization of the brG reporter, like
poly(A)+ RNA, increased similarly in nuclei (Fig. S1B     ). In contrast, a shift of wild-type MEX67
cells did not significantly increase localization of the brG reporter in the nucleus (16% ±1% at 37 °C
compared to 17% ±1% at 30 °C), as for brA-derived mRNA and poly(A)+ RNA (Fig. 1C     ; Fig.
S1B     ). In contrast with the mex67-5 mutant, the tRNA export mutant los1Δ did not affect the
cytoplasmic localization of the brG reporter, indicating that the export of lariat intermediates is
not promiscuous and requires a specific export pathway (Fig. S1C     ). Together, our results
indicate that the export of lariat intermediates requires the general mRNA export factor Mex67p.

To test whether Mex67p interacts with lariat intermediates directly, we assayed for the interaction
of Mex67p with lariat intermediates in vivo. We performed RNA co-immunoprecipitation (co-IP)
from extracts of MEX67-GFP cells expressing the brG reporter and found that Mex67p-GFP did co-
immunoprecipitate lariat intermediates (Fig. S1D     ). To rule out that the interaction formed in
vitro, we pre-mixed untagged MEX67 cells and TAP-tagged MEX67 cells, lysed the cell mixture, and
then performed RNA co-IP. When we expressed the reporter in the tagged cells, we again observed
co-immunoprecipitation of lariat intermediates with tagged MEX67, but when we expressed the
brG reporter in the untagged cells, we did not observe co-immunoprecipitation (Fig. 1D     ); by
contrast, endogenous RPL21a mRNA co-immunoprecipitated with tagged MEX67 in either
condition. These data verify that Mex67p interacts with lariat intermediates in vivo and support a
direct role for Mex67p in lariat intermediate export.

Export of lariat intermediates requires Mex67p export adaptors
In budding yeast, Mex67p is recruited to mRNA transcripts by three different export adaptors,
Yra1p, Nab2p, and/or Npl3p (Gilbert and Guthrie, 2004     ; Hurt et al., 2004     ; Iglesias et al.,
2010     ; Zenklusen et al., 2001     ). Therefore, we tested whether any of these adaptors is required
for the export of lariat intermediates. First, to test for the requirement of Yra1p in the export of
lariat intermediates, we tested whether the temperature-sensitive GFP-yra1-8 mutant, which
blocks mRNA export at 37 °C (Zenklusen et al., 2002     ), disrupts the export of lariat intermediates
at 37 °C. Specifically, we transformed the brG and brA reporters into GFP-yra1-8 cells, shifted the
cells to 37 °C, and then assessed the cellular localization of the reporters by smRNA FISH. As for
the nuclear levels of the brA reporter, the nuclear levels of the brG reporter did not increase in the
control, wild-type YRA1 cells, but they did increase 2.6-fold in the GFP-yra1-8 cells, from 28% ±1%
to 72% ±4% (Fig. 2A, B     ), thereby establishing evidence that the export of lariat intermediates
requires Yra1p. To test whether lariat intermediates interact directly with Yra1p, we expressed the
brG reporter in HA-YRA1 cells, formaldehyde crosslinked the cells, performed denaturing RNA co-
IP from extracts, and then assayed for RNA by RT-qPCR using primers specifically targeting lariat
intermediates. Indeed, HA-Yra1p not only co-immunoprecipitated endogenous RPL21a mRNA, as
expected, but also brG-derived lariat intermediates (Fig. 2C     ). These data support a direct role
for Yra1p in the export of lariat intermediates.

Next, to test for a requirement of Nab2p in the export of lariat intermediates, we assessed by
smRNA FISH whether the export of the brG reporter was compromised in a cold-sensitive nab2-ΔN
mutant, which accumulates poly(A)+ RNA in the nucleus at 16 °C (Marfatia et al., 2003     ). Indeed,
when nab2-ΔN cells expressing the reporters were shifted to 16 °C, the nuclear levels of the brG
reporter increased 1.5-fold from 35% ±4% to 52% ±3%, similar to the increase of 1.5-fold from 32%
±2% to 47% ±2% for the brA reporter (Fig. 2D, E     ), suggesting that Nab2p is also required for the
export of lariat intermediates. To test whether Nab2p interacts directly with lariat intermediates,
we expressed the brG reporter in HTB-tagged NAB2-HTB cells, UV-crosslinked the cells, performed
denaturing RNA pull-down from extracts, and then assayed for associated RNAs by RT-qPCR.
Indeed, Nab2p-HTB not only pulled down RPL21a mRNA in a UV-dependent manner, as expected,
but also brG-derived lariat intermediate (Fig. 2F     ). These data support a direct role for Nab2p in
the export of lariat intermediates.
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Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 7 of 37Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 7 of 37

Figure 2.

Export of a lariat intermediate requires the mRNA export adapters Yra1p, Nab2p, and Npl3p.

A, B. By smRNA FISH, export of the brG reporter requires YRA1. Wild-type or yra1-8-GFP mutant cells were shifted from 25 °C
to 37 °C for 2 hours. Panel A shows representative images. Panel B shows the quantitation of the nuclear fraction of reporter
RNA. C. By RNA co-IP, Yra1p interacts directly with lariat intermediates. After formaldehyde crosslinking, HA-Yra1p was
immunoprecipitated from cell extracts under denaturing conditions with or without antibodies, and then associated brG
lariat intermediate or RPL21a mRNA was detected by RT-qPCR. The levels of immunoprecipitated RNA are shown as a
percentage of input for three technical replicates; the height of the bar indicates the mean. D, E. By smRNA FISH, the export
of the brG reporter requires NAB2. Wild-type or nab2-ΔN mutant cells were shifted from 30 °C to 16 °C for 2 hours. Panel D
shows representative images; panel E shows quantitation of the nuclear fraction of reporter RNA. F. By RNA co-IP, Nab2p
interacts directly with lariat intermediates. HTB-tagged NAB2-HTB cells and untagged control cells were treated with and
without UV, Nab2p-HTB was pulled down from cell extracts under denaturing conditions using Ni-NTA agarose, and then
associated brG lariat intermediate or RPL21a mRNA was assayed by qRT-PCR. The levels of pulled-down RNA were quantitated
and illustrated as in panel C. G, H. By smRNA FISH, the export of the brG reporter requires NPL3. Wild-type or npl3-1 mutant
cells were shifted from 25 °C to 37 °C for 2 hours. Panel G shows representative images; panel H shows the quantitation of
the nuclear fraction of reporter RNA. Throughout, for smRNA FISH cells were probed and demarked as in Fig. 1C      (top
panel); the nuclear fraction was calculated and displayed as in Fig. 1C      (bottom panel).
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Finally, to examine whether Npl3p plays a role in the export of lariat intermediates, we tested
whether a temperature-sensitive npl3-1 mutant, which displays a strong defect in mRNA export
after a shift to 37 °C (Lee et al., 1996     ), blocks the export of lariat intermediates. After a shift from
25 °C to 37 °C for 2 hours, the nuclear localization of the brG reporter in the npl3-1 cells increased
2.6-fold from 24% ±3% to 63% ±4%, similar to the increase of 1.8-fold from 33% ±2% to 60% ±3%
for the brA reporter (Fig. 2G, H     ). Unfortunately, an Npl3-TAP co-IP was unsuccessful, so we were
unable to confirm direct binding to the brG reporter. Nevertheless, these data suggest that, like
Yra1p and Nab2p, Npl3p contributes to the export of lariat intermediates. Taken together, these
results establish evidence that the export of lariat intermediates requires Mex67p and its adaptors
and therefore the canonical mRNA export pathway.

Efficient export of lariat intermediates
requires the nuclear basket component Mlp1p
Because previous studies have determined that Nab2p physically interacts with the nuclear basket
factor Mlp1p and that the nab2-ΔN mutant lacks the Mlp1p-interacting domain (Marfatia et al.,
2003     ; Grant et al., 2008     ), we hypothesized that Nab2p mediates lariat intermediate export
through its interaction with Mlp1p, even though Mlp1p has been implicated as a quality-control
factor that retains immature RNPs in the nucleus (Bonnet and Palancade, 2015     ; Galy et al.,
2004     ; Vinciguerra et al., 2005     ). As a first test of this hypothesis, we assayed whether the export
of the brG reporter requires Mlp1p. To assay export efficiency, we used our previously described
lacZ-based export reporter having an internal ribosomal entry site (IRES) in the second exon just
upstream of lacZ, which enables the translation of exported species, whether a pre-mRNA, lariat
intermediate, or mRNA species (Fig. 3A     ; Mayas et al., 2010     ). Indeed, deletion of MLP1
significantly reduced the β-galactosidase activity of the brG-IRES reporter by 50%; by contrast
deletion of MLP1 did not significantly affect the β-galactosidase activity of the brA-IRES reporter
(Fig. 3B     ). This reduced β-galactosidase activity in mlp1Δ cells cannot be accounted for by
changes in RNA levels, which were not perturbed (Fig. S2B, C     ). Similarly, in mlp1Δ cells a G1a
reporter that accumulates lariat intermediates showed reduced β-galactosidase activity (Fig. S2B,
C, D     ). These data are consistent with a requirement for Mlp1p in the export of lariat
intermediates (see below).

To determine directly whether MLP1 promotes the export of the brG reporter, we used smRNA
FISH to examine the cellular localization of the reporter in mlp1Δ cells. Consistent with our
findings by the β-galactosidase assay, the mlp1Δ mutation decreased the cytoplasmic signal and
concomitantly increased the nuclear signal of the brG reporter; the nuclear fraction increased by
1.8-fold – from 27% ±1% in wild-type MLP1 cells to 50% ±2% in mlp1Δ cells (Fig. 3C     ). By contrast,
the mlp1Δ mutation did not impact the subcellular localization of the brA reporter (Fig. 3C     ).
These data verify directly that MLP1 promotes the export of the brG reporter, and the data are
consistent with a role for Mlp1p in the export of lariat intermediates.

Because the brG reporter accumulates some pre-mRNA (38%), in addition to lariat intermediate
(58%; Fig. S2B, C     ) and the mlp1Δ mutant only partially compromised export of the brG reporter
(by 50%; Fig. 3B     ), we tested whether the dependence of the brG reporter on Mlp1p might reflect
a dependence of the export pre-mRNA export, instead of lariat intermediate, on Mlp1p. To test this
possibility, we assessed the impact of the mlp1Δ mutation on the export of an isogenic reporter
having a G1c mutation at the 5’ splice site, a mutation that accumulates similar levels of pre-mRNA
(2.4-fold increased, relative to wild type; Fig. S2B, C     ) but no lariat intermediate; in fact, the
levels of lariat intermediate are even lower than for a wild-type reporter (Fig. S2B     ).
Significantly, the mlp1Δ mutation did not reduce the levels of β-galactosidase expressed from the
G1c reporter, relative to the wild-type strain (Fig. S2E     ). Similarly, in mlp1Δ cells, a brC reporter
that similarly accumulates pre-mRNA but not lariat intermediate did not reduce β-galactosidase
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Figure 3.

The export of lariat intermediates requires Mlp1p.

A. Schematic representation of the ACT1-IRES-lacZ export reporters. B, C. Efficient export of the brG but not the brA reporter
requires MLP1. In panel B, MLP1 or mlp1Δ cells were grown at 30 °C, and the cytoplasmic localization of the reporters was
assayed by measuring the β-galactosidase activity of cell extracts. The normalized β-galactosidase activities of four technical
replicates are shown; the height of the bar and the number indicate the mean activity, normalized to the mean activity of the
same reporter in the MLP1 strain. In panel C, MLP1 or mlp1Δ cells were grown at 30 °C, and the cytoplasmic localization of the
reporters was assayed directly by smRNA FISH (left); the nuclear fraction of reporter RNA was quantitated (right). D, E. The
export of the UAc lariat intermediate is comprised by the mlp1Δ mutation. In panel D, MLP1, mlp1Δ, dbr1Δ, or mlp1Δ dbr1Δ
cells were grown at 30 °C, and the cytoplasmic localization of the brA- and UAc-IRES reporters was assayed by measuring β-
galactosidase activity of cell extracts. The β-galactosidase activity was quantitated as in B; values were normalized to the brA-
IRES reporter in the wild-type strain (MLP1). In panel E, mutant dbr1Δ or double mutant mlp1Δ dbr1Δ cells were grown at 30 °C
and then assayed for reporter localization by smRNA FISH (left); the nuclear fraction of reporter RNA was quantitated (right).
Throughout, for smRNA FISH, cells were probed and demarked as in Fig. 1C     ; the nuclear fraction was calculated and
displayed as in Fig. 1C     . The p-values were calculated by Mann-Whitney test and represented by asterisks as in Fig. 1     .
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activity (Fig. S2B, C, E     ). These data provide strong evidence that the export of brG pre-mRNA is
not dependent on Mlp1p; these data, therefore, imply that the efficient export of brG lariat
intermediates is dependent on Mlp1p.

To test for a requirement for Mlp1p in the export of lariat intermediates explicitly, we assessed the
impact of the mlp1Δ mutation on the export of an isogenic reporter having a UAc mutation at the 3’
splice site. Like the brG mutation, the UAc mutation compromises exon ligation; unlike the brG
mutation, the UAc mutation does not substantially compromise the conversion of pre-mRNA to
lariat intermediate, so UAc pre-mRNA levels are insignificant (e.g., Fig. S3A     ). However, whereas
the brG lariat intermediate, having a non-consensus branch linkage, is resistant to debranching by
Dbr1 and to subsequent turnover, the UAc lariat intermediate, with a consensus branch linkage, is
subject to rapid debranching and turnover. Nevertheless, in a dbr1Δ strain the UAc lariat
intermediate is stabilized (e.g., 4-fold in Fig. S3A, B     ), and this stabilized lariat intermediate is
efficiently translated in the cytoplasm, as we have shown previously (Fig. 3D     ; Mayas et al.,
2010     ). Thus, we tested in a dbr1Δ background whether the export of the UAc lariat intermediate
requires MLP1 for export. Indeed, the mlp1Δ mutation compromised export; specifically, whereas
the mlp1Δ mutation did not significantly reduce the β-galactosidase activity of the brA-IRES
reporter, the mlp1Δ mutation reduced the β-galactosidase activity of the UAc-IRES reporter by
roughly 40% (Fig. 3D     ), similar to the brG reporter (Fig. 3B     ). Even in the wild-type DBR1
strain, where low levels of UAc-IRES lariat intermediate accumulates relative to the brA-IRES
control (Fig. S3A, B     ), we detected a similar decrease in β-galactosidase activity for the UAc-but
not the brA-IRES reporter (Fig. 3D     ). These data provide compelling evidence that MLP1 is
required explicitly and specifically for the efficient export of lariat intermediates.

To test directly for a requirement for MLP1 in the export of the UAc lariat intermediates, we
assayed for localization of the UAc reporter in the dbr1Δ background by smRNA FISH. Whereas the
mlp1Δ mutation did not impact the subcellular localization of the brA reporter, the mlp1Δ
mutation did shift the localization of the UAc reporter from the cytoplasm to the nucleus;
specifically, we observed a shift in the nuclear fraction from 33% ±2% to 45% ±3% (Fig. 3E     ),
similar to the shift of the brG reporter in a DBR1 background (Fig. 3C     ); by contrast, the mlp1Δ
mutation did not shift the localization of the brA reporter from the cytoplasm to the nucleus (Fig.
3E     ). These data provide direct evidence for a specific requirement for MLP1 in efficient lariat
intermediate export.

Export of lariat intermediates requires
an interaction between Nab2p and Mlp1p
As a further test of our hypothesis that Nab2p mediates lariat intermediate export through its
interaction with Mlp1p, we probed more deeply for a requirement for the Nab2p-Mlp1p interface
in the export of lariat intermediates. First, we tested for a requirement for the Mlp1p component
of the interface utilizing the mlp1-Δ1586-1768 mutation, which lacks the Nab2p-interacting
domain. This mutation compromised the β-galactosidase activity of the brG-IRES reporter;
specifically, whereas expression of wild-type MLP1 in mlp1Δ cells fully rescued the β-galactosidase
activity of the brG-IRES reporter, relative to mlp1Δ cells with a vector control, expression of mlp1-
Δ1586-1768 failed to rescue (Fig. 4A     ). By fluorescence microscopy, we confirmed that the
mutated Mlp1p-Δ1586-1768 protein is localized properly to the nuclear periphery, as observed for
Mlp1p (Fig. S4A     ; Galy et al., 2004     ; Niepel et al., 2013     ). These results demonstrate that
efficient lariat intermediate export requires the interaction between Nab2p and Mlp1p.

We showed above that the cold-sensitive nab2-ΔN mutant, which lacks the Mlp1p-interacting
domain, compromises the export of the brG reporter at a low temperature (Fig. 2D, E     ), but this
mutant also compromised the export of the brA reporter (Fig. 2D, E     ), in addition to poly(A)+
RNA (Grant et al., 2008     ) – phenotypes that do not parallel the phenotypes of mlp1 mutants, so we
next assayed whether lariat intermediate export was sensitive to a subtler NAB2 double mutant,
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Figure 4.

The export of lariat intermediates requires an interaction between Nab2p and Mlp1p.

A. A deletion in the Nab2p-interacting domain of Mlp1p reduces the export of the brG reporter. Mutant mlp1Δ cells were
transformed with a vector control, MLP1, or mlp1Δ1586-1768, grown at 30 °C, and then lysed to assay β-galactosidase activity
of the brG reporter. The activity was quantitated as in Fig. 3B     ; values were normalized to the brG reporter in the MLP1
strain transformed with a vector control. Panels B and C show that a double mutation in the Mlp1p-interacting domain of
Nab2p reduces the export of the brG reporter, specifically. In panel B, NAB2 or nab2-F72AF73A cells were grown at 30 °C and
then lysed to assay β-galactosidase activity. The activity was quantitated as in Fig. 3B     ; values for each reporter were
normalized to the mean activity of the same reporter in the NAB2 strain. In panel C, NAB2 or nab2-F72AF73A cells were grown
at 30 °C and then assayed for reporter localization by smRNA FISH (left); cells were probed and demarked as in Fig. 1C     . The
nuclear fraction of reporter RNA was quantitated and displayed, on the right, as in Fig. 1C     .
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nab2-F72A/F73A, that also disrupts the Nab2p-Mlp1p interaction (Fasken et al., 2008     ; Grant et al.,
2008     ) but displays no growth defect at any temperature (Fig. S4B     ). Indeed, although the nab2-
F72A/F73A mutation did not significantly affect the β-galactosidase activity of the brA-IRES
reporter, the nab2-F72A/F73A mutation did reduce the β-galactosidase activity of the brG-IRES
reporter by 60% (Fig. 4B     ), quantitatively similar to the reduction of β-galactosidase activity
observed for mlp1Δ or mlp1-Δ1586-1768 mutant cells (Fig. 3B     ; Fig. 4A     ). The diminished β-
galactosidase activity of the brG lacZ reporter in nab2-F72A/F73A cells did not result from changes
in RNA levels, because the nab2-F72A/F73A mutant did not alter RNA levels of either reporter (Fig.
S4C, D     ). These data are also consistent with the hypothesis that efficient lariat intermediate
export requires the interaction between Nab2p and Mlp1p.

To determine directly whether the Nab2p-Mlp1p interaction promotes the export of lariat
intermediates, we used smRNA FISH to examine the cellular localization of the brG reporter in
nab2-F72A/F73A mutant cells. As in mlp1Δ cells (Fig. 3C     ), in nab2-F72A/F73A cells the nuclear
fraction of the brG reporter increased by 2.1-fold, from 23% ±3% in wild-type NAB2 cells to 48%
±4% in nab2-F72A/F73A cells, whereas the nuclear fraction of the brA reporter did not increase
significantly (Fig. 4C     ). Together, these results establish that the export of lariat intermediates, in
particular, requires the interaction between Nab2p and Mlp1p.

Export of lariat intermediates requires
Tom1p-mediated ubiquitylation of Yra1p
Yra1p is ubiquitylated by the E3 ligase Tom1p, and this ubiquitylation is required for efficient
poly(A)+ mRNA export at a higher temperature (37 °C; Iglesias et al., 2010     ; Duncan et al.,
2000     ). Additionally, based on genetic interactions of Tom1p or Yra1p with Mlp1p or Mlp2p,
Tom1p has been proposed to surveil mRNAs for maturity at the nuclear basket (Iglesias et al.,
2010     ). Thus, we investigated the impact of Tom1p on lariat intermediate export. First, we
assayed for the consequences of deleting TOM1 on the export of the brA- and brG-IRES reporters.
At the permissive temperature (30 °C), whereas the tom1Δ mutation did not significantly reduce
the β-galactosidase activity of the brA-IRES reporter, the deletion mutation did significantly reduce
the activity of the brG-IRES reporter (Fig. 5A     ), suggesting unexpectedly that TOM1, like MLP1,
promotes, rather than antagonizes, the export of incompletely processed mRNPs; furthermore, our
data imply that Tom1p, like Mlp1p and its interaction with Nab2p (Fig. 3     ; Fig. 4     ), is
particularly important for the export of incompletely processed mRNPs.

Given this evidence that Tom1p is required specifically for the export of the brG-IRES reporter at
the permissive temperature, we next tested whether ubiquitylation of the Tom1p target Yra1p is
also required, exploiting the mutant yra1-KR-all, which mutates all potential ubiquitylation sites
and precludes Tom1p-mediated ubiquitylation. At the semi-permissive temperature of 25 °C, the
yra1-KR-all mutation reduced the β-galactosidase activity of the brA reporter but by a modest
degree (20%; Fig. 5B     ), in contrast with the mlp1Δ, nab2-F72AF73A, and tom1Δ mutants (Fig. 3     ;
Fig. 4B,C     ; Fig. 5A     ); this reduction may reflect the growth defect of this strain at 25 °C and/or
the mutation of all lysines, which are not all functional targets for Tom1p (Fig. S5     ; Iglesias et al.,
2010     ). The yra1-KR-all mutation reduced the β-galactosidase activity of the brG-IRES reporter by
a greater degree (52%; Fig. 5B     ). Notably, the mlp1Δ, nab2-F72A/F73A, tom1Δ, and yra1-KR-all
mutants all reduced the β-galactosidase activity of the brG-IRES reporter by a similar degree,
roughly 50% (Fig. 3B     ; Fig. 4B     ; Fig. 5A, B     ), suggesting that Nab2p, Mlp1p, Tom1p, and Yra1p
act in the same pathway.

Because Tom1p-mediated ubiquitylation of Yra1p promotes dissociation of Yra1p from its bound
mRNPs before nuclear exit (Iglesias et al., 2010     ), we examined whether Yra1p ubiquitylation
modulated the association of Yra1p with lariat intermediates, as documented in Fig. 2C     , at 25 °C.
By formaldehyde cross-linking followed by RNA co-IP using HA-tagged Yra1p, the yra1-KR-all
mutation increased binding, as expected, to a control mRNA (RPL21A) by 1.5-fold; significantly, the
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Figure 5.

The export of lariat intermediate requires Tom1p-mediated ubiquitylation of Yra1p.

A, B. The efficient export of lariat intermediates requires TOM1 (A) and sites of TOM1-dependent ubiquitylation in YRA1 (B).
TOM1 and tom1Δ cells (A) were grown at a permissive temperature of 30 °C, and YRA1 and yra1-KR-all cells (B) were grown at
semi-permissive temperature of 25 °C. The cytoplasmic localization of the reporters was assayed by measuring β-
galactosidase activity of cell extracts. The activity of three technical replicates was quantitated and illustrated as in Fig. 3B     ;
values for each reporter were normalized to the mean activity of the same reporter in the TOM1 strain (A) or YRA1 stain (B). C.
The release of Yra1p from lariat intermediate, as for mRNA, requires sites of TOM1-dependent ubiquitylation. Crosslinking
and RNA co-IP were executed as in Fig. 2C     , except that both YRA1-HA and yra1-KR-all-HA cells were shifted to 37 °C for 2
hours before crosslinking; the levels of Immunoprecipitated RNA were quantitated as in Fig. 2C     . D, E. Export of lariat
intermediate, as well as mRNA, requires Tom1p (D) and ubiquitylation of Yra1p (E). Compromising the activities of these
proteins accumulates lariat intermediate and mRNA in the nucleus. Cells were shifted to the non-permissive temperature of
37 °C for 2 hours and then assayed for reporter localization by smRNA FISH (left); the nuclear fraction of reporter RNA was
quantitated (right). F. The nuclear basket factors MLP1 and/or MLP2 are required for the nuclear localization of mRNA and
lariat intermediate. Cells were shifted to the non-permissive temperature of 37 °C for 2 hours and then assayed for reporter
localization by smRNA FISH (left); the nuclear fraction of reporter RNA was quantitated (right). Throughout, for smRNA FISH
cells were probed and demarked as in Fig. 1C     ; the nuclear fraction was calculated and displayed as in Fig. 1C     .
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yra1-KR-all mutation increased binding to the brG lariat intermediate by 3.2-fold (Fig. 5C     ).
These data support a role for Tom1p-mediated ubiquitylation of Yra1p in promoting the export of
lariat intermediates through dissociation of Yra1p.

Although Tom1p-mediated ubiquitylation of Yra1p has been found to promote its dissociation
from mRNP before nuclear exit, it is still not clear whether Tom1p functions before or after mRNPs
dock onto the nuclear pores. Genetic evidence has suggested that Tom1p acts after mRNPs dock to
the nuclear pores (Iglesias et al., 2010     ). However, live tracking of newly born mRNAs from an
induced reporter implied that Tom1p promotes mRNP docking, suggesting that Tom1p acts before
mRNP docking (Saroufim et al., 2015     ). To distinguish these two models, we first examined
directly the localization of lariat intermediates and mRNAs. By smRNA FISH, after a temperature
shift of tom1Δ to the non-permissive temperature of 37 °C, the brG reporter, as well as the brA
reporter, localized primarily to the nucleus (78% ±2% and 82% ±2%, respectively), relative to the
wild-type strain (35% ±2% and 30% ±1%, respectively; Fig. 5D     ); similarly, after a temperature
shift of the yra1-KR-all strain to 37 °C, the brG reporter, as well as the brA reporter, localized
primarily to the nucleus (68% ±3% and 74% ±3%, respectively), relative to the wild-type strain
(32% ±2% and 34% ±3%, respectively; Fig. 5E     ). These data indicate that at a non-permissive
temperature of 37 °C, Tom1p-mediated ubiquitylation of Yra1p is required for the efficient export
of not just mature poly(A)+ mRNA but also an immature RNA.

Together with the observation that MLP1 and MLP2 mutations suppress TOM1 and YRA1 mutants
(Iglesias et al., 2010     ), our smRNA FISH results suggest that both brA-derived mRNAs and brG-
derived lariat intermediates in tom1Δ and yra1-KR-all mutant cells are stalled on the nuclear
periphery, likely at the nuclear basket (Fig. 5D, E     ). To test this idea, we examined whether
deletion of the nuclear basket in the tom1Δ strain would rescue the export defect. Consistent with
the previous genetic data that deletion of MLP2 rescues the temperature sensitivity of the tom1Δ
strain (Iglesias et al., 2010     ), deletion of MLP2 in the tom1Δ strain substantially rescued the
export defect of the brA reporter, reducing nuclear localization from 82% ±2% to 55% ±2% and
increasing cytoplasmic localization by 2.5-fold (p-value=2.2×10-16; Fig. 5F     ); similarly, deletion of
MLP1 in the tom1Δ strain modestly but significantly reduced nuclear localization from 82% ±2% to
74% ±2% and increased cytoplasmic localization by 1.4-fold (p-value=8.6×10-4; Fig. 5F     ).
Interestingly, deletion of MLP2 but not MLP1 in the tom1Δ strain also slightly but significantly
rescued the export defect of the brG reporter, reducing nuclear localization from 78% ±2% to 68%
±3% and increasing cytoplasmic localization by 1.5-fold (p-value=0.003; Fig. 5F     ). The smaller
increase of the brG reporter in the cytoplasm is consistent with an essential requirement of Mlp1p,
if not also Mlp2p, in exporting lariat intermediates but not mRNAs. These results indicate that
Mlp1p, and to a lesser degree Mlp2p, do not retain incompletely processed lariat intermediates in
the nucleus but instead promote the export of such species. Indeed, together these data support a
model in which Mlp1p and Mlp2p promote the export of lariat intermediates by facilitating
docking at the nuclear basket and then Tom1p-mediated ubiquitylation of Yra1p promotes
undocking, rather than docking, and thereby nuclear pore entry.

Discussion

In this work, using a combination of ensemble and single molecule approaches, we discovered
that the export of spliceosome-discarded lariat intermediates requires the general export receptor
Mex67p (Fig. 1     ) and three of its adaptors, Yra1p, Nab2p, and Npl3p (Fig. 2     ). These data
establish that lariat intermediates utilize the same export machinery as mRNAs. Unexpectedly, we
found that the purported quality control factor Mlp1p did not retain lariat intermediates in the
nucleus but instead promoted the export of lariat intermediates and did so through its interaction
with the export adaptor Nab2p (Fig. 3     ; Fig. 4     ), implying a role for the nuclear basket in
recruiting lariat intermediates to the NPC. Further, the export of lariat intermediates also relies on
the E3 ubiquitin ligase Tom1p and its target sites in Yra1p (Fig. 5     ). Importantly, our findings
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imply that Tom1-mediated ubiquitylation of Yra1p undocks lariat intermediates from the nuclear
basket of the NPC, allowing not only lariat intermediates but also mRNAs to transit through the
NPC. Together, our results challenge a general role for Mlp1p in the quality control of mRNA
export and implicate novel steps of mRNA export at the nuclear basket.

Our results establish that the general mRNA export pathway transports discarded lariat
intermediates into the cytoplasm. Given that the mRNA export machinery assembles co-
transcriptionally (Wende et al., 2019     ), it is likely that lariat intermediates are already export-
competent when they are discarded by the spliceosome and thereby export by default. Our data
further implicate the mRNA export pathway as a means for turning over RNA substrates discarded
by the spliceosome. Indeed, a range of suboptimal pre-mRNAs and splicing intermediates are
exported to the cytoplasm for degradation (Harigaya and Parker, 2012     ; Hilleren and Parker,
2003     ; Legrain and Rosbash, 1989     ; Mayas et al., 2010     ; Sayani and Chanfreau, 2012     ;
Talhouarne and Gall, 2018     ); paralleling our own findings, the export of a fraction of pre-mRNA
that accumulates upon pharmacological inhibition of the splicing factor SF3b1 requires the Yra1p
human ortholog ALYREF (Carvalho et al., 2017     ). Such nuclear export may ensure that once
substrates are discarded by the spliceosome, they are never engaged by the spliceosome again.
Future work is needed to further understand the interplay between nuclear export and splicing
proofreading.

Together with previous evidence of the export of unspliced pre-mRNAs and lariat intermediates
(Carvalho et al., 2017     ; Harigaya and Parker, 2012     ; Hilleren and Parker, 2003     ; Legrain and
Rosbash, 1989     ; Mayas et al., 2010     ; Sayani and Chanfreau, 2012     ; Talhouarne and Gall,
2018     ), our results presented here question a general role for Mlp1p in retaining immature
mRNPs in the nucleus. Similarly, a genome-wide study assaying the export of pre-mRNA expressed
from endogenous genes rather than reporters found no evidence that Mlp1p acts as a general
retention factor (Sayani and Chanfreau, 2012     ). Further, recent studies indicate a positive role for
TPR in mammals in promoting the export of a subset of mature mRNAs that are short, intron poor,
or GC poor (Lee et al., 2020     ; Umlauf et al., 2013     ; Zuckerman et al., 2020     ). We note that in two
studies providing some evidence for a role for TPR in nuclear retention, TPR knockdown increased
total RNA levels of the reporter and, where analyzed, in both the cytoplasm and the nucleus (Coyle
et al., 2011     ; Rajanala and Nandicoori, 2012     ), suggesting the possibility that TPR knockdown
does not increase the export of nuclear RNAs but rather increases nuclear RNA levels and thereby
indirectly leads to increased cytoplasmic levels. Indeed, TPR knockdown can impact nuclear and
cytoplasmic RNA reporter levels without impacting overall, steady-state TPR levels and instead
only affecting new TPR protein synthesis (Coyle et al., 2011     ), and even rapid depletion of TPR
impacts the transcription of genes (Aksenova et al., 2020     ). By contrast, in our study, deletion of
MLP1 does not alter levels of pre-mRNA, lariat intermediate, or mRNA (Fig. S2B, C     ; Fig. S3     ),
and we provide evidence that the impact of MLP1 on lariat intermediate export reflects
specifically an interaction between the C-terminus of Mlp1p and the Mlp1p-interacting domain of
the mRNA export adapter Nab2p (Fig. 4     ), together providing support for a direct role for Mlp1p
in exporting lariat intermediates. Given that a pml39Δ mutant phenocopies the retention defects of
an mlp1Δ mutant and that Mlp1p is required for the localization of Pml39p to the nuclear basket
(Palancade et al., 2005     ), it is formally possible that Pml39p instead of or in addition to Mlp1p
plays a direct role in the export of lariat intermediates; however, Pml39p is also reciprocally
required for the localization of Mlp1p to the nuclear basked, and Pml39p is not known to interact
with Nab2p or with any other protein factor (Gunkel et al., 2023     ).

While both mRNAs and lariat intermediates require the general export pathway (Mex67p and its
adapters; Figs. 1      and 2     ), only lariat intermediates seemingly require Mlp1p (Fig. 3     ). These
results raise two possibilities: 1) Mlp1p functions specifically in the lariat intermediate export
pathway, or 2) Mlp1p functions in both pathways but its role in mRNA export is masked by
functional redundancy in the mRNA export pathway. The second possibility is more consistent
with previous findings, which found Mlp1p and its orthologs promote mRNA export in a number
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of organisms (Aksenova et al., 2020     ; Bae et al., 2009     ; Lee et al., 2020     ; Li et al., 2021     ;
Shibata et al., 2002     ; Umlauf et al., 2013     ; Xu et al., 2007     ; Zuckerman et al., 2020     ).
Considering that multiple interactions form between an exporting mRNA and the NPC, we reason
that, in mlp1Δ cells, other functionally redundant factors compensate for the loss of Mlp1p to
ensure mRNA export. Therefore, the loss of one interaction, such as deletion of MLP1, is unlikely to
grossly affect mRNA export in budding yeast. By contrast, the lariat intermediate does not have a
5’ cap, which facilitates mRNA export (Ashkenazy-Titelman et al., 2020     ), thus potentially
rendering the export of this suboptimal export substrate more sensitive to disruptions, such as
deletion of MLP1. Consistent with the idea that suboptimal export substrates may be more
dependent on Mlp1p, the export of short, intron poor, or GC poor transcripts are dependent on
TPR (Lee et al., 2020     ; Umlauf et al., 2013     ; Zuckerman et al., 2020     ). Suggesting a role for
MLP1/2 in docking mRNA at the nuclear basket, as well as a role for Tom1p in undocking mRNA
(see below), we found that when TOM1 is deleted mRNA is retained in the nucleus in an MLP1-
and MLP2-dependent manner (Fig. 5     ; see below). Additionally, MLP1 extends the residency time
of mRNAs at the NPC (Saroufim et al., 2015     ). Further, TPR promotes engagement of mRNA with
the nuclear basket (Li et al., 2021     ), potentially by recruiting mRNA via the TREX-2 component
GANP (Aksenova et al., 2020     ). Lastly, the export of Balbiani ring RNPs in Chironomus begins with
engagement of the ring of the nuclear basket (Wurtz-T et al., 1996), where the C-terminus of
Mlp1p, the Nab2p-interacting domain in budding yeast, resides (Akey et al., 2022     ).

Notably, an exporting mRNA first docks to the nuclear basket of the NPC in an Mlp1p/TPR-
dependent manner and then somehow transitions to engage the FG-repeat containing NUP153
deeper in the nuclear basket before entering the central channel of the NPC (Li et al., 2021     ;
Saroufim et al., 2015     ). Our results suggest that Tom1p undocks exporting mRNAs from the
Mlp1/2p and TPR components of the nuclear basket by ubiquitylating Yra1p. First, we and others
have shown by RNA FISH that tom1Δ cells accumulate mRNA in the nucleus (Fig. 5     ) (Iglesias et
al., 2010     ). Importantly, consistent with previous genetic evidence (Iglesias et al., 2010     ), we
show directly that deletion of MLP1 or especially MLP2 rescues this export defect of mRNA in
tom1Δ cells (Fig. 5     ). Given that Mlp1p and Mlp2p are subunits of the nuclear basket, these
results imply that Tom1p acts at the nuclear basket, and that deletion of MLP2 in particular
renders Tom1p-mediated undocking unnecessary by bypassing mRNA docking to the nuclear
basket. This view of a role for Mlp1/2p in docking and a role for Tom1p in undocking, provides an
alternative to the view that Mlp1/2p and TPR perform quality control functions (Iglesias et al.,
2010     ). As noted above, our data suggest that the nuclear basket can provide an essential docking
role in export, as in the case of lariat intermediates, and that this role is redundant for other
cargos, as in the case of our mRNA and pre-mRNA reporters; in the case of short, intron-poor, or
GC-poor mRNAs, which require TPR for export (Lee et al., 2020     ; Umlauf et al., 2013     ;
Zuckerman et al., 2020     ), such redundancy may be lacking. Most importantly, whether or not
docking is essential, our data suggest that once cargo is docked, undocking is essential,
rationalizing nuclear accumulation of both lariat intermediate and mRNA in tom1Δ or yra1-KR-all
cells (Fig. 5D, E     ). This view would indicate that previous data suggesting the popular
interpretation that the nuclear basket serves as a checkpoint (Coyle et al., 2011     ; Galy et al.,
2004     ; Palancade et al., 2005     ; Rajanala and Nandicoori, 2012     ) instead imply that unspliced
pre-mRNA at the nuclear basket is simply stuck on the mRNA export pathway and unable to
undergo undocking (Bonnet and Palancade, 2015     ), as our evidence suggests for mRNA in the
tom1Δ and yra1-KR-all mutants (Fig. 5D, E     ), and that deletion of MLP1 or MLP2 or depletion of
TPR simply bypasses the requirement for undocking, as we observe for mRNA in the mlp1Δ or
mlp2Δ mutants (Fig. 5F     ).

Collectively, our data suggest a model, in which lariat intermediates first dock onto the nuclear
basket, requiring at least the interaction between Mlp1p and Nab2. Then, Tom1p is somehow
activated to ubiquitylate Yra1 to undock lariat intermediates from the nuclear basket, allowing
them to transit through the NPC, a pathway that likely also operates in mRNA export but in a
manner that is normally masked by redundant pathways.

https://doi.org/10.7554/eLife.94766.1
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Materials and Methods

Yeast strain and plasmid construction
Yeast strains and plasmids used in this study are listed in table S1      and S2     . Yeast strains were
constructed with exogenous copy present on a shuffle plasmid. Plasmids were made either using
topo cloning and/or site-directed mutagenesis. pRS313-MLP1 plasmid was generated by cloning
MLP1 locus (ORF with 500 bp flanking sequences) from the BY4741 strain into pRS313 empty
vector. pRS313-mlp1-Δ1586-1768 plasmid was generated by site directed mutagenesis of pRS313-
MLP1. The NLS in pRS313-mlp1-Δ1586-1768 is intact. GFP tagged MLP1 plasmids (pRS313-MLP1-
GFP and pRS313-mlp1-Δ1586-1768-GFP) were generated by inserting the enhanced monomeric GFP
sequence immediately downstream of the penultimate amino acid in frame. pRS315-nab2-
F72AF73A plasmid was generated by site-directed mutagenesis of pRS315-NAB2 plasmid. pRS316-
MEX67 plasmid was generated by cloning MEX67 locus (ORF with 500 bp flanking sequences) from
the BY4741 strain into pRS316 empty vector. pRS313-MEX67 was generated by subcloning MEX67
from pRS316-MEX67 to pRS313. mex67-5 mutant was generated by site directed mutagenesis of
pRS313-MEX67. Reporters used in FISH experiments were generated as followed. The lacZ
reporters containing different mutations were subcloned from pRS426 to pRS316. Then, the strong
GPD promoter was replaced by a weak STE5 promoter. MEX67 strains were generated as followed.
MEX67 shuffle strain was generated by replacing the endogenous MEX67 with HPHMX4 in the
BY4741 strain expressing pRS316-MEX67. MEX67 shuffle strain was conferred by PCR and 5-FOA
selection. Afterward, pRS316-MEX67 in the MEX67 shuffle strain was replaced by either pRS313-
MEX67 or pRS313-mex67-5, generating the final MEX67 strain or mex67-5 strain. Similar strategy
was applied to generate mlp1Δ dbr1Δ strain from dbr1Δ strain, mlp1Δ tom1Δ strain from tom1Δ,
and mlp2Δ tom2Δ strain from tom1Δ strain.

Rna fish
RNA-FISH was performed as described in Raj and Tyagi, 2010      (Raj and Tyagi, 2010     ). Cells were
imaged using Olympus IX81 inverted widefield microscope equipped with Hamamatsu Orca Flash
4.0 camera with 4 megapixels and 100x 1.45NA oil objective lens. Single RNA molecule counting
was conducted using custom macros in imageJ and statistical analysis was conducted in R. 10%
formamide was used for smRNA FISH experiments and 40% formamide was used for RNA-FISH
experiments. For smRNA FISH, probes were designed by Biosearch targeting the lacZ portion of
the reporters. For RNA-FISH, a single Cy3-labeled oligo-dT(50) probe was used to target polyA+
RNAs and a single Alexa488-labeled probe was used to target the brG reporter.

https://doi.org/10.7554/eLife.94766.1
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Immunofluorescence
Cells expressing MLP1-GFP or MLP1-Δ1586-1768-GFP were imaged in an anti-fade buffer using
epifluorescence microscopy with 100X magnification.

RNA co-immunoprecipitation
For Mex67-GFP RNA co-IP, cell lysates were prepared from MEX67-GFP cells expressing the brG
reporter (pJPS1488) and incubated with beads pre-conjugated with either anti-GFP antibody or
IgG. After a 2-hour incubation at 4 °C, beads were washed five times and put through RNA
extractions using phenol:chloroform:isoamyl alcohol (25:24:1, v/v). To ensure Mex67 binds lariat
intermediates in vivo, tagged MEX67-TAP cells expressing the empty vector were mixed with
untagged MEX67 cells expressing the brG reporter. In parallel, tagged MEX67-TAP cells expressing
the brG reporter were mixed with untagged MEX67 cells expressing the empty vector. Lysates
were then prepared from these mixed cells and incubated with IgG beads at 4 °C for 2 hours. After
incubation, beads were washed five times. Bound MEX67 containing mRNPs were released by TEV
cleavage and put through RNA extractions using phenol:chloroform:isoamyl alcohol (25:24:1, v/v).
For Nab2-HTB denaturing RNA co-IP and HA-Yra1 denaturing RNA co-IP, cells were grown to
OD600 of 0.6-0.8, cross-linked for 10 minutes by 3.7% formaldehyde, and quenched with glycine.
Then, cell lysates were prepared using glass beads. Cell lysates were incubated with either Ni-NTA
beads in the case of Nab2-HTB or anti-HA beads in the case HA-Yra1 at 4 °C for 2 hours. After
incubation, beads were washed five times and put through RNA extractions using
phenol:chloroform:isoamyl alcohol (25:24:1, v/v). Lariat intermediates were assayed using lariat
specific RT-PCR. mRNA of endogenous RPL21 was assay by RT-PCR as an internal control.

In vivo RNA analysis
For in vivo RNA analysis, cells transformed with ACT1-IRES-lacZ splicing reporters were cultured
in selective media at 30 °C to an OD600 of 0.6–0.8, lysed, and then assayed for RNA. RNA was
analyzed by primer extension using 32P-radiolabeled primers and AMV-reverse transcriptase,
followed by the separation of products on a 6% denaturing polyacrylamide gel. Two primmer
were used, one binding the lacZ portion of the reporters and the other binding U14 snoRNA for
internal control. Data were visualized using a phosphorimager (Molecular Dynamics) and
quantitated using ImageQuant (GE Healthcare).

β-galactosidase assays
Liquid assays were performed as described in Mayas et al., 2010     . Specifically, 1.5 mL of liquid
cultures in selective media were harvested at OD 600 of 0.6–0.8, and washed with Z buffer (60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4; pH 7.0). Cells were resuspended in 100 μL of
Z buffer and lysed by 6 cycles of freeze-thawing (30 seconds each in liquid nitrogen and in a 42 °C
water bath). Lysed cells were incubated with 700 μL of prewarmed (30 °C) Z buffer that included 1
mg mL ortho-nitrophenyl-β−galactopyranoside and 50 mM β-mercaptoethanol. Reactions were
incubated at 30 °C for 30 minutes to 2 hours and stopped by adding 0.5 mL 1M Na2CO3. After cell
debris was pelleted, the OD420nm of the supernatant was measured. Activity in Miller units was
calculated as (OD4200nm ξ 1000)/(OD600nm ξ (minutes elapsed) ξ 1.5 mL).

Supplementary figures and tables
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Figure S1.

Export of a lariat intermediate requires the mRNA export factor
Mex67p but not the tRNA export factor Los1; related to Fig. 1     .

A. Schematic representation of the brA and brG export reporters driven by pGPD promoter. B. By RNA-FISH, the export of the
brG reporter, like poly(A)+ RNA, is impeded by the mex67-5 mutant at the non-permissive temperature. Cells were shifted
from 30 °C to 37 °C for 30 minutes. The intronic region of the brG reporter transcript was detected by Alexa Fluor 488-labelled
probes; poly(A)+ RNA was detected in the same cells by a Cy3-labelled poly(dT)50 probe; DNA was probed by DAPI, which is
shown separately and overlayed. C. By RNA-FISH, the export of the brG reporter, unlike pre-tRNA, is not impeded by the los1Δ
mutant. The intronic region of the brG reporter was detected as in panel A; the intronic region of the tRNALeu precursor was
detected in the same cells by a Cy3-labelled probe (note that pre-tRNA splicing does not involve the spliceosome and occurs
in the cytoplasm in budding yeast); DNA was probed by DAPI, which is shown separately and overlayed. D. By native RNA co-
IP, Mex67-GFP interacts with brG lariat intermediates, which were detected by RT-PCR using lariat specific primers.

https://doi.org/10.7554/eLife.94766.1
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Figure S2.

Whereas the export of lariat intermediates requires MLP1,
the export of pre-mRNA does not; related to Fig. 3     .

A. Schematic representation of different ACT1-IRES-lacZ export reporters driven by the pGPD promoter. B, C. The mlp1Δ
mutation does not significantly impact the levels of splicing species for the wild-type IRES-containing reporter (brA) or
mutated reporters (brG, brC, G1a or G1c), ruling out a role for MLP1 in splicing or RNA stability and consistent with a role for
MLP1 in the export of brG lariat intermediates. In panel B, the splicing of each reporter was analyzed in MLP1 and mlp1Δ cells,
grown at 30 °C. The levels of splicing precursor, lariat intermediate, and mRNA, were detected by extension of a primer that
annealed to the downstream exon; the levels of the snoRNA U14 were detected similarly and served as an internal control;
two technical replicates are shown. Panel C shows normalized RNA levels of different splicing species from the two technical
replicates in B; the bar height indicates the mean RNA level. Levels of pre-mRNA (salmon), lariat intermediate (yellow), and
mRNA (white) were stacked to reflect total 3′ exon levels and normalized to RNA levels of the brA-IRES-lacZ reporter in the
MLP1 strain. D. The export of the G1a lariat intermediate is comprised by the mlp1Δ mutation. MLP1 or mlp1Δ cells were grown
at 30 °C, and the cytoplasmic localization of the brA- and G1a-IRES-lacZ reporters was assayed by measuring β-galactosidase
activity of cell extracts. The activity was quantitated as in Fig. 3B     ; values were normalized to the brA-IRES-lacZ reporter in
the MLP1 strain. E. The export of pre-mRNA is not comprised by the mlp1Δ mutation. MLP1 or mlp1Δ cells were grown at 30 °C,
and the cytoplasmic localization of the brA-, G1c- and brC-IRES-lacZ reporters was assayed by measuring β-galactosidase
activity of cell extracts. The activity was quantitated as in Fig. 3B     ; values were normalized to the brA-IRES reporter in the
MLP1 strain. The activities for brA reporter were reproduced from D.
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Figure S3.

The mlp1Δ mutation does not impact the levels of splicing species for either the brA-
or UAc-IRES reporters in the presence or absence of Dbr1p; related to Figure 3     .

In panel A, MLP1, mlp1Δ, dbr1Δ, or mlp1Δ dbr1Δ cells were grown at 30 °C and splicing of the reporters was analyzed by primer
extension, as described in panel Fig. S2B     . Panel B shows the quantitation of total RNA levels. Values were normalized to
the brA-IRES reporter in the MLP1 strain. Note that the lariat intermediate dominates the splicing species from the UAc-IRES
reporter in the dbr1Δ strain, where this species is specifically stabilized.
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Figure S4.

Deletion of Nab2-interacting domain in Mlp1p does not compromise Mlp1p localization,
and nab2-F72A/F73A does not compromise either growth or splicing; related to Figure 4     .

A. Mutated mlp1p-Δ1586-1768-GFP localizes to the nuclear periphery, just as wild-type Mlp1p-GFP does. GFP was probed (in
live cells) by epi-fluorescence microscopy. Note that the crescent shape is characteristic of Mlp1p localization, which reflects
exclusion from the region of the nuclear periphery where the nucleolus resides. Also note that whereas mlp1p-Δ1586-1768-
GFP lacks the Nab2p-interacting domain, the mutated protein does include its nuclear localization signal. B. The nab2-
F72A/F73A mutant displays no growth defect over a range of temperatures. Growth of the indicated strains was assayed at the
indicated temperatures by spotting serial dilutions of cultures onto rich, solid media (YPDA plates) and incubating for 5 days
at 16 °C, 4 days at 20 °C, 2 days at 30 °C, and 1 day at 37 °C. C, D. The nab2-F72A/F73A double mutation does not impact the
splicing of the brA, G1c, or brG reporters. In panel C, splicing was analyzed by primer extension as in Fig. S2B     . Panel D
shows the quantitation of total RNA levels. The total RNA of each reporter was normalized to its RNA level in the NAB2 strain.

https://doi.org/10.7554/eLife.94766.1
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Figure S5.

The yra1-KR-all mutant displayed a mild growth defect at 25 °C; related to Figure 5     .

YRA1 and yra1-KR-all cells were streaked onto YPDA, solid media, and incubated for 2 days at 25 °C or 34 °C.

https://doi.org/10.7554/eLife.94766.1
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Table S1.

Yeast strains used in this study.
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Table S2.

Plasmids used in this study.

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.7554/eLife.94766.1


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 26 of 37

References

Akey CW et al. (2022) Comprehensive structure and functional adaptations of the yeast
nuclear pore complex Cell 185:361–378 https://doi.org/10.1016/j.cell.2021.12.015

Aksenova V et al. (2020) Nucleoporin TPR is an integral component of the TREX-2 mRNA
export pathway Nat Commun 11 https://doi.org/10.1038/s41467-020-18266-2

Anderson JT, Wilson SM, Datar KV, Swanson MS (1993) NAB2: a yeast nuclear polyadenylated
RNA-binding protein essential for cell viability Mol Cell Biol 13:2730–2741

Ashkenazy-Titelman A, Shav-Tal Y, Kehlenbach RH (2020) Into the basket and beyond: the
journey of mRNA through the nuclear pore complex Biochem J 477:23–44 https://doi.org/10
.1042/BCJ20190132

Bae J-A, Moon D, Yoon JH (2009) Nup211, the fission yeast homolog of Mlp1/Tpr, is involved
in mRNA export J Microbiol Seoul Korea 47:337–343 https://doi.org/10.1007/s12275-009-0125-7

Bangs P, Burke B, Powers C, Craig R, Purohit A, Doxsey S (1998) Functional analysis of Tpr:
identification of nuclear pore complex association and nuclear localization domains and
a role in mRNA export J Cell Biol 143:1801–1812

Ben-Yishay R, Shav-Tal Y (2019) The dynamic lifecycle of mRNA in the nucleus. Curr Opin
Cell Biol Cell Nucleus 58:69–75 https://doi.org/10.1016/j.ceb.2019.02.007

Bhat P et al. (2023) Influenza virus mRNAs encode determinants for nuclear export via the
cellular TREX-2 complex Nat Commun 14 https://doi.org/10.1038/s41467-023-37911-0

Bonnet A, Palancade B (2015) Intron or no intron: a matter for nuclear pore complexes
Nucleus 6:455–461 https://doi.org/10.1080/19491034.2015.1116660

Carvalho T, Martins S, Rino J, Marinho S, Carmo-Fonseca M (2017) Pharmacological inhibition
of the spliceosome subunit SF3b triggers exon junction complex-independent nonsense-
mediated decay J Cell Sci 130:1519–1531 https://doi.org/10.1242/jcs.202200

Coyle JH, Bor YC, Rekosh D, Hammarskjold ML (2011) The Tpr protein regulates export of
mRNAs with retained introns that traffic through the Nxf1 pathway RNA N Y N 17:1344–
1356 https://doi.org/10.1261/rna.2616111

De Bortoli F, Espinosa S, Zhao R. (2021) DEAH-Box RNA Helicases in Pre-mRNA Splicing
Trends Biochem Sci 46:225–238 https://doi.org/10.1016/j.tibs.2020.10.006

Duncan K, Umen JG, Guthrie C (2000) A putative ubiquitin ligase required for efficient
mRNA export differentially affects hnRNP transport Curr Biol CB 10:687–696 https://doi.org
/10.1016/S0960-9822(00)00527-3

Fasken MB, Stewart M, Corbett AH (2008) Functional significance of the interaction between
the mRNA-binding protein, Nab2, and the nuclear pore-associated protein, Mlp1, in
mRNA export J Biol Chem 283:27130–27143 https://doi.org/10.1074/jbc.M803649200

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.1016/j.cell.2021.12.015
https://doi.org/10.1038/s41467-020-18266-2
https://doi.org/10.1042/BCJ20190132
https://doi.org/10.1007/s12275-009-0125-7
https://doi.org/10.1016/j.ceb.2019.02.007
https://doi.org/10.1038/s41467-023-37911-0
https://doi.org/10.1080/19491034.2015.1116660
https://doi.org/10.1242/jcs.202200
https://doi.org/10.1261/rna.2616111
https://doi.org/10.1016/j.tibs.2020.10.006
https://doi.org/10.1016/S0960-9822(00)00527-3
https://doi.org/10.1074/jbc.M803649200


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 27 of 37

Galy V, Gadal O, Fromont-Racine M, Romano A, Jacquier A, Nehrbass U (2004) Nuclear
retention of unspliced mRNAs in yeast is mediated by perinuclear Mlp1 Cell 116:63–73

Gilbert W, Guthrie C (2004) The Glc7p nuclear phosphatase promotes mRNA export by
facilitating association of Mex67p with mRNA Mol Cell 13:201–212

Grant RP, Marshall NJ, Yang J-C, Fasken MB, Kelly SM, Harreman MT, Neuhaus D, Corbett AH,
Stewart M (2008) Structure of the N-terminal Mlp1-binding domain of the Saccharomyces
cerevisiae mRNA-binding protein, Nab2 J Mol Biol 376:1048–1059 https://doi.org/10.1016/j
.jmb.2007.11.087

Green DM, Johnson CP, Hagan H, Corbett AH (2003) The C-Terminal Domain of Myosin-like
Protein 1 (Mlp1p) Is a Docking Site for Heterogeneous Nuclear Ribonucleoproteins That
Are Required for mRNA Export Proc Natl Acad Sci U S A 100:1010–1015 https://doi.org/10.2307
/3138276

Grüter P, Tabernero C, von Kobbe C, Schmitt C, Saavedra C, Bachi A, Wilm M, Felber BK,
Izaurralde E. (1998) TAP, the Human Homolog of Mex67p, Mediates CTE-Dependent RNA
Export from the Nucleus Mol Cell 1:649–659 https://doi.org/10.1016/S1097-2765(00)80065-9

Gunkel P, Iino H, Krull S, Cordes VC (2023) An evolutionarily conserved bimodular domain
anchors ZC3HC1 and its yeast homologue Pml39p to the nuclear basket Mol Biol Cell
34 https://doi.org/10.1091/mbc.E22-09-0402

Harigaya Y, Parker R (2012) Global analysis of mRNA decay intermediates in
Saccharomyces cerevisiae Proc Natl Acad Sci 109:11764–11769 https://doi.org/10.1073/pnas
.1119741109

Hilleren P, McCarthy T, Rosbash M, Parker R, Jensen TH (2001) Quality control of mRNA 3′-end
processing is linked to the nuclear exosome Nature 413:538–542 https://doi.org/10.1038
/35097110

Hilleren PJ, Parker R (2003) Cytoplasmic degradation of splice-defective pre-mRNAs and
intermediates Mol Cell 12:1453–1465

Hurt E, Luo M, Röther S, Reed R, Sträßer K (2004) Cotranscriptional recruitment of the
serine-arginine-rich (SR)-like proteins Gbp2 and Hrb1 to nascent mRNA via the TREX
complex Proc Natl Acad Sci U S A 101:1858–1862

Iglesias N, Tutucci E, Gwizdek C, Vinciguerra P, Von Dach E, Corbett AH, Dargemont C, Stutz F.
(2010) Ubiquitin-mediated mRNP dynamics and surveillance prior to budding yeast mRNA
export Genes Dev 24:1927–1938 https://doi.org/10.1101/gad.583310

Iino H. (2017) Functional analysis of the nuclear basket and protein Tpr Cuvillier Verlag

Katahira J, Sträßer K, Podtelejnikov A, Mann M, Jung JU, Hurt E (1999) The Mex67p-mediated
nuclear mRNA export pathway is conserved from yeast to human EMBO J 18:2593–
2609 https://doi.org/10.1093/emboj/18.9.2593

Kim SJ et al. (2018) Integrative structure and functional anatomy of a nuclear pore
complex Nature 555:475–482 https://doi.org/10.1038/nature26003

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.1016/j.jmb.2007.11.087
https://doi.org/10.2307/3138276
https://doi.org/10.1016/S1097-2765(00)80065-9
https://doi.org/10.1091/mbc.E22-09-0402
https://doi.org/10.1073/pnas.1119741109
https://doi.org/10.1038/35097110
https://doi.org/10.1101/gad.583310
https://doi.org/10.1093/emboj/18.9.2593
https://doi.org/10.1038/nature26003


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 28 of 37

Kosova B, Panté N, Rollenhagen C, Podtelejnikov A, Mann M, Aebi U, Hurt E (2000) Mlp2p, a
component of nuclear pore attached intranuclear filaments, associates with nic96p J Biol
Chem 275:343–350

Kwiatek L, Landry-Voyer A-M, Latour M, Yague-Sanz C, Bachand F (2023) PABPN1 prevents the
nuclear export of an unspliced RNA with a constitutive transport element and controls
human gene expression via intron retention RNA 29:644–662 https://doi.org/10.1261/rna
.079294.122

Lee ES, Smith HW, Wolf EJ, Guvenek A, Wang YE, Emili A, Tian B, Palazzo AF (2022) ZFC3H1 and
U1-70K promote the nuclear retention of mRNAs with 5′ splice site motifs within nuclear
speckles RNA 28:878–894 https://doi.org/10.1261/rna.079104.122

Lee ES, Wolf EJ, Ihn SSJ, Smith HW, Emili A, Palazzo AF (2020) TPR is required for the efficient
nuclear export of mRNAs and lncRNAs from short and intron-poor genes Nucleic Acids Res
48:11645–11663 https://doi.org/10.1093/nar/gkaa919

Lee MS, Henry M, Silver PA (1996) A protein that shuttles between the nucleus and the
cytoplasm is an important mediator of RNA export Genes Dev 10:1233–1246

Legrain P, Rosbash M (1989) Some cis- and trans-acting mutants for splicing target pre-
mRNA to the cytoplasm Cell 57:573–583

Li Y, Aksenova V, Tingey M, Yu J, Ma P, Arnaoutov A, Chen S, Dasso M, Yang W (2021) Distinct
roles of nuclear basket proteins in directing the passage of mRNA through the nuclear
pore Proc Natl Acad Sci 118 https://doi.org/10.1073/pnas.2015621118

Marfatia KA, Crafton EB, Green DM, Corbett AH (2003) Domain analysis of the
Saccharomyces cerevisiae heterogeneous nuclear ribonucleoprotein, Nab2p. Dissecting
the requirements for Nab2p-facilitated poly(A) RNA export J Biol Chem 278:6731–
6740 https://doi.org/10.1074/jbc.M207571200

Masuda S, Das R, Cheng H, Hurt E, Dorman N, Reed R (2005) Recruitment of the human TREX
complex to mRNA during splicing Genes Dev 19:1512–1517 https://doi.org/10.1101/gad
.1302205

Mayas RM, Maita H, Semlow DR, Staley JP (2010) Spliceosome discards intermediates via the
DEAH box ATPase Prp43p Proc Natl Acad Sci U S A 107:10020–10025 https://doi.org/10.1073
/pnas.0906022107/-/DCSupplemental

Mayas RM, Maita H, Staley JP (2006) Exon ligation is proofread by the DExD/H-box ATPase
Prp22p Nat Struct Mol Biol 13:482–490 https://doi.org/10.1038/nsmb1093

Niepel M, Molloy KR, Williams R, Farr JC, Meinema AC, Vecchietti N, Cristea IM, Chait BT, Rout
MP, Strambio-De-Castillia C (2013) The nuclear basket proteins Mlp1p and Mlp2p are part of
a dynamic interactome including Esc1p and the proteasome Mol Biol Cell 24:3920–
3938 https://doi.org/10.1091/mbc.E13-07-0412

Niño CA, Hérissant L, Babour A, Dargemont C (2013) mRNA Nuclear Export in Yeast Chem Rev
113:8523–8545 https://doi.org/10.1021/cr400002g

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.1261/rna.079294.122
https://doi.org/10.1261/rna.079104.122
https://doi.org/10.1093/nar/gkaa919
https://doi.org/10.1073/pnas.2015621118
https://doi.org/10.1074/jbc.M207571200
https://doi.org/10.1101/gad.1302205
https://doi.org/10.1073/pnas.0906022107/-/DCSupplemental
https://doi.org/10.1038/nsmb1093
https://doi.org/10.1091/mbc.E13-07-0412
https://doi.org/10.1021/cr400002g


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 29 of 37

Ogami K, Richard P, Chen Y, Hoque M, Li W, Moresco JJ, Yates JR, Tian B, Manley JL (2017) An
Mtr4/ZFC3H1 complex facilitates turnover of unstable nuclear RNAs to prevent their
cytoplasmic transport and global translational repression Genes Dev 31:1257–1271 https://
doi.org/10.1101/gad.302604.117

Palancade B, Zuccolo M, Loeillet S, Nicolas A, Doye V (2005) Pml39, a novel protein of the
nuclear periphery required for nuclear retention of improper messenger
ribonucleoparticles Mol Biol Cell 16:5258–5268 https://doi.org/10.1091/mbc.E05

Palazzo AF, Lee ES (2018) Sequence Determinants for Nuclear Retention and Cytoplasmic
Export of mRNAs and lncRNAs Front Genet 9 https://doi.org/10.3389/fgene.2018.00440

Pandit S, Lynn B, Rymond BC (2006) Inhibition of a spliceosome turnover pathway
suppresses splicing defects Proc Natl Acad Sci U S A 103:13700–13705

Petrovic S, Mobbs GW, Bley CJ, Nie S, Patke A, Hoelz A (2022) Structure and Function of the
Nuclear Pore Complex Cold Spring Harb Perspect Biol a 41264 https://doi.org/10.1101
/cshperspect.a041264

Raj A, Tyagi S (2010) Detection of individual endogenous RNA transcripts in situ using
multiple singly labeled probes Methods Enzymol 472:365–386 https://doi.org/10.1016/S0076
-6879(10)72004-8

Rajanala K, Nandicoori VK (2012) Localization of nucleoporin Tpr to the nuclear pore
complex is essential for Tpr mediated regulation of the export of unspliced RNA PLoS ONE
7 https://doi.org/10.1371/journal.pone.0029921

Saroufim M-A, Bensidoun P, Raymond P, Rahman S, Krause MR, Oeffinger M, Zenklusen D
(2015) The nuclear basket mediates perinuclear mRNA scanning in budding yeast J Cell
Biol 211:1131–1140 https://doi.org/10.1083/jcb.201503070

Sayani S, Chanfreau GF (2012) Sequential RNA degradation pathways provide a fail-safe
mechanism to limit the accumulation of unspliced transcripts in Saccharomyces
cerevisiae RNA 18:1563–1572 https://doi.org/10.1261/rna.033779.112

Schmid M, Jensen TH (2018) Controlling nuclear RNA levels Nat Rev Genet 19:518–529 https://
doi.org/10.1038/s41576-018-0013-2

Segref A, Sharma K, Doye V, Hellwig A, Huber J, Lührmann R, Hurt E (1997) Mex67p, a novel
factor for nuclear mRNA export, binds to both poly(A)+ RNA and nuclear pores EMBO J
16:3256–3271 https://doi.org/10.1093/emboj/16.11.3256

Semlow DR, Blanco MR, Walter NG, Staley JP (2016) Spliceosomal DEAH-Box ATPases
Remodel Pre-mRNA to Activate Alternative Splice Sites Cell 164:985–998 https://doi.org/10
.1016/j.cell.2016.01.025

Semlow DR, Staley JP (2012) Staying on message: ensuring fidelity in pre-mRNA splicing
Trends Biochem Sci 37:263–273 https://doi.org/10.1016/j.tibs.2012.04.001

Shibata S, Matsuoka Y, Yoneda Y (2002) Nucleocytoplasmic transport of proteins and
poly(A)+ RNA in reconstituted Tpr-less nuclei in living mammalian cells Genes Cells Devoted
Mol Amp Cell Mech 7:421–434

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.1101/gad.302604.117
https://doi.org/10.1091/mbc.E05
https://doi.org/10.3389/fgene.2018.00440
https://doi.org/10.1101/cshperspect.a041264
https://doi.org/10.1016/S0076-6879(10)72004-8
https://doi.org/10.1371/journal.pone.0029921
https://doi.org/10.1083/jcb.201503070
https://doi.org/10.1261/rna.033779.112
https://doi.org/10.1038/s41576-018-0013-2
https://doi.org/10.1093/emboj/16.11.3256
https://doi.org/10.1016/j.cell.2016.01.025
https://doi.org/10.1016/j.tibs.2012.04.001


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 30 of 37

Silla T, Karadoulama E, Mąkosa D, Lubas M, Jensen TH (2018) The RNA Exosome Adaptor
ZFC3H1 Functionally Competes with Nuclear Export Activity to Retain Target Transcripts
Cell Rep 23:2199–2210 https://doi.org/10.1016/j.celrep.2018.04.061

Stewart M (2019) Polyadenylation and nuclear export of mRNAs J Biol Chem 294:2977–
2987 https://doi.org/10.1074/jbc.REV118.005594

Strambio-de-Castillia C, Blobel G, Rout MP (1999) Proteins connecting the nuclear pore
complex with the nuclear interior J Cell Biol 144:839–855

Talhouarne GJS, Gall JG (2018) Lariat intronic RNAs in the cytoplasm of vertebrate cells Proc
Natl Acad Sci U S A 237 https://doi.org/10.1073/pnas.1808816115

Tutucci E, Stutz F (2011) Keeping mRNPs in check during assembly and nuclear export Nat
Rev Mol Cell Biol 12:377–384 https://doi.org/10.1038/nrm3119

Umlauf D, Bonnet J, Waharte F, Fournier M, Stierle M, Fischer B, Brino L, Devys D, Tora L (2013)
The human TREX-2 complex is stably associated with the nuclear pore basket J Cell Sci
126:2656–2667 https://doi.org/10.1242/jcs.118000

Vinciguerra P, Vinciguerra P, Iglesias N, Iglesias N, Camblong J, Camblong J, Zenklusen D,
Zenklusen D, Stutz F, Stutz F (2005) Perinuclear Mlp proteins downregulate gene expression
in response to a defect in mRNA export EMBO J 24:813–823 https://doi.org/10.1038/sj.emboj
.7600527

Wende W, Friedhoff P, Sträßer K, Oeffinger M, Zenklusen D (2019) The Biology of MRNA:
Structure and Function, Advances in Experimental Medicine and Biology :1–31 https://doi
.org/10.1007/978-3-030-31434-7_1

Wilkinson ME, Charenton C, Nagai K (2020) RNA Splicing by the Spliceosome Annu Rev
Biochem 89:359–388 https://doi.org/10.1146/annurev-biochem-091719-064225

Wurtz-T null, Kiseleva E, Nacheva G, Alzhanova-Ericcson A, Rosén A, Daneholt B. (1996)
Identification of two RNA-binding proteins in Balbiani ring premessenger
ribonucleoprotein granules and presence of these proteins in specific subsets of
heterogeneous nuclear ribonucleoprotein particles Mol Cell Biol 16:1425–1435 https://doi
.org/10.1128/MCB.16.4.1425

Xie Y, Ren Y (2019) Mechanisms of nuclear mRNA export: A structural perspective Traffic
20:829–840 https://doi.org/10.1111/tra.12691

Xu XM, Rose A, Muthuswamy S, Jeong SY, Venkatakrishnan S, Zhao Q, Meier I (2007) NUCLEAR
PORE ANCHOR, the Arabidopsis homolog of Tpr/Mlp1/Mlp2/megator, is involved in mRNA
export and SUMO homeostasis and affects diverse aspects of plant development Plant Cell
19:1537–1548 https://doi.org/10.1105/tpc.106.049239

Zenklusen D, Vinciguerra P, Strahm Y, Stutz F (2001) The yeast hnRNP-Like proteins Yra1p
and Yra2p participate in mRNA export through interaction with Mex67p Mol Cell Biol
21:4219–4232 https://doi.org/10.1128/MCB.21.13.4219-4232.2001

Zenklusen D, Vinciguerra P, Wyss J-C, Stutz F (2002) Stable mRNP formation and export
require cotranscriptional recruitment of the mRNA export factors Yra1p and Sub2p by
Hpr1p Mol Cell Biol 22:8241–8253 https://doi.org/10.1128/MCB.22.23.8241-8253.2002

https://doi.org/10.7554/eLife.94766.1
https://doi.org/10.1016/j.celrep.2018.04.061
https://doi.org/10.1074/jbc.REV118.005594
https://doi.org/10.1073/pnas.1808816115
https://doi.org/10.1038/nrm3119
https://doi.org/10.1242/jcs.118000
https://doi.org/10.1038/sj.emboj.7600527
https://doi.org/10.1007/978-3-030-31434-7_1
https://doi.org/10.1146/annurev-biochem-091719-064225
https://doi.org/10.1128/MCB.16.4.1425
https://doi.org/10.1111/tra.12691
https://doi.org/10.1105/tpc.106.049239
https://doi.org/10.1128/MCB.21.13.4219-4232.2001
https://doi.org/10.1128/MCB.22.23.8241-8253.2002


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 31 of 37

Zuckerman B, Ron M, Mikl M, Segal E, Ulitsky I (2020) Gene Architecture and Sequence
Composition Underpin Selective Dependency of Nuclear Export of Long RNAs on NXF1
and the TREX Complex Mol Cell 79:251–267 https://doi.org/10.1016/j.molcel.2020.05.013

Article and author information

Yi Zeng
Department of Molecular Genetics and Cell Biology, University of Chicago, IL 60637, USA,
Department of Genetics, Stanford University, CA 94305, USA
For correspondence: yizeng8@stanford.edu
ORCID iD: 0000-0001-8306-8323

Jonathan P. Staley
Department of Molecular Genetics and Cell Biology, University of Chicago, IL 60637, USA
For correspondence: jstaley@uchicago.edu

Copyright

© 2024, Yi Zeng & Jonathan P. Staley

This article is distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use and redistribution provided that the original author and
source are credited.

Editors
Reviewing Editor
Andrés Aguilera
CABIMER, Universidad de Sevilla, Seville, Spain

Senior Editor
K VijayRaghavan
National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore,
India

Reviewer #1 (Public Review):

Summary:

In this manuscript, Zeng and Staley provide a valuable analysis of the molecular
requirements for the export of a reporter mRNA that contains a lariat structure at its 5' end in
the budding yeast S. cerevisiae. The authors provide evidence that this is regulated by the
main mRNA export machinery (Yra1, Mex67, Nab2, Npl3, Tom1, and Mlp1). Of note, Mlp1 has
been mainly implicated in the nuclear retention of unspliced pre-mRNA (i.e. quality control),
and relatively little has been done to investigate its role in mRNA export in budding yeast.

Strengths:

There is relatively little information in the current literature about the nuclear export of
splicing intermediates. This paper provides one of the first analyses of this process and
dissects the molecular components that promote this form of RNA export. Overall, the
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strength of the data presented in the manuscript is solid. The paper is well written and the
message is clear and of general interest to the mRNA community.

Weaknesses:

There are three problems with the paper, although these are not major and likely would not
affect the final model as most aspects of the molecular details are confirmed by multiple
complementary assays.

(1) The brG reporter produces both unspliced pre-mRNA and a lariat-containing intermediate
RNA. Based on the primer extension assay the authors claim that only 33% of the final
product is in pre-mRNA form and that this "is insufficient to account for the magnitude of the
cytoplasmic signal from the brG reporter (83%)". Nevertheless, it is possible that primer
extension is incomplete or that the lariat-containing RNA is inaccessible for smFISH. The
authors could easily perform a dual smFISH experiment (similar to Adivarahan et l.,
Molecular Cell 2018) where exon 1 is labelled with probes of one color, and the region that
overlaps the lariat-containing intermediate is labelled with probes of a second color. If the
authors are correct, then one-third of the smFISH foci should have both labels and the rest
would have only the second label. This would also confirm that the latter (i.e. the lariat-
containing RNAs) are exported to the cytoplasm. Using this approach, the authors could then
show that MLP1-depletion (or depletion of any of the other factors) affect(s) one pool of RNAs
(i.e. those that are lariat-containing) but not the other (i.e. pre-mRNA). Including these
experiments would make the evidence for their model more convincing.

(2) In some cases, the number of smFISH foci appears to change drastically depending on the
genetic background. This could either be due to the stochastic nature of mRNA expression
between cells or reflect real differences between the genetic backgrounds that could alter the
interpretation of the other observations.

(3) The authors state in the discussion that "the general mRNA export pathway transports
discarded lariat intermediates into the cytoplasm". Although this appears to be the case for
the reporters that are investigated in this paper, I don't think that the authors should make
such a broad sweeping claim. It may be that some discarded lariat intermediates are
exported to the cytoplasm while others are targeted for nuclear retention and/or decay.

https://doi.org/10.7554/eLife.94766.1.sa2

Reviewer #2 (Public Review):

In this report, Zeng and Staley have used an elegant combination of RNA imaging approaches
(single molecule FISH), RNA co-immunoprecipitations, and translation reporters to
characterize the factors and pathways involved in the nuclear export of splicing
intermediates in budding yeast. Their study notably involves the use of specific reporter
genes, which lead to the accumulation of pre-mRNA and lariat species, in a battery of mutants
impacting mRNA export and quality control.

The authors convincingly demonstrate that mRNA species expressed from such reporters are
exported to the cytoplasm in a manner depending on the canonical mRNA export machinery
(Mex67 and its adaptors) and the nuclear pore complex (NPC) basket (Mlp1). Interestingly,
they provide evidence that the export of splicing intermediates requires docking and
subsequent undocking at the nuclear basket, a step possibly more critical than for regular
mRNAs.

However, their assays do not always allow us to define whether the impacted mRNA species
correspond to lariats and/or pre-mRNAs. This is all the more critical since their findings
apparently contradict previous reports that supported a role for the nuclear basket in pre-
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mRNA quality control. These earlier studies, which were similarly based on the use of
dedicated yet distinct reporters, had found that the nuclear basket subunit Mlp1, together
with different cofactors, prevents the export of unspliced mRNA species. It would be
important to clarify experimentally and discuss the possible reasons for these discrepancies.

https://doi.org/10.7554/eLife.94766.1.sa1

Reviewer #3 (Public Review):

Summary:

Zeng and Stanley show that in yeast, intron-lariat intermediates that accumulated due to
defects in pre-mRNA splicing, are transported to the cytoplasm using the canonical mRNA
export pathway. Moreover, they demonstrate that export requires the nuclear basket, a sub-
structure of the nuclear pore complex previously implicated with the retention of immature
mRNAs. These observations are important as they put into question a longstanding model
that the main role of the nuclear basket is to ensure nuclear retention of immature or faulty
mRNAs.

Strengths:

The authors elegantly combine genetic, biochemical, and single-molecule resolution
microscopy approaches to identify the cellular pathway that mediates the cytoplasmic
accumulation of lariat intermediates. Cytoplasmic accumulation of such splicing
intermediates had been observed in various previous studies but how these RNAs reach the
cytoplasm had not yet been investigated. By using smFISH, the authors present compelling,
and, for the first time, direct evidence that these intermediates accumulate in the cytoplasm
and that this requires the canonical mRNA export pathway, including the RNA export
receptor Mex67 as well as various RNA-binding proteins including Yra1, Npl3 and Nab2.
Moreover, they show that the export of lariat intermediates, but not mRNAs, requires the
nuclear basket (Mlp1) and basket-associated proteins previously linked to the mRNP
rearrangements at the nuclear pore. This is a surprising and important observation with
respect to a possible function of the nuclear basket in mRNA export and quality control, as it
challenges a longstanding model that the role of the basket in mRNA export is primarily to act
as a gatekeeper to ensure that immature mRNAs are not exported. As discussed by the
authors, their finding suggests a role for the basket in promoting the export of certain types
of RNAs rather than retention, a model also supported by more recent studies in mammalian
cells. Moreover, their findings also collaborate with a recent paper showing that in yeast, not
all nuclear pores contain a basket (PMID: 36220102), an observation that also questioned the
gatekeeper model of the basket, as it is difficult to imagine how the basket can serve as a
gatekeeper if not all nuclear pore contain such a structure.

Weaknesses:

One weakness of this study is that all their experiments rely on using synthetic splicing
reporter containing a lacZ gene that produces a relatively long transcript compared to the
average yeast mRNA.

The rationale for using a reporter containing the brG (G branch point) resulting in more
stable lariat intermediates due to them being inefficient substrates for the debranching
enzyme Dbr1 could be described earlier in the manuscript, as this otherwise only becomes
clear towards the end, what is confusing.

Discussion of their observation in the context that, in yeast, not all pores contain a basket
would be useful.
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https://doi.org/10.7554/eLife.94766.1.sa1


Yi Zeng et al., 2024 eLife. https://doi.org/10.7554/eLife.94766.1 34 of 37

https://doi.org/10.7554/eLife.94766.1.sa0

Author Response

Public Reviews:

Reviewer #1 (Public Review):

Summary:

In this manuscript, Zeng and Staley provide a valuable analysis of the molecular
requirements for the export of a reporter mRNA that contains a lariat structure at its 5'
end in the budding yeast S. cerevisiae. The authors provide evidence that this is regulated
by the main mRNA export machinery (Yra1, Mex67, Nab2, Npl3, Tom1, and Mlp1). Of
note, Mlp1 has been mainly implicated in the nuclear retention of unspliced pre-mRNA
(i.e. quality control), and relatively little has been done to investigate its role in mRNA
export in budding yeast.

Strengths:

There is relatively little information in the current literature about the nuclear export of
splicing intermediates. This paper provides one of the first analyses of this process and
dissects the molecular components that promote this form of RNA export. Overall, the
strength of the data presented in the manuscript is solid. The paper is well written and
the message is clear and of general interest to the mRNA community.

We thank the reviewer for highlighting these strengths.

Weaknesses:

There are three problems with the paper, although these are not major and likely would
not affect the final model as most aspects of the molecular details are confirmed by
multiple complementary assays.

(1) The brG reporter produces both unspliced pre-mRNA and a lariat-containing
intermediate RNA. Based on the primer extension assay the authors claim that only 33%
of the final product is in pre-mRNA form and that this "is insufficient to account for the
magnitude of the cytoplasmic signal from the brG reporter (83%)". Nevertheless, it is
possible that primer extension is incomplete or that the lariat-containing RNA is
inaccessible for smFISH. The authors could easily perform a dual smFISH experiment
(similar to Adivarahan et l., Molecular Cell 2018) where exon 1 is labelled with probes of
one color, and the region that overlaps the lariat-containing intermediate is labelled with
probes of a second color. If the authors are correct, then one-third of the smFISH foci
should have both labels and the rest would have only the second label. This would also
confirm that the latter (i.e. the lariat-containing RNAs) are exported to the cytoplasm.
Using this approach, the authors could then show that MLP1-depletion (or depletion of
any of the other factors) affect(s) one pool of RNAs (i.e. those that are lariat-containing)
but not the other (i.e. pre-mRNA). Including these experiments would make the evidence
for their model more convincing.

We appreciate the reviewer’s comments and suggestions. Concerning the primer extension
analysis, we are considering alternative assays to quantitate the pre-mRNA and lariat
intermediate levels. Concerning the accessibility of the lariat intermediate in smRNA-FISH, in
a dbr1∆ strain the only major species from the UAc reporter that is detected by primer
extension is the lariat intermediate (Fig. S3), and this reporter is readily detected by smRNA-
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FISH, indicate that the lariat intermediate is accessible to smRNA-FISH. Concerning
discriminating between pre-mRNA and lariat intermediate by smRNA-FISH, we agree with
the reviewer that a dual smFISH experiment would directly distinguish between the signals
of these species. The brG reporter we used in most smRNA-FISH experiments has a 5’ exon
that is too short for smRNA-FISH probes, as is typical of most budding yeast 5’ exons. We have
tried to replace the 5’ exon with a longer sequence (GFP) to allow for smRNA-FISH; however,
this substitution inhibited splicing. Therefore, to distinguish signals from pre-mRNA versus
lariat intermediate, we used additional reporters: G1c and brC reporters, which accumulate
pre-mRNA essentially exclusively (Fig. S2A-C), and the UAc reporter, which accumulates lariat
intermediate exclusively, in a dbr1∆ strain (Fig. S3). Whereas the mlp1 deletion did not
change beta-galactosidase activities of the G1c and brC pre-mRNA-accumulating reporters
(Fig. S2E), the mlp1 deletion in a dbr1∆ background did reduce the beta-galactosidase
activities of the UAc lariat intermediate-accumulating reporter (Fig. 3D) and did increase
smRNA-FISH signal of this reporter in the nucleus (Fig. 3E). These observations corroborate
our interpretation based on the brG reporter that Mlp1p is required for efficient export of
lariat intermediates but not pre-mRNAs.

(2) In some cases, the number of smFISH foci appears to change drastically depending on
the genetic background. This could either be due to the stochastic nature of mRNA
expression between cells or reflect real differences between the genetic backgrounds that
could alter the interpretation of the other observations.

We thank the reviewer for raising this point. We will review our data to distinguish between
these possibilities.

(3) The authors state in the discussion that "the general mRNA export pathway transports
discarded lariat intermediates into the cytoplasm". Although this appears to be the case
for the reporters that are investigated in this paper, I don't think that the authors should
make such a broad sweeping claim. It may be that some discarded lariat intermediates
are exported to the cytoplasm while others are targeted for nuclear retention and/or
decay.

The reviewer’s point is well-taken. We will revise the wording accordingly.

Reviewer #2 (Public Review):

In this report, Zeng and Staley have used an elegant combination of RNA imaging
approaches (single molecule FISH), RNA co-immunoprecipitations, and translation
reporters to characterize the factors and pathways involved in the nuclear export of
splicing intermediates in budding yeast. Their study notably involves the use of specific
reporter genes, which lead to the accumulation of pre-mRNA and lariat species, in a
battery of mutants impacting mRNA export and quality control.

The authors convincingly demonstrate that mRNA species expressed from such reporters
are exported to the cytoplasm in a manner depending on the canonical mRNA export
machinery (Mex67 and its adaptors) and the nuclear pore complex (NPC) basket (Mlp1).
Interestingly, they provide evidence that the export of splicing intermediates requires
docking and subsequent undocking at the nuclear basket, a step possibly more critical
than for regular mRNAs.

We thank the reviewer for this overall positive assessment.

However, their assays do not always allow us to define whether the impacted mRNA
species correspond to lariats and/or pre-mRNAs. This is all the more critical since their
findings apparently contradict previous reports that supported a role for the nuclear
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basket in pre-mRNA quality control. These earlier studies, which were similarly based on
the use of dedicated yet distinct reporters, had found that the nuclear basket subunit
Mlp1, together with different cofactors, prevents the export of unspliced mRNA species. It
would be important to clarify experimentally and discuss the possible reasons for these
discrepancies.

It is true that we did not assess export of all reporters in all mutant strains by smFISH;
however, we did validate the key conclusion that the export of lariat intermediates requires
the nuclear basket gene MLP1: the export of both the brG reporter (mostly lariat
intermediate) and the UAc reporter (exclusively lariat intermediate) showed a dependence on
MLP1 (Fig. 3). Further, by beta-galactosidase activity, we tested in total five separate reporters
– three that accumulated lariat intermediate and two that accumulated exclusively pre-
mRNA; only the three reporters accumulating lariat intermediate showed a dependence of
export on MLP1 (Fig. 4B,D; Fig S2D); the reporters accumulating pre-mRNA did not show a
dependence on MLP1 (Fig. S2E), further validating our main conclusion. We are considering
additional experiments to validate this key conclusion even further. Also, see response to
comment 1 from reviewer 1.

We agree that the main conclusion from this manuscript differs from earlier studies. A key
difference is that prior studies monitored exclusively pre-mRNA. In our study, we monitored
pre-mRNA and lariat intermediate species and in doing so revealed a role for MLP1 in the
export of lariat intermediates. This study, our previous study, as well as the previous studies
of others have all provided evidence for efficient export of pre-mRNA; all of these studies are
in conflict with the studies purporting a general role for the nuclear basked in retaining
immature mRNA. Still, these past apparently conflicting studies can be re-interpreted in the
context of our model that the export of such species requires docking at the nuclear basket,
followed by undocking. In a revised manuscript, we will discuss the possibility that pre-
mRNA apparently “retained” by the nuclear basket are stalled in export at the undocking
stage.

Reviewer #3 (Public Review):

Summary:

Zeng and Stanley show that in yeast, intron-lariat intermediates that accumulated due to
defects in pre-mRNA splicing, are transported to the cytoplasm using the canonical
mRNA export pathway. Moreover, they demonstrate that export requires the nuclear
basket, a sub-structure of the nuclear pore complex previously implicated with the
retention of immature mRNAs. These observations are important as they put into
question a longstanding model that the main role of the nuclear basket is to ensure
nuclear retention of immature or faulty mRNAs.

Strengths:

The authors elegantly combine genetic, biochemical, and single-molecule resolution
microscopy approaches to identify the cellular pathway that mediates the cytoplasmic
accumulation of lariat intermediates. Cytoplasmic accumulation of such splicing
intermediates had been observed in various previous studies but how these RNAs reach
the cytoplasm had not yet been investigated. By using smFISH, the authors present
compelling, and, for the first time, direct evidence that these intermediates accumulate in
the cytoplasm and that this requires the canonical mRNA export pathway, including the
RNA export receptor Mex67 as well as various RNA-binding proteins including Yra1, Npl3
and Nab2. Moreover, they show that the export of lariat intermediates, but not mRNAs,
requires the nuclear basket (Mlp1) and basket-associated proteins previously linked to
the mRNP rearrangements at the nuclear pore. This is a surprising and important
observation with respect to a possible function of the nuclear basket in mRNA export and
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quality control, as it challenges a longstanding model that the role of the basket in mRNA
export is primarily to act as a gatekeeper to ensure that immature mRNAs are not
exported. As discussed by the authors, their finding suggests a role for the basket in
promoting the export of certain types of RNAs rather than retention, a model also
supported by more recent studies in mammalian cells. Moreover, their findings also
collaborate with a recent paper showing that in yeast, not all nuclear pores contain a
basket (PMID: 36220102), an observation that also questioned the gatekeeper model of
the basket, as it is difficult to imagine how the basket can serve as a gatekeeper if not all
nuclear pore contain such a structure.

We thank the reviewer for highlighting the importance and surprising nature of our findings.

Weaknesses:

One weakness of this study is that all their experiments rely on using synthetic splicing
reporter containing a lacZ gene that produces a relatively long transcript compared to
the average yeast mRNA.

We are considering repeating some of our experiments to monitor export of RNAs with more
average lengths.

The rationale for using a reporter containing the brG (G branch point) resulting in more
stable lariat intermediates due to them being inefficient substrates for the debranching
enzyme Dbr1 could be described earlier in the manuscript, as this otherwise only
becomes clear towards the end, what is confusing.

We thank the reviewer for this comment. We will revise the text to explain sooner the
rationale for using the brG reporter to assess the export of lariat intermediates.

Discussion of their observation in the context that, in yeast, not all pores contain a basket
would be useful.

Thanks for this suggestion. We will raise this point that a nuclear basket is not present on all
nuclear pores and discuss the implications.

https://doi.org/10.7554/eLife.94766.1
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