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SUMMARY

Removal of introns from pre-mRNAs is an essential
step in eukaryotic gene expression, mediated by
spliceosomes that contain snRNAs as key compo-
nents. Although snRNAs are transcribed in the nu-
cleus and function in the same compartment, all
except U6 shuttle to the cytoplasm. Surprisingly,
the physiological relevance for shuttling is unclear,
in particular because the snRNAs in Saccharomyces
cerevisiaewere reported to remain nuclear. Here, we
show that all yeast pre-snRNAs including U6 un-
dergo a stepwise maturation process after nuclear
export by Mex67 and Xpo1. Sm- and Lsm-ring
attachment occurs in the cytoplasm and is important
for the snRNA re-import, mediated by Cse1 and
Mtr10. Finally, nuclear pre-snRNA cleavage and tri-
methylation of the 50-cap finalizes shuttling. Impor-
tantly, preventing pre-snRNAs from being exported
or processed results in faulty spliceosome assembly
and subsequent genome-wide splicing defects.
Thus, pre-snRNA export is obligatory for functional
splicing and resembles an essential evolutionarily
conserved quality assurance step.

INTRODUCTION

Spliceosomes contain several proteins and the small nuclear

RNAs (snRNAs) U1, U2, U4, U5, and U6 (Wahl et al., 2009). All

snRNAs are transcribed by RNA polymerase II (Pol II) except

U6, which is synthesized by Pol III. U6 acquires a g-monomethyl

phosphate cap, while U1, U2, U4, and U5 receive m7G-mono-

methyl caps that are also found on mRNAs (Matera and Wang,

2014; Didychuk et al., 2018). m7G-caps are bound by the cap-

binding complex (CBC), composed of CBP20 and CBP80 (Köh-

ler andHurt, 2007;Matera andWang, 2014). In human cells, CBC

binds to PHAX (phosphorylated adaptor RNA export) that in turn

recruits the RanGTPase driven exportin CRM1 (chromosome

maintenance 1) for nuclear export (Köhler andHurt, 2007;Matera

and Wang, 2014). In yeast, Pol II transcripts such as mRNAs

and the non-coding telomerase-RNA TLC1 use Mex67-Mtr2
Cel
This is an open access article under the CC BY-N
(TAP-p15 in human) and Xpo1/Crm1 for their nuclear export

(Tutucci and Stutz, 2011; Wu et al., 2014). Interestingly, the

current literature suggests that snRNAs do not shuttle in yeast

(Olson and Siliciano, 2003; Murphy et al., 2004), although they

undergo similar maturation steps as in human cells (Will and

L€uhrmann, 2001; Matera andWang, 2014; Sloan et al., 2016; Va-

sianovich and Wellinger, 2017).

Small nuclear ribonucleoprotein particle (snRNP) (ribonucleo-

protein complex) biogenesis includes the assembly of the Sm-

ring on all snRNAs except U6. The ring is composed of the Sm

B/B0, D1, D2, D3, E, F, and G proteins (encoded by SMB1,

SMD1, SMD2, SMD3, SME1, SMX2, and SMX3 in yeast) com-

mon to all spliceosomal snRNPs (Matera and Wang, 2014). The

Sm-proteins are arranged into a seven-membered ring on the

Sm binding site of the snRNA. In higher eukaryotes, Sm-proteins

are loaded by the survival motor neuron (SMN) protein, which in

low expression or uponmutation leads to the neurodegenerative

disease spinal muscular atrophy (SMA) (Lefebvre et al., 1995;

Lorson et al., 2010). Sm-ring binding is also critical in

S. cerevisiae, as snRNA degradation is increased when the

Sm-ring binding site is mutated (Coy et al., 2013; Shukla and

Parker, 2014). However, in yeast, it was speculated that the as-

sembly of the Sm-ring occurs in the nucleus. First, shuttling of

the snRNAs had not been observed except for the shuttling of

U1 and U2 snRNAs in a heterokaryon assay, in which the authors

carefully discussed that their finding might be an artifact in this

type of assay, because all analyzed transcripts left the nucleus

and therefore a negative control was missing (Olson and Sili-

ciano, 2003). Second, nuclear localization sequences were

identified in SmB, SmD1, and SmD3, which suggested that an

RNA-free pre-assembled Sm-complex would be able to enter

the nucleus (Bordonné, 2000).

The Sm-ring is a prerequisite for the correct and limited

trimming of the pre-snRNAs. While this step is anticipated to

be cytoplasmic in human cells, as precursors accumulate in

the cytoplasm (Huang and Pederson, 1999), it occurs in the nu-

cleus of yeast through cleavage by Rnt1 and subsequent 30 to 50

degradation by the nuclear exosome ending at the Sm-ring (Sei-

pelt et al., 1999; Coy et al., 2013; Shukla and Parker, 2014). The

nuclear localization of Rnt1 (Catala et al., 2004) was further used

as an argument that snRNAs do not need to shuttle in yeast. The

Sm-ring has additionally been described to recruit the trimethyl-

guanosine synthetase 1 (TGS1), an RNA methyltransferase that
l Reports 27, 3199–3214, June 11, 2019 ª 2019 The Authors. 3199
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mediates a 2,2,7-trimethylguanosine (TMG) modification of the

50 end of the snRNAs (Matera and Wang, 2014). In yeast, Tgs1,

mediating this trimethylation, is localized to the nucleolus, again

questioning the need for snRNA shuttling (Mouaikel et al., 2002).

Contrarily, in human cells this step occurs in the cytoplasm and

triggers the formation of the Ran-dependent import complex

composed of the importin-adaptor Snurportin 1 (SPN) and its re-

ceptor, importin b, leading to subsequent nuclear import (Matera

and Wang, 2014). Up to date, no homolog for SPN has been

found in yeast.

U6 has, like other Pol III transcripts, an oligo(U) sequence at its

30-end that is bound to an Lsm-ring, which is structurally related

to the Sm-ring and composed of the Lsm proteins 2 to 8 (Matera

et al., 2007). It is generally and species-wide supposed that U6 is

restricted to the nucleus and does not shuttle during its biogen-

esis (Bertrand and Bordonné, 2004; Matera et al., 2007; Sloan

et al., 2016); however, a mechanism for its nuclear retention is

lacking.

This current view for snRNA shuttling of Sm-ring-containing

snRNAs in humans, the nuclear retention of yeast snRNAs, and

the general nuclear retention of U6 raises two important ques-

tions: First, why should shuttling only evolve for some snRNA

in Mammalia, and second, what is the advantage of shuttling?

It has been suggested that snRNA shuttlingmight provide a plau-

sible mechanism for quality control, ensuring that partially

assembled RNPs do not come into contact with their substrates

(Matera and Wang, 2014). However, this has never been shown.

Here, we show that all snRNAs shuttle in yeast. They are

exported via Mex67 and all except U6 additionally use the

50-cap, bound by CBC for an Xpo1/Crm1-mediated nuclear

export. All snRNAs including U6 are re-imported into the nucleus

via Mtr10 and Cse1. Further maturation of the snRNAs includes

the Sm-ring binding, which occurs in the cytoplasm and the sub-

sequent 30-end trimming and 50-cap trimethylation in the nucleus

and nucleolus, respectively. Most importantly, we show that

snRNA shuttling resembles a quality assurance step, because

pre-snRNAs are incorporated into the spliceosome when not

exported. Similarly, the downregulation of RNT1, required for

30-end trimming, leads to the incorporation of unprocessed

snRNAs into the spliceosome, as does the expression of a

non-cleavable mutant of pre-U1. Importantly, all three situations

in which the pre-snRNAs were brought into contact with the spli-

ceosome, this molecular machine incorporated these immature

snRNPs, revealing that the spliceosome cannot distinguish be-

tween immature and mature snRNAs. Importantly, all ‘‘imma-

ture’’ and thus faulty spliceosomes lead to splicing defects.

From these data, we suggest that snRNA shuttling is probably
Figure 1. snRNAs Are Exported to the Cytoplasm via Mex67 and Xpo1

(A) Nuclear export of snRNAs is inhibited in mRNA export mutants. FISH experime

probes, detected with FITC-labeled anti-DIG antibodies (green). Shown are deco

(B) Quantification of cells with nuclear signals shown in (A). n = 3; 100–300 cells

(C) Leptomycin B slightly inhibits snRNA export in the LMB-sensitive crm1-T539T

at 30�C. n = 3.

(D and E) RIP experiments reveal a physical contact betweenMex67 (D) or Xpo1 (E

and the co-precipitated snRNAs were analyzed in qRT-PCRs. n = 5.

(F) The loop-domain of Mex67 is important for snRNA binding. qRT-PCRs of the

(G) RIP experiments reveal a physical contact between the guard proteins and the

and the co-precipitated snRNAs were analyzed in qRT-PCRs. n = 4.
obligatory for all eukaryotes and for all snRNAs, including U6,

because it represents a quality assurance mechanism for intact

spliceosomes.

RESULTS

snRNAs Are Exported into the Cytoplasm via Xpo1 and
Mex67
To challenge the current view that snRNA shuttling evolved only

in higher eukaryotes, we systematically explored snRNA shut-

tling in S. cerevisiae. Due to the fact that Pol II transcripts such

as mRNAs and the non-coding telomerase-RNA TLC1 require

Mex67-Mtr2 and Xpo1/Crm1 for their nuclear export (Tutucci

and Stutz, 2011; Wu et al., 2014), we investigated whether the

shuttling of snRNAs would also be dependent on these factors.

First, we analyzed potential export defects by fluorescence in

situ hybridization (FISH) experiments in mutant forms of Xpo1,

Mex67, and its interacting partners Dbp5/Rat8 and Nup159/

Rat7 (Tieg and Krebber, 2013). To visualize potential nuclear

export defects, we used specific long fluorescently labeled

probes (�100–250 nucleotides) that in our experience preferen-

tially stain cytoplasmic snRNAs, because they might not pene-

trate the nuclearmembrane.While these probes detectedmainly

cytoplasmic snRNAs in wild-type cells, we found strong nuclear

dot-like accumulations for all snRNAs in the export mutants (Fig-

ures 1A, 1B, and S1A–S1C), indicating that snRNAs leave the nu-

cleus. Interestingly, besides the nuclear export defects of the

Sm-ring-containing snRNAs, we found a clear nuclear accumu-

lation also for U6, suggesting that also this Pol III transcript is

exported into the cytoplasm. However, in contrast to the Sm-

ring-containing snRNAs, only some nuclear accumulation of

U6 was detectable in xpo1-1 mutants, which might be due to

the differences in transcription-coupled loading of the export

factors, or simply to the different cap structure. This phenotype

was also visible in the leptomycin B (LMB)-sensitive yeast strain

(Figure 1C), in which the trimeric export complex Ran-GTP-

Xpo1-export protein is disrupted (Neville and Rosbash, 1999).

However, the phenotype was very mild compared to xpo1-1,

possibly because the xpo1-1 mutation is potentially dominant

as it has a slightly growth-inhibitory effect and might inhibit cell

growth through misfolding when bound to the export substrate

or the nuclear pore complex (NPC) upon the temperature shift

(Figure S1D). In contrast, in the LMB-sensitive strain, Xpo1/

Crm1 does not participate in nuclear export in the presence of

LMB, because export complex formation is prevented and

both mRNAs and snRNAs can still leave the nucleus via

Mex67, but without Xpo1. Although the role of Xpo1/Crm1 was
/Crm1 in Yeast

nts are shown with�100- to 300-nucleotide-long specific DIG-labeled snRNA-

nvoluted images of single cells. n = 4.

were counted.

mutant. FISH experiments as in (A) are shown after a 1-h incubation of the cells

) and the snRNAs. The GFP-tagged export receptors were immunoprecipitated

eluates from in vitro RIP-experiments with Mex67 are shown. n = 3.

snRNAs. The GFP-tagged Mex67-adaptor proteins were immunoprecipitated

Cell Reports 27, 3199–3214, June 11, 2019 3201
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Figure 2. The Nuclear Import of snRNAs Is Mediated by Mtr10 and Cse1

(A) FISH experiments with 50-nucleotide-long Cy3-labeled probes (red) in the indicated strains that were shifted to the indicated non-permissive temperatures are

shown. n = 3.

(legend continued on next page)
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always controversially discussed (Stade et al., 1997; Neville and

Rosbash, 1999), our data suggest that the export receptor might

participate in the export of both mRNA and snRNA (Figure 1).

Together, these data suggest that both Mex67 and Xpo1 partic-

ipate in snRNA and mRNA export.

Second, we show that all snRNAs bind to Mex67 and Xpo1

in vivo by RNA-co-immunoprecipitation (RIP) experiments (Fig-

ures 1D, 1E, S1E, and S1F). The Mex67-RIP showed a more

than 4-fold enriched binding of the snRNAs compared to the

no-tag control, indicating that snRNAs contact this export recep-

tor and can be purified with it. Similarly, all of the snRNAs except

U6 showed an interaction with Xpo1. However, the binding was

only �1.5- and �2-fold increased, which might be explained by

the fact that upon cell lysis Xpo1-RanGTP comes into contact

with the cytoplasmic GTPase-activating protein RanGAP1/

Rna1, resulting in the dissociation of these export complexes.

Additionally, the strong Mex67 binding of the snRNAs (between

4- and 8-fold) might reflect that Mex67 contact is less easily dis-

rupted upon cell lysis, and it might also indicate that more mole-

cules of Mex67 bind to the snRNAs than Xpo1. As different

adaptor proteins, such as Npl3, Gbp2, and Hrb1, establish the

contact betweenMex67 and the RNA simplymoreMex67 export

receptors could bind. Indeed, RIP experiments and subsequent

qRT-PCR analysis confirmed the binding of these Mex67

adapters to the snRNAs (Figures 1G and S1H). The snRNA bind-

ing to both export receptors is also less strong as for TLC1,

which we analyzed earlier and found more than a 10-fold

increased binding (Wu et al., 2014). This might simply be ex-

plained by the fact that TLC1 is with a size of �1.5 kb longer

than the snRNAs and can potentially bind more export factors.

Similarly, the RPL8A mRNA shows also more than 10-fold bind-

ing, which is present in the cell with many copies, as it is highly

expressed (Figures 1D and 1G).

Interestingly, we did not detect binding of Xpo1 to U6. This

might be due to potential differences in transcriptional loading

of the export factors by the responsible Pol, or due to the

different 50-cap structures of the snRNAs. Its slight nuclear accu-

mulation in the xpo1-1 mutant (Figures 1A–1C and S1B) might

thus rather be a secondary effect of the nuclear retention of

the other snRNAs.

For Mex67 a loop-domain was shown to bind RNA directly

(Figure S1G) (Yao et al., 2007, 2008; Zander et al., 2016). To

investigate whether this domain is also important for the interac-

tion with the snRNA, we carried out in vitro binding studies in

which we used recombinantly expressed wild typical Mex67-

Mtr2 heterodimer and two heterodimeric proteins with defective

or absent loop-domain and incubated the proteins with isolated

total yeast RNA. In a second purification step, we isolated the

His-tagged heterodimeric protein complex again, this time with

the attached RNA, which was subsequently analyzed in qRT-

PCR experiments. These studies revealed that Mex67 also binds

snRNAs directly with this domain, as mutations in this domain

decreased its snRNA binding to amounts seen with the His-tag
(B) Quantification of the cells with an snRNA mislocalization phenotype shown in

(C) Cytoplasmic fractionation experiments reveal an increase of the cytoplasmic

(D) RIP experiments reveal a physical contact between Mtr10 or Cse1 and the s

pitated snRNAs were analyzed by qRT-PCRs. n = 5.
control (Figure 1F), very similar to the results seen with mRNA

(Zander et al., 2016). These data suggest that yeast snRNAs

leave the nucleus by contacting the same export machinery as

the noncoding RNA (ncRNA) TLC1 and mRNA. Strikingly, we

detect export also for U6, indicating that it represents no excep-

tion in snRNA shuttling.

snRNAs Are Re-imported into the Nucleus via Mtr10
and Cse1
To identify the nuclear snRNP import factors, we screened mu-

tants of all yeast karyopherins by FISH experiments (Figures

S2A and S2B). We used short (50-nucleotide) snRNA probes

(Figure S1A) that easily penetrate the nuclear envelope and

thereby predominantly detect the bulk snRNAs that are mainly

localized in the nucleus. This detection enabled us to recognize

nuclear import defects by the cytoplasmic mislocalization of the

snRNAs. We found that only mutations in MTR10 and CSE1

cause snRNA import defects, suggesting that these karyopher-

ins are important for the nuclear import of snRNAs (Figures 2A,

2B, and S2C). These results were confirmed by cytoplasmic

fractionation experiments, in which we detected an increased

cytoplasmic presence of all snRNAs in cse1-1 mutants via

qRT-PCRs (Figures 2C and S2D). In support of these results,

we show RIP experiments that reveal a physical interaction of

Cse1 and Mtr10 with the snRNAs in vivo (Figures 2D, S2E,

and S2F). Due to the fact that Mtr10 and Cse1 are like Xpo1,

both Ran-dependent karyopherins that are dependent on an

intact Ran-gradient and possibly require adaptor proteins for

their binding to the RNA, we detected only a slight, �1.5- to

�2-fold increased binding. Mtr10 was already identified to

import several mRNA-binding proteins and the TLC1 RNA

(Häcker and Krebber, 2004; Gallardo and Chartrand, 2008).

Therefore, its nuclear import activity for snRNAs was not sur-

prising. However, the identification of Cse1 as an snRNA nu-

clear import receptor was unexpected, because up to date

only one other cargo had been identified for Cse1: Importin

a/Srp1, which is exported (Hood and Silver, 1998; Cook

et al., 2007). It seems possible that snRNA import defects

are caused by the mislocalized importin a in cse1-1; however,

neither mutations in SRP1 nor in KAP95/RSL1 (yeast importin b)

affect snRNA localization (Figures 2A, 2B, S2A, and S2C). In

fact, the slow growth rate of the cold-sensitive cse1-1 mutant

is not fully suppressed by overexpression of SRP1 (Solsbacher

et al., 1998), which suggested the existence of further transport

cargos, and our data suggest that these might be the snRNAs.

Together, these data revealed that all snRNA in yeast shuttle

into the cytoplasm, and we determined Mex67 and Xpo1 to

be the responsible export factors. Mtr10 and Cse1 mediate

the nuclear import of the snRNAs. Remarkably, although

NLSs were identified in the proteins of the Sm-ring (Bordonné,

2000), which in higher eukaryotes is loaded in the cytoplasm,

the nuclear import of U1, U2, U4, and U5 is independent of

the importin a/b-pathway that recognizes the classical NLSs,
(A). n = 3; 100–350 cells were counted.

snRNA-pool in the import mutants, determined by qRT-PCRs. n = 6.

nRNAs. GFP-tagged transport receptors were precipitated, and the co-preci-

Cell Reports 27, 3199–3214, June 11, 2019 3203



A B C H

D

E

F

G

I

(legend on next page)

3204 Cell Reports 27, 3199–3214, June 11, 2019



as the snRNAs are not mislocalized in srp1-31 or kap95E126K

(Figures 2A, 2B, S2A, and S2C).

Moreover, our results indicate that U6 also uses Mtr10 and

Cse1 for its nuclear re-import. It is interesting to note that,

although the Lsm-proteins can be imported without being

bound to RNA via importin b (Spiller et al., 2007b), srp1-31 and

kap95E126K mutants cause no U6 import defect (Figures 2A,

2B, S2A, and S2C). These data might suggest that the Lsm-

ring is possibly loaded onto U6 in the cytoplasm and that these

proteins in association with the snRNA do not interact with im-

portin a and b.

Sm- and Lsm-Ring Assembly Occurs in the Cytoplasm
The nucleo-cytoplasmic shuttling of the snRNAs raised the

question in which compartment the Sm- and Lsm-ring assembly

take place. It is currently anticipated that these proteins are im-

ported into the nucleus, assemble there on the snRNAs, and in

this way retain them in the nucleus (Bordonné, 2000; Spiller

et al., 2007a, 2007b). Sm-ring assembly is critical for snRNA sta-

bility, because snRNA degradation is increased when the Sm-

ring binding site is mutated (Coy et al., 2013; Shukla and Parker,

2014). Curiously, it was shown that cytoplasmic degradation fac-

tors affect the snRNA stability (Shukla and Parker, 2014). Thus,

we investigated whether it might be conceivable that the Sm-

and Lsm-ring association in yeast might take place in the cyto-

plasm. First, we localized SmB in mtr10 and cse1 mutants and

found a strong cytoplasmic mislocalization of the protein (Fig-

ures 3A, 3B, and S3A). Second, we examined the localization

of several snRNAs by FISH in the double mutant of the Sm-ring

components SmB and SmD1 that mislocalize to the cytoplasm

(Bordonné, 2000). We found that this localization defect results

in the concomitant accumulation of the snRNAs in the cytoplasm

(Figures 3C and S3B). These results suggest that Sm-ring as-

sembly on the snRNA also in yeast occurs in the cytoplasm.

Interestingly, also U6mislocalized in the Sm-ring mutants, which

suggests that its proper localization is dependent on the Sm-

type snRNAs.

Moreover, we addressed howCse1might contact the snRNPs

and show that the karyopherin does not directly interact with

snRNAs by in vitro binding studies, in which we used recombi-

nantly expressed GST-Cse1 that was incubated with yeast total

RNA. After an RNA-co-IP the presence of the snRNAs was

analyzed by subsequent qRT-PCR (Figures S3C–S3E). Instead,
Figure 3. The Sm-Ring Assembles in the Cytoplasm and Contacts Cse
(A) SmB is mislocalized in cse1 and mtr10 mutants. SmB-GFP was localized in t

(B) Quantification of cells with cytoplasmic signal shown in (A). n = 3; 50–100 ce

(C) Sm-ring assembly defects lead to the cytoplasmic mislocalization of snRNA

snRNA-specific probes. n = 3.

(D) Cse1 interacts with the Sm-ring. Co-IP of SmB-myc with Cse1-GFP is shown

(E) RIP experiments reveal a decreased interaction of SmB with snRNAs in nucle

strains and analyzed in qRT-PCR-experiments. n = 3.

(F) SmB mislocalizes to the cytoplasm in mutants of the snRNA export factors. Th

double mutant. n = 3.

(G) Localization of Brr1-GFP in the indicated strains. n = 3.

(H) Lsm-ring assembly defects lead to a cytoplasmic accumulation of U6 andU4. F

shown. n = 3.

(I) Reduced formation of the U4/U6 di-snRNP occurs in export mutants. RIP exp

indicated strains and analyzed in qRT-PCR experiments. n = 3.
we identified a physical interaction between SmB and Cse1 (Fig-

ure 3D), suggesting that Cse1-mediated nuclear re-import of the

snRNAs requires the Sm-ring. The sequences initially thought to

be the NLS sequences, might have simply generated misfolded

proteins when mutated that were not able to form a functioning

Sm-ring, because thesemutations lead to the cytoplasmic accu-

mulation of the snRNP (Figure 3C). Therefore, it is conceivable

that Cse1 functions as a quality control checkpoint that recog-

nizes and imports only correctly formed Sm-ring containing

snRNPs. Interestingly, the accessibility of the Sm-ring was sug-

gested to represent the molecular basis also for the snRNP qual-

ity control in human cells, and immature, Sm-ring defective

snRNPs were suggested to be sequestered to Cajal bodies (Roi-

thová et al., 2018).

Reassuringly, the interaction of SmB with the snRNA was

aborted in the nuclear snRNA-export mutants xpo1-1, mex67-5

and the double mutant (Figures 3E and S3F) and led to a cyto-

plasmic mislocalization of SmB (Figure 3F). These data support

a model in which the Sm-ring association on the snRNAs takes

place in the cytoplasm.

Loading of the human Sm-ring onto the snRNAs requires SMN

(Lefebvre et al., 1995; Lorson et al., 2010). Brr1 was shown to be

required for snRNP biogenesis in budding yeast (Noble and Gu-

thrie, 1996) and, as the putative Geminin2 ortholog, it is hypoth-

esized to directly participate in Sm core assembly (reviewed in

Matera and Wang, 2014). Consistent with this notion, we found

that Brr1-GFP was mislocalized in cse1-1 mutants (Figures 3G

and S3G). This supports the idea that Brr1 is involved in the cyto-

plasmic loading of the Sm-ring onto the snRNAs.

As we found that U6 also leaves the nucleus in yeast, we ad-

dressed whether the Lsm-ring assembly also takes place in the

cytoplasm. For this, we localized the snRNAs in the lsm8-1

mutant that has defects in the U6-Lsm-ring assembly (Pannone

et al., 1998). We found that U6 and interestingly also U4 were

mislocalized to the cytoplasm (Figures 3H and S3H). These find-

ings suggest that also the assembly of the Lsm-ring on the U6

snRNA takes place in the cytoplasm. The mislocalization of U4

might be a hint toward a collective nuclear re-import of U4 and

U6, as they function as a di-snRNP in the spliceosome (Will

and L€uhrmann, 2001). Such a model gets further support from

the finding that also U6 binding to the Sm-ring can be also

detected and this interaction is reduced in the snRNA export mu-

tants (Figure 3I).
1 for Nuclear Re-import
he indicated strains. n = 3.

lls were counted.

s. The indicated strains were analyzed by FISH with the �50-nucleotide-long

on western blots. Hem15 served as a negative control. n = 3.

ar export mutants. The SmB-bound snRNA was extracted from the indicated

e localization of SmB-GFP was analyzed in wild-type and themex67-5 xpo1-1

ISH experiment with Cy3-labeled 50-nucleotide-long snRNA-specific probes is

eriments with the SmB-bound snRNA is shown, which was extracted from the
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Figure 4. Processing and TMG-Capping of snRNAs Occur in the Nucleus upon snRNA Re-import

(A) Trimming of the snRNAs is carried out in the nucleus upon re-import from the cytoplasm. qRT-PCR analysis revealing the increased presence of the un-

processed snRNAs is shown in the indicated strains, shifted for 1 h to their restrictive temperatures. n = 7 for cse1-1 strain, n = 5 formtr10D strain, and n = 4 for

mex67-5 xpo1-1.

(B) TMG-capping occurs after nuclear snRNA import. The amount of TMG-capped snRNAs was determined by TMG-co-IPs and subsequent qRT-PCRs from the

indicated strains. tgs1D served as a positive control, and the black line indicates the amount of the precipitated non-TMG-capped RNAs resembling the baseline

for TMG-capping. n = 3.

(legend continued on next page)
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snRNA Cleavage and TMG-Capping Are Carried Out in
the Nucleus
Sm-ring loading occurs prior to the Rnt1-mediated trimming of

the snRNA precursors and is followed by the 30-to-50 degrada-
tion by the nuclear exosome up to the Sm-ring (Seipelt et al.,

1999; Coy et al., 2013; Shukla and Parker, 2014). Thus, trim-

ming should occur after nuclear re-import, as Rnt1 is localized

to the nucleus (Catala et al., 2004). Also, the final trimming of

the Pol III-generated tail from U6 by Usb1 most likely occurs

in the nucleus, as this nuclease is restricted to this compart-

ment (Mroczek et al., 2012). To investigate whether the 30-trim-

ming indeed occurs after snRNA shuttling, we analyzed the

length of the snRNAs via qRT-PCR in the import mutants

cse1-1 and mtr10D, in which the Sm- and Lsm-rings were

assembled and in the export mutant mex67-5 xpo1-1. An

example of how the primers were chosen for U1 to distinguish

the precursor from the mature form is provided in Figure S4A.

Similar primer setups were chosen also for the other snRNAs.

We found that the long precursors indeed accumulated in all

mutants that prevent shuttling (Figure 4A). Therefore, we

concluded that the pre-snRNAs are trimmed after their

re-import into the nucleus and that they require the correct

cytoplasmic loading of the Sm-/Lsm-ring for subsequent pro-

cessing steps.

Further processing of snRNAs is accomplished by trimethyla-

tion of the 50-cap. In humans, this step occurs in the cytoplasm

and triggers the formation of the Ran-dependent import com-

plex comprised of the importin-adaptor SPN and its receptor

importin b, leading to subsequent nuclear import (Matera

and Wang, 2014). In contrast, yeast Tgs1 is localized to the

nucleolus (Mouaikel et al., 2002). We investigated whether

TMG-capping in yeast occurs before or after shuttling by RIP

experiments with a TMG-specific antibody in the snRNA re-

import mutants. Because the antibody does not exclusively

detect trimethylated caps, but also mentionable amounts of

m7G-capped RNAs, we used the tgs1D mutant to determine

the baseline of the TMG detection. Significantly reduced

amounts of TMG-capped snRNAs were detected, revealing

that shuttling and Sm-ring loading occurs before the addition

of the TMG-cap (Figure 4B). Our finding is in agreement with

other studies that have shown that the Sm-ring is crucial for tri-

methylation of the cap (Mattaj, 1986). Furthermore, we show

that snRNAs are retained in the nucleolus when SmB is

depleted (Figures 4C and S4B), which indicates that an intact

Sm-ring is required for efficient trimethylation and subsequent

nucleolar release into the nucleoplasm. It is possible that

SmB assists TMG-capping, as it interacts with Tgs1 in vivo

(Figure 4D) and in vitro (Mouaikel et al., 2002). This interaction
(C) SmB is required for proper nucleolar localization of the snRNAs. FISH experime

a specific Atto488-labeled probe targeting the internal transcribed spacer region

out in wild-type and cells depleted for SmB and are shown after deconvolution.

(D) Tgs1 interacts with SmB in vivo. Co-IP with Tgs1-GFP reveals a physical inte

(E) Xpo1/Crm1 and Mex67 interact preferentially with m7G-capped snRNAs, whil

experiment, we first performed a RIP experiment in which the protein associated R

out with a TMG-cap-specific antibody. Prp40 interacts with U1, U2, U4, and U5,

(F) Xpo1 interacts with the cap binding complex. Western blot of co-IP of Xpo1-

(G) Blocking nuclear import of snRNAs leads to splicing defects. The ratio of unsp

qRT-PCR in the indicated strains. n = 6 for cse1-1 strain; n = 5 for mtr10D strain
most likely only occurs when the proteins are bound to RNA,

as it is RNase sensitive. This makes sense as it might prevent

the recruitment of free SmB into the nucleolus, which could

compete with the snRNP-bound SmB and subsequently lead

to decreased snRNP recruitment. Reassuringly, we detected

the binding of the TMG-capped snRNA and the splicing factor

Prp40, but in comparison nearly no binding to the nuclear

export factors, Xpo1 and Mex67 (Figures 4E, S4C, and S4D).

Prp17 served in this assay as a positive and negative control,

because it interacts only with U2 and U5 but not with U1 and

U4 (Sapra et al., 2008). These data support a model in which

the export factors only contact the monomethyl m7G-cap-con-

taining snRNAs.

As TMG-capping might be the final step in snRNA process-

ing, we wondered whether this type of 50-cap would possibly

prevent re-export. A deletion of TGS1 is cold sensitive

(Schwer et al., 2011), which might result from a constant

leakage of m7G-capped snRNAs into the cytoplasm, reducing

the availability of snRNAs for the spliceosome. It is conceiv-

able that the m7G-cap-dependent CBC-binding plays a

crucial role in export; in particular, because tgs1D cells

showed an increased binding of snRNAs to CBC and muta-

tions in CBP20 rescued the growth defect of tgs1D (Schwer

et al., 2011), which could be due to a reduction of the constant

export of the m7G-capped snRNAs into the cytoplasm. Thus,

we investigated whether Xpo1 might contact CBC. Indeed,

co-IPs revealed a physical, RNase-insensitive interaction be-

tween Xpo1 and Cbp80 (Figures 4F and S4E). This suggests

that Xpo1 participates in the export of snRNAs and also

mRNAs, as both RNAs bind CBC at their 50-caps and both

RNA species are mislocalized in xpo1-1 mutants (Figure 1A).

Whether this occurs directly or via an unknown adaptor pro-

tein remains to be shown. Nevertheless, our data suggest a

model in which TMG-capping finalizes nucleo-cytoplasmic

shuttling in yeast. From an evolutional point of view, it is inter-

esting to note that in higher eukaryotes the trimethylation step

moved to the cytoplasm, which had the advantage of the

development of a specific import factor for snRNAs, SPN (Ma-

tera and Wang, 2014), that ensures that only fully matured

snRNAs can re-enter the nucleus. Therefore, SPN under-

standably lacks homologs in yeast.

In summary, pre-snRNAs shuttling to the cytoplasm is highly

conserved and also present in yeast. Shuttling, and subsequent

Sm/Lsm-ring assembly, is obligatory for the generation of

mature snRNPs. Therefore, preventing the nuclear import

of the snRNAs as factual in cse1-1 and mtr10D mutants,

should result in splicing defects, which were indeed detected

(Figure 4G).
nts with Cy3-labeled specific probes against U1 and U2were co-localizedwith

2 (ITS2) of the 35S pre-rRNA in the nucleolus. Localization studies were carried

n = 3.

raction with SmB-myc detected in western blots. n = 3.

e TMG-capped snRNAs are mostly bound by splicing factors. In this two-step-

NA of the indicated factors was purified. In a second step, a co-IP was carried

while Prp17 as a later splicing factor only interacts with U2 and U5. n = 3.

GFP with Cbp80-myc is shown. n = 3.

liced products of the indicated pre-mRNAs and total mRNAs were detected via
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snRNA Shuttling Prevents the Assembly of ‘‘Immature
Spliceosomes’’
After showing that snRNA shuttling is common to eukaryotes

and that also S. cerevisiae is no exception in evolution, we

used this model organism to address the important unsolved

question why snRNA shuttling is physiologically important.

Although it has been speculated earlier that the separation of

the place of maturation in the cytoplasm from the place of func-

tion in the nucleus might prevent the incorporation of immature

snRNPs into the spliceosome, which might jeopardize splicing

(Matera and Wang, 2014), there is no experimental evidence

available that supports such amodel. Interestingly, m7G-capped

snRNAs have been found to be associated with the spliceosome

in tgs1D cells (Schwer et al., 2011), suggesting that snRNPs with

50-caps that are not trimethylated can be assembled when they

come in contact with their substrate. This defect produces only a

mild growth defect, because TMG-capping is just the last step of

maturation that is missing, which we suggest keeps fully

matured snRNAs in the nucleus and thus might result in only

slight nuclear snRNA depletion. In contrast, keeping immature

pre-snRNAs in the nucleus might be more destructive as defec-

tive spliceosomes could be produced. To investigate this

directly, we blocked export and found that the nuclear retained

immature pre-snRNAs were indeed incorporated into the spli-

ceosomal particles. This was determined by RIP experiments

in wild-type and mex67-5 mutants with Prp40, which is part of

the pre-catalytic spliceosomal complex B (Will and L€uhrmann,

2001). In subsequent qRT-PCR experiments with primers that

either detect a total snRNA species, or the immature snRNA spe-

cies, we found a �40-fold increase of the U1 precursor for

instance bound to Prp40 in mex67-5 cells compared to wild-

type (Figure 5A). But also increased amounts of the other precur-

sors were found to interact with Prp40, when their export was

blocked (Figures 5A and S5A). Importantly, these ‘‘immature

spliceosomal particles’’ produce significant genome-wide

splicing defects (Figures 5B–5D, S5B, and S5C; Data S1), sug-

gesting that spliceosomes do not select mature snRNAs for

incorporation. It is possible that the longer precursor generates

structural problems and that the association with proteins to

the RNA scaffold is incorrect, which might affect spliceosome

function. In fact, recent work showed that structural changes

indeed affect the protein binding to the snRNPs (Hardin et al.,

2015).

To exclude that these effects result from other defects caused

by the RNA-export block, because also mRNAs accumulate in

mex67-5 and xpo1-1 mutants (Figures 1A and S1A), we investi-

gated in two additional ways whether spliceosomes are able to

distinguish between immature and mature snRNAs. First, we

blocked snRNA maturation by inhibition of the Rnt1-mediated

cleavage through downregulation of the RNT1 transcript. The

reduction of more than 50% of the RNT1 transcript level is toxic

to cells and leads to the accumulation of uncleaved snRNAs (Fig-

ures S6A–S6C), which resulted in an increased presence of the

immature forms of the snRNAs in spliceosomes, which again re-

flects that spliceosomes cannot distinguish betweenmature and

immature constituents (Figures 5E and S6D). Importantly, the

incorporation of the longer pre-snRNAs resulted in splicing

defects (Figure 5F).
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As the downregulation of RNT1 might also have side effects,

we chose a third method of showing that spliceosomes only

passively recruit snRNAs. We generated a mutant of U1 with

mutated Rnt1 recognition sites, snr19-rnt1� (Figure S6E). This

mutant cannot be cleaved by Rnt1 and thus cannot be further

trimmed by the nuclear exosome. The resultant immature, long

form led to a decreased viability at elevated temperatures and

produced �10-fold increased level of the immature U1 (Figures

S6F and S6G). This mutant was also not hindered from incorpo-

ration into spliceosomal particles (Figure 5G) and produced

splicing defects at 37�C (Figures 5H and S6H), which again sug-

gested that the spliceosomes could not prevent the incorpora-

tion of immature or defective snRNAs. As expected, the splicing

defects of the snr19-rnt1�mutant were relatively low, because in

this case the trimming of only one snRNA was affected. In

contrast, the defects for the downregulated RNT1 are stronger,

because it concerns more than one pre-snRNA. However, the

strongest effect was obtained by trapping the pre-snRNAs in

the nucleus, which might have two reasons. First, there might

be higher levels of pre-snRNAs present in the nucleus and,

second, the pre-snRNAs did not correctly assemble with the

Sm- and Lsm-ring and potentially other proteins that might

participate in spliceosome formation.

To strengthen the hypothesis that immature snRNAs can be

incorporated into the active spliceosome, additional RIP exper-

iments were carried out. However, this time, we precipitated

Snu114, which is part of the later catalytic complexes Bact

and C. In these late complexes, Snu114 RIP experiments will

precipitate U5, as Snu114 is part of the U5 snRNP, but it should

also be possible to detect U2, because the U2 and U5 snRNPs

contact each other only in the later catalytic complexes Bact

and C (Will and L€uhrmann, 2001). So if the U2 precursor was

incorporated in the spliceosome, it should be detectable.

Indeed, the precipitated Snu114 did not only precipitate the

U5 pre-snRNA, but also that of U2 (Figure 5I), which is only

possible if the spliceosome assembly took place and passed

through complexes A and B and became part of the complex

Bact (Will and L€uhrmann, 2001). Because immature snRNAs

can in principle be incorporated into assembling spliceosomes

and then jeopardize splicing, eukaryotic cells have developed

a way to prevent that by immediate nuclear export of immature

snRNAs, so that they are out of reach for spliceosome

formation.

Taken together, we have shown that the immediate export of

pre-snRNAs to the cytoplasm is essential for the generation of

functional spliceosomes. The removal of immature pre-snRNAs

into another cellular compartment keeps them out of reach of

assembling spliceosomes that cannot distinguish between

immature and mature components (Figure 6).

DISCUSSION

One characteristic of eukaryotic cells is the separation of the

place of transcription and mRNA maturation in the nucleus

from the place of translation in the cytoplasm. This prevents

the translation of immature, intron-containing transcripts and

allowed the establishment of intron sequences. The work pre-

sented here shows that the same principle evolved also for
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Figure 5. Shuttling of the snRNAs Is a Prerequisite for Proper Spliceosome Assembly and Splicing

(A) Blocking nuclear export of pre-snRNAs leads to the incorporation of these precursors into the spliceosome. RIP experiments with Prp40-GFP in mex67-5

reveal the presence of immature snRNAs in the spliceosome. n = 4.

(B) Blocking nuclear export of snRNAs leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR in the indicated

strains. n = 4.

(C) Genome-wide determination of splicing defects in the snRNA-export mutant xpo1-1 mex67-5. RNA-sequencing (RNA-seq) analysis revealed genome-wide

increased amounts of intron-containing transcripts in the double mutant compared to wild-type. n = 2.

(D) Number of introns that were increased in xpo1-1 mex67-5 compared to wild-type detected in the RNA-seq experiment shown in (C). n = 2.

(E) Blocking Rnt1-mediated cleavage of snRNAs leads to the incorporation of immature pre-snRNAs into the spliceosome. RIP experiments with the spliceosomal

protein Snu71 reveal the presence of pre-snRNAs in the spliceosome. n = 4.

(F) Blocking Rnt1-mediated cleavage of snRNAs leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR upon RNT1

downregulation and compared to wild-type. n = 7.

(G) Expression of an Rnt1-insensitive U1 snRNA leads to incorporation of immature pre-U1 snRNA into the spliceosome. RIP experiments with Snu71 reveal the

presence of the pre-U1 snRNA in the spliceosome. n = 4.

(H) Expression of an Rnt1-insensitive U1 snRNA leads to splicing defects. Unspliced products of the indicated mRNAs were detected via qRT-PCR in the snr19-

rnt1� strain shifted to 37�C for 2 h. n = 4.

(I) RIP experiments with the spliceosomal protein Snu114 reveal the presence of pre-snRNAs in the complex Bact or C of the late spliceosome. n = 3.
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Figure 6. snRNA Maturation Requires the

Immediate Pre-snRNA Nuclear Export for

Quality Assurance

Top: Pre-snRNA export to the cytoplasm enables

the unhindered assembly of the mature spliceo-

some. Yeast pre-snRNAs are transcribed in the

nucleus and immediately exported into the cyto-

plasm upon binding of the export receptor Mex67-

Mtr2 and the karyopherin Xpo1/Crm1, the latter of

which interacts with CBC-boundm7G-caps. Upon

export, Mex67 and Xpo1/Crm1 are displaced and

the Sm-ring assembles on the pre-snRNP in the

cytoplasm. Subsequently, the snRNPs are re-im-

ported back into the nucleus via Mtr10 and Cse1,

the latter of which contacts the snRNA via its Sm-

ring. In the nucleus, the import receptors disso-

ciate and the pre-snRNA is cleaved by Rnt1 at its

30-end and further trimmed up to the Sm-ring by

the nuclear exosome. Finally, TMG-capping oc-

curs in the nucleolus assisted by SmB, which in-

teracts with Tgs1. This step terminates shuttling,

because export receptors cannot be loaded

anymore. Mature snRNAs are incorporated into

the spliceosome. We have depicted a scheme of

the structure of U1 as an example for the snRNAs

in this model. Bottom: Pre-snRNAs can be

incorporated into the spliceosome, when not ex-

ported or processed correctly. The spliceosome

cannot distinguish between immature and mature

snRNAs. Any reason that retains immature pre-

snRNA in reach of the spliceosome increases the

danger of a recruitment of faulty, immature

snRNPs, which results in defective spliceosomes

and severe splicing defects.
spliceosomes. snRNAs are transcribed in the nucleus and they

have to be quickly exported into the cytoplasm to prevent the un-

wanted access of the spliceosome. Here, we show that errone-

ously incorporated pre-snRNAs into the spliceosome jeopardize

splicing.

Current literature suggested that snRNA shuttling is not

conserved, and it remained an open question why shuttling

evolved for human cells (Will and L€uhrmann, 2001; Matera and

Wang, 2014; Sloan et al., 2016; Vasianovich and Wellinger,

2017). Here, we have shown that S. cerevisiae is no exception

in evolution. Upon transcription, snRNAs are exported into the

cytoplasm by the mRNA-export receptor Mex67 and the nuclear

export signal (NES)-export receptor Xpo1/Crm1 (Figures 1A–

1C). Mex67 is able to directly bind RNA (Yao et al., 2007; Zander

et al., 2016), including snRNA (Figure 1D), and might therefore

also export snRNAs in direct association. Alternatively, it is

also possible that Mex67-adaptor proteins are involved in the

nuclear export and Mex67 is recruited via them. The Mex67

adaptor proteins Npl3, Gbp2, Hrb1, and Nab2 function as guard

proteins for pre-mRNA maturation and in this way prevent a pre-

mature access of Mex67 and thus the export of immature

mRNAs (Zander et al., 2016; Zander and Krebber, 2017). Inter-

estingly, they bind also to the snRNAs (Figure 1G). However, their

role in the quality control of the snRNA maturation needs to be

determined in future experiments.
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Xpo1/Crm1 supports snRNA export (Figures 1A–1C and 1E). It

contacts the snRNAs through interaction with the CBC, associ-

ated with the monomethyl cap (Figure 4F), which is typically

found on Pol II transcripts. This is in principle very similar to the

situation in human cells; however, in addition to CRM1, a partic-

ular CBC adaptor protein, PHAX, is required to recruit CRM1 for

nuclear export via the Ran GTPase system (Köhler and Hurt,

2007; Matera and Wang, 2014). Whether such an adaptor for

Xpo1 is also present in yeast is currently unclear; however, the

mechanism is conserved as Xpo1 contacts the CBC (Figure 4F).

The current view is that the Pol III transcribed U6 snRNA also in

human cells does not shuttle (Sloan et al., 2016). Remarkably, for

yeast, we show that U6 enters the cytoplasm via Mex67 (Fig-

ure 1). However, its export is not much affected in xpo1-1,

most likely because U6 does not contain a monomethyl cap,

and its nuclear export is thus independent of Xpo1/Crm1 (Fig-

ures 1A–1C). The slight effect seen for U6 in xpo1-1 might

have secondary reasons, resulting from the depletion of avail-

able Mex67, as it accumulates on the other snRNAs and mRNAs

that are retained in xpo1-1 (Figure 1).

In human cells, it was shown that the addition of the Sm-ring

occurs in the cytoplasm (Matera and Wang, 2014), while this

was suggested to happen in the nucleus of yeast cells, as

NLSs were identified in SmD1, D3, and SmB (Bordonné, 2000).

Here, we have shown that also in yeast Sm-ring assembly on



the snRNAs occurs in the cytoplasm, because Sm-proteins do

not interact with the snRNAs in nuclear export mutants (Fig-

ure 3E). Most importantly, mutations of the NLSs do not only

lead to the cytoplasmic mislocalization of the Sm-proteins, but

also to the cytoplasmic mislocalization of the snRNAs (Fig-

ure 3C). Thus, it seemed likely that the Sm-ring contributes to

the nuclear import of snRNAs. Interestingly, neither mutations

in importin a (srp1-31) nor in importin b (kap95E126K) affect

the nuclear localization of the snRNAs (Figures 2A and 2B).

Therefore, it is evident that, after Sm-ring assembly, the identi-

fied NLSs play no role in nuclear import of the snRNPs. Instead,

we show that SmB contacts Cse1 (Figure 3D).

snRNA trimming should take place on the Sm-ring-bound

snRNA, because the ring restricts further degradation and thus

elimination of the snRNA from the cell. While this step is antici-

pated to be cytoplasmic in human cells, as precursors accumu-

late in the cytoplasm (Huang and Pederson, 1999), it occurs in

the nucleus of yeast through cleavage of Rnt1 and subsequent

30-to-50 degradation by the nuclear exosome up to the Sm-ring

(Seipelt et al., 1999; Coy et al., 2013; Shukla and Parker, 2014).

For this reason, pre-snRNAs accumulate in nuclear import mu-

tants (Figure 4A). It remains to be shown whether the pre-snRNA

shortening in human cells is indeed cytoplasmic, because the

trimming enzyme is unknown (Matera et al., 2007).

An interesting difference for human and yeast cells is the

place of the addition of the TMG-cap. In yeast, Tgs1 is localized

to the nucleolus, and we have shown that trimethylation occurs

after snRNA shuttling (Figure 4B). In human cells, this step

moved to the cytoplasm, which allowed the development of a

specific TMG-binding protein, SPN, that supports nuclear

import via importin b (Will and L€uhrmann, 2001; Matera and

Wang, 2014; Sloan et al., 2016). Interestingly, besides importin

b, also importin 7 and the SMN complex support nuclear import

in human cells (Fischer et al., 1994; Ospina et al., 2005; Nata-

lizio and Matera, 2013), suggesting that joint effort is necessary

to transport these huge ribonucleoparticles through the hydro-

phobic interior of the NPC. Our work identifies two import fac-

tors for snRNAs in yeast: Mtr10 and Cse1 (Figure 2). Mtr10

was already identified to import another ncRNA, TLC1 of the

telomerase (Gallardo and Chartrand, 2008). Additionally, it re-

imports several of the guard proteins that function as adaptor

proteins for Mex67 and accompany mRNAs to the cytoplasm

(Segref et al., 1997; Windgassen and Krebber, 2003; Häcker

and Krebber, 2004). Whether the guard proteins function also

as adaptor proteins between TLC1 and/or the snRNAs and

Mtr10 is currently unknown. Interestingly, the homolog of

Mtr10 in human cells is Transportin-SR, which in analogy im-

ports the Mex67-adaptor proteins, SRSF1 (SF1/ASF), SRSF3

(SRp20), and SRSF7 (9G8) that are homologs to the yeast

guard proteins (Huang and Steitz, 2005).

The second nuclear import factor is Cse1, which contacts the

snRNA at its Sm-ring (Figures 2 and 3D). This interaction may

serve as a signal for the completed cytoplasmic maturation of

the snRNP and induce nuclear import. With identifying the

snRNAs as the first nuclear import substrates for Cse1 (Figure 2),

is noteworthy that this karyopherin is one of the few transport re-

ceptors that moves cargoes in both directions, because it ex-

ports also importin a (Cook et al., 2007). It will be interesting
for the future to explore potential similarities for the human

homologs of Cse1 and Mtr10, CAS and Transportin-SR,

respectively.

Although shuttling had not been reported for U6, even in hu-

man cells (Bertrand and Bordonné, 2004; Matera et al., 2007;

Sloan et al., 2016), we found that U6 is exported in yeast via

Mex67 (Figures 1A and 1B). Interestingly, in contrast to the other

snRNAs, U6 does not utilize Xpo1/Crm1 as a supporting export

factor, which ismost likely due to its unique g-monomethyl phos-

phate cap structure. In fact, Xpo1-mediated export of the Pol

II-transcribed snRNAs involves the m7G-cap binding complex

CBC, with which Xpo1 interacts (Figure 4F). It remains to be

shown whether U6 in higher eukaryotes also undergoes a cyto-

plasmic phase. However, it seems most likely as immature

pre-U6 can also be captured by the spliceosome, which jeopar-

dizes splicing (Figure 5).

Recent reviews on snRNA biogenesis speculated that their

shuttling could provide a plausible mechanism for quality con-

trol, as the contact of immature snRNAs with the spliceosome

would be prevented (Matera and Wang, 2014; Sloan et al.,

2016). Because evidence for such a model was lacking, we

used yeast as a eukaryotic model organism to address this

question with three independent methods. We blocked snRNA

export to retain immature snRNAs in the nucleus, we depleted

the cleaving enzyme Rnt1, and we mutated the cleavage site in

U1, and show with each method that pre-snRNAs are subse-

quently assembled into defective spliceosomes (Figure 5).

Thus, this molecular machine cannot select for matured

snRNAs, and because it is unable to distinguish between

immature and mature forms, it builds functionally disabled spli-

ceosomes when the pre-snRNAs come into contact with them.

Consequently, these impaired spliceosomes produce general,

genome-wide splicing defects (Figure 5). Therefore, the imme-

diate nuclear export of immature pre-snRNAs is required for the

production of functional spliceosomes and indeed resembles a

quality control mechanism (Figure 6). Maturation and proper

formation of the protein-associated snRNPs can occur without

time limitations and without permanent recruitment attempts

from arising spliceosomes. Thus, separation of the place of

maturation and the place of function represents an elegant

way of quality assurance to generate fully functional molecular

machines.

The generation of correct molecular machines is in general

important for cellular fitness and survival. Compartmentalization

separates in several cases the places of synthesis and the places

of function. Ribosomes are synthesized as ribosomal subunits in

the nucleus and function as decoding machines in the cyto-

plasm. Their functionality is proved and defective ribosomes

are eliminated by the ribosome quality control (RQC) (Sarkar

et al., 2017). Similarly, aberrantly processed mRNAs are de-

tected in the nucleus by the guard proteins that initiate faulty

mRNA degradation (Zander et al., 2016; Zander and Krebber,

2017). In particular, Gbp2 and Hrb1 are important for the elimina-

tion of pre-mRNAs with splicing defects (Hackmann et al., 2014).

Furthermore, mRNAs are monitored for a functional open

reading frame and eliminated in the cytoplasm in case of defects

by the no-stop-, no-go-, and the nonsense-mediated decay

pathways (Shoemaker and Green, 2012; Brogna et al., 2016).
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Because all these fail-safe systems exist, it seems on the first

sight not necessary to have an additional quality assurance sys-

tem that warrants the functionality of the spliceosomes. How-

ever, without the quick nuclear export of immature pre-snRNAs,

cells would be overwhelmed with disabled spliceosomes and

non-spliced transcripts (Figure 5). Therefore, we suggest that

the instant export of immature pre-snRNAs is a quality assurance

mechanism, obligatory for all eukaryotes to ensure functional

spliceosomes and efficient splicing.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Heike

Krebber (heike.krebber@biologie.uni-goettingen.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Saccharomyces cerevisiae strains used in this study are listed in the Table S1, oligonucleotides in Table S2 and plasmids in

Table S3. Plasmids and yeast strains were generated by conventional methods.

METHOD DETAILS

Fluorescent in situ hybridization experiments (FISH)
The experiments were essentially carried out as described (Gallardo et al., 2008). RNA probes were synthesized by in vitro transcrip-

tion, using the T7-RNA polymerase (Thermo Scientific) and labeled with digoxygenin (DIG)-UTP using an RNA labeling mix (Roche) or

with Cy3-labeled oligonucleotides (Sigma), which are listed in Table S2. To detect poly(A)+ RNA a Cy3-labeled oligo d(T)50 probe

(Sigma) was used. Co-localization studies were performed using an Atto 488-labeled probe (Sigma) against ITS2. Cells were grown

to mid log phase (1x107 cells/ml) prior to the indicated temperature shifts to 37�C, 30�C or 16�C for 1 h (Figures 1A, 2A, 3A, 3F–3H,

S1A–S1C, S2B, S2C, S3A, and S3H). For Sm-ring dependent localization studies, cells were grown to log phase in YP medium con-

taining 2% galactose. Afterward 4% glucose was added and cells were incubated at 25�C for 2 h (Figures 3C, 4C, S3B, and S4B).

Samples were fixed by adding formaldehyde to a final concentration of 4% for 45min at room temperature. Cells were spheroplasted

by adding zymoylase, subsequently permeabilized in 0.1 M potassium phosphate buffer pH 6.5, 1.2 M sorbitol, 0.5% Triton� X-100,

pre-hybridized with Hybmix (50% deionized formamide, 5 3 SSC, 1x Denhardts, 500 mg/ml tRNA, 500 mg/ml salmon sperm DNA,

50 mg/ml heparin, 2.5 mM EDTA pH 8.0, 0.1% Tween� 20, 10% dextran sulfate) for 1 h on a polylysine coated slide at 37�C and hy-

bridized in Hybmix with the specific probe over night at 37�C. After hybridization, cells were washed with 2x SSC and 1x SSC at room

temperature, each for 1 h and 0.5x SSC at 37�C and room temperature, each for 30 min. For detection of DIG probes the cells were

treated with blocking buffer containing 5% heat inactivated fetal calf serum (FCS) for 1 h and incubated with sheep anti-digoxigenin

Fab-FITC antibody (Roche) over night at 4�C. Cells were washed three timeswith blocking buffer for 15min at 25�C. DNAwas stained

with Hoechst 33342 (Sigma). Microscopy studies were performed with a Leica AF6000 microscope and pictures were obtained by

using the LEICA DFC360FX camera and the LAS AF 2.7.3.9 software (Leica) and quantified by using the Fiji-software. For deconvo-

lution (Figures 1A, 4C, S1A, and S4B) z stacks (10 stacks; 0,2 mm) were recorded and the maximal projection was deconvoluted

(3 iterations) by the LAS AF 2.7.3.9 software (Leica).

RNA co-immunoprecipitation experiments (RIP)
All yeast strains were grown to mid log phase (2x107 cells/ml). For RIP experiments seen in Figures 3E, 4B, 5A, S3F, and S5A, cells

were shifted to a non-permissive temperature for 1 h (16�Cor 37�C, respectively), in Figures 5G and S6H cells were shifted to 37�C for

2.5 h and the cells shown in Figures 5E and S6D were incubated with 20 mg/ml doxycycline for 6 h prior to lysis. Afterward cells were

harvested and lysed in RIP buffer (25 mM Tris HCl pH 7.5, 100 mM KCl, 0.2% (v/v) Triton X-100, 0.2 mM PMSF, 5 mM DTT, 10 U

RiboLock RNase Inhibitor (Thermo Scientific) and protease inhibitor (Roche) using the FastPrep�-24machine (MPBiomedicals) three

times for 20 s at 6 m/s. After centrifugation the supernatant was incubated for 3 h at 4�C with GFP-Trap�_A beads (Chromotek) (Fig-

ures 1D, 1E, 1G, 2D, 3D, 3E, 3I, 4D–4F, 5A, and S5B) or with G-Sepharose beads with 2ml of a-Snu71 or a-Snu114 polyclonal anti-

bodies, respectively (Gottschalk et al., 1998) (Figures 5E, 5G, and 5I). For TMG-cap-IPs total RNA was extracted from yeast lysates

using trizol-chloroform (Ambion� RNA by Life technologies). 50 mg of the total RNA was incubated for 1 h at 4�C with Anti-2,2,7-tri-

methylguanosine-antibody (Milipore) and Protein G Sepharose beads (Amersham Biosciences) (Figure 4B).

The beads were washed five times with RIP buffer and for GFP-RIP split in two portions after the last washing step. Proteins were

detected by western blot. Eluates were purified via trizol-chloroform (Ambion� RNA by Life technologies) extraction. The purified

RNAwas reverse transcribedwithMaxima reverse transcriptase (ThermoScientific) for subsequent qRT-PCRanalyses. For Figure 4E

first GFP-RIP experiments were performed as described above. Afterward 200 ng of eluted RNA was used for TMG-cap-IP followed

by trizol-chloroform (Ambion� RNA by Life technologies) extraction, reverse transcription and qRT-PCR. In all cases, the RNA was

measured and normalized to the total RNA before reverse transcription.

In vitro binding studies
Purification and in vitro binding studies with recombinant Mex67, mex67-Dloop409-435 and mex67–loopKR > AA proteins in com-

plex with Mtr2 and subsequent RNA isolation and reverse transcription was carried out as described in Zander et al. (2016).

Cytoplasmic fractionation
For detection of snRNAs in the cytoplasm (Figures 2C and S2D) cells were grown to mid log-phase (2x107 cells/ml). After

harvest, cells were washed once with 1ml YPD/ 1 M Sorbitol/ 2 mM DTT and resuspended in YPD/ 1 M Sorbitol/ 1 mM DTT. Cells
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were spheroblasted using zymolyase and diluted in 50 mL YPD/ 1 M Sorbitol to recover for 30 min at 25�C before shift 16�C for 1 h.

Cells were put on ice, centrifuged at 900 g for 5 min and resuspended in 500 ml Ficoll buffer (18% Ficoll 400, 10 mM HEPES pH 6.0).

Cells were lysed by addition of 1 mL buffer A (50 mM NaCl, 1 mM MgCl2, 10 mM HEPES pH 6.0). The suspension was mixed and

centrifuged at 1,500 g for 15 min. The supernatant was used for cytoplasmic analyses. To verify correct fractionation of the cyto-

plasmic lysates, samples were analyzed in western blot for the presence of the cytoplasmic Zwf1 and nucleolar Nop1. RNA was

isolated using the Nucleo-Spin RNA Kit (Macherey and Nagel). The purified RNA was reverse transcribed with Maxima reverse

transcriptase (Thermo Scientific) for subsequent qRT-PCR analyses.

GFP-microscopy
Cells were grown, treated and harvested as described in FISH. Cells were fixedwith 3% formaldehyde for 2min at room temperature,

before incubation on a polylysine-coated slide for 30 min at 4�C. Permeabilization, DNA staining, microscopy and quantification was

performed as described above.

Co-immunoprecipitation (IP) experiments
All yeast strains were grown to log phase (2-3x107 cells/ml). Afterward, the cells were harvested and lysed in IP buffer (1 x PBS,

3 mM KCl, 2.5 mM MgCl2, 0.5% Triton X-100 and protease inhibitors from Roche). 2,5% of this lysate was loaded onto the SDS-

gels for the lanes designated as lysate. The supernatant was incubated for 3 h at 4�Cwith GFP-Trap�_A beads (Chromotek) (Figures

3D, 3E, 3I, 4D–4F, 5A, and S5B) or with G-Sepharose beads with 2 ml of a-Snu71 or a-Snu114 polyclonal antibody, respectively (Gott-

schalk et al., 1998) (Figures 5E, 5G, and 5I). The beads were washed five times with IP buffer, and finally resuspended in 25ml SDS-

sample buffer. The entire sample was loaded onto the SDS-gels in the lanes designated as eluate. Subsequently, the proteins were

detected by western blot analyses with the indicated antibodies (GFP (Pierce) 1:5,000; c-myc (9E10) (Santa Cruz) 1:1,000; Hem15

(R. Lill) 1:5,000; Zwf1 1:50,000 (Sigma); Nop1 1:5,000 (Santa Cruz)). Signals were detected with the Fusion SL system (PeqLab).

RNA-sequencing
For genome wide analysis of intron containing transcripts (Figures 5C, 5D, and S5C) strains were shifted to 37�C for 1 h. RNA was

isolated using theNucleo-Spin RNAKit (Macherey andNagel). The sequencing of RNA samples was conducted at theMicroarray and

Deep-Sequencing Facility Göttingen (Transcriptome and Genome Analysis Laboratory, TAL). Samples were prepared with the

‘‘TruSeq RNA Sample Prep Kit v2’’ according to the manufacturer’s protocol (Illumina). Single read (50 bp) sequencing was

conducted using a HiSeq 4000 (Illumina). Fluorescence images were transformed to BCL files with the Illumina BaseCaller software

and samples were demultiplexed to FASTQ files with bcl2fastq (version 2.17). Sequences were aligned to the genome reference

sequence of Saccharomyces cerevisiae (assembly R64-1-1, obtained from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE93307) using theSTAR software (Dobin et al., 2013; version 2.5) allowing for 2mismatches. Subsequently, abundancemea-

surement of reads overlapping with exons or introns was conducted with featureCounts (Liao et al., 2014; subread version 1.5.0-p1,

Ensembl annotation version 84). Data was processed in the R/Bioconductor environment (http://www.bioconductor.org) using

the DESeq2 package (Love et al., 2014; version 1.8.2) to yield candidates for differential exonic/intronic expression (jlog2-fold
changej > 1, FDR adjusted p value < 0.05). Intron retention analysis was performed by comparing fold changes of exonic expression

(between wild-type andmutant) against fold changes of intronic expression. The sequencing data and abundancemeasurement files

have been submitted to the NCBI Gene Expression Omnibus (GEO) under the accession number GSE93307.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments shown in this work were performed biologically independent as indicated in the figure legend. Error bars represent

the standard deviation. P values were calculated using a one-tailed, two-sample unequal variance t test. P values are indicated as

follows: ***p < 0.001, **p < 0.01, *p < 0.05. For quantification of cells with displayed phenotypes (Figures 1B, 2B, and 3B) for each

experiment between 50 and 350 cells were counted.

DATA AND SOFTWARE AVAILABILITY

RIP-Seq data have been deposited at the NCBI gene expression omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) with the GEO

accession number GSE93307.
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