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Assembly of the U5 snRNP component PRPF8 is
controlled by the HSP9O/R2TP chaperones
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Splicing is catalyzed by the spliceosome, a complex of five major small nuclear ribonucleoprotein particles
(snRNPs). The pre-mRNA splicing factor PRPF8 is a crucial component of the U5 snRNP, and together with EFTUD?2
and SNRNP200, it forms a central module of the spliceosome. Using quantitative proteomics, we identified assem-
bly intermediates containing PRPF8, EFTUD2, and SNRNP200 in association with the HSP90/R2TP complex, its
ZNHIT2 cofactor, and additional proteins. HSP90 and R2TP bind unassembled U5 proteins in the cytoplasm, stabi-
lize them, and promote the formation of the U5 snRNP. We further found that PRPF8 mutants causing Retinitis
pigmentosa assemble less efficiently with the U5 snRNP and bind more strongly to R2TP, with one mutant retained
in the cytoplasm in an R2TP-dependent manner. We propose that the HSP90/R2TP chaperone system promotes the
assembly of a key module of U5 snRNP while assuring the quality control of PRPF8. The proteomics data further
reveal new interactions between R2TP and the tuberous sclerosis complex (TSC), pointing to a potential link be-

tween growth signals and the assembly of key cellular machines.

Introduction

Pre-mRNA splicing is a crucial step in eukaryotic gene expres-
sion that greatly diversifies the proteome. Splicing is catalyzed
by a complex called the spliceosome, which consists of five
major small nuclear ribonucleoprotein particles (snRNPs) and
numerous non-snRNP proteins. Each snRNP contains a short
noncoding uridine-rich RNA (snRNA), a ring of seven Sm or
Like-Sm (in the case of U6 RNP) proteins, and 1-12 proteins
that are specific for each snRNP (Matera and Wang, 2014).
The assembly of Sm-type snRNPs is a complex process
that involves both cytoplasmic and nuclear phases. In meta-
zoans, the nascent snRNAs are rapidly exported to the cyto-
plasm, where they associate with the survival of motor neurons
(SMN) complex. This promotes the assembly of the Sm ring
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around a specific snRNA sequence (Matera and Wang, 2014;
Raimer et al., 2016), and this core snRNP is then reimported to
the nucleus, where it first appears in nuclear structures called
Cajal bodies (CBs; Sleeman and Lamond, 1999). Here, the
final stages of snRNP biogenesis occur, namely snRNA modi-
fications and formation of mature snRNPs, which include the
addition of snRNP-specific proteins and assembly of complex
snRNPs (Stan€k, 2016). Although the assembly of the Sm core
by the SMN complex has been studied in great detail, little is
known about the biogenesis of snRNP-specific proteins despite
their importance for splicing.

Recent structural studies show that the U5 snRNP plays
a central role in the spliceosome and particularly the highly
conserved U5 protein PRPF8 (Yan et al., 2015; Bertram et al.,
2017). PRPF8 adopts a complex 3D structure with a central
cavity that forms the catalytic center of the spliceosome. PRPF8
also holds two other US-specific proteins that perform essen-
tial functions during splicing: the helicase SNRNP200 (Brr2 in
yeast) and the GTPase EFTUD2 (Snul 14 in yeast). SNRNP200
unwinds the U4/U6 duplex to activate the spliceosome, whereas
EFTUD2, along with PRPFS, controls SNRNP200 activity
(Kuhn et al., 1999; Small et al., 2006; Maeder et al., 2009;
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Mozaffari-Jovin et al., 2012, 2013, 2014; Nguyen et al., 2013).
Studies of the biogenesis of Prp8 in Saccharomyces cerevisiae
showed that yeast Prp8 has a dedicated chaperone called Aar2,
which forms a cytoplasmic complex with Prp8 and Snull4
(Gottschalk et al., 2001; Boon et al., 2007). This complex then
binds U5 snRNA and translocates to the nucleus, where Aar2 is
released and replaced by the helicase Brr2 (Boon et al., 2007).
The biogenesis of snRNPs differs significantly between S. cere-
visiae and metazoans (e.g., S. cerevisiae does not have the SMN
protein), and despite the crucial roles of PRPFS, EFTUD2, and
SNRNP200 in splicing, the biogenesis of these proteins is still
uncharacterized in mammals.

It is noteworthy that investigation of Prp8 maturation in
yeast used mutations that cause a hereditary retina dystrophy
in humans (Boon et al., 2007). This disease, called Retinitis
pigmentosa (RP), affects 1 out of 4,000 people worldwide and
causes the gradual damage of rods and cones in the retina (Har-
tong et al., 2006; Mordes et al., 2006). There are nearly 90 genes
that are associated with RP (RetNet Database), and many of
them are known to be involved in retinal function, structure, and
metabolism. However, the second most common target of RP
mutations codes for ubiquitously expressed pre-mRNA splic-
ing factors, including PRPF8 (Ruzickova and Stanék, 2016).
In PRPFS, all RP mutations cluster within the C-terminal Jab1/
MPN (Mprl/Padl N-terminal) domain that binds SNRNP200
(McKie et al., 2001; Kondo et al., 2003; Martinez-Gimeno et
al., 2003; Ziviello et al., 2005; Towns et al., 2010). RP muta-
tions in Prp8 have been originally studied in yeast, where dif-
ferent mutants exhibited growth and splicing defects (Boon et
al., 2007; Maeder et al., 2009; Mozaftari-Jovin et al., 2013).
Yeast and in vitro studies further demonstrated that mutations
in the Jabl/MPN domain negatively affect the interaction with
Brr2 and Snul14 proteins and alter the regulation of Brr2 heli-
case activity (Boon et al., 2007; Pena et al., 2007; Maeder et al.,
2009; Mozaffari-Jovin et al., 2013, 2014).

In this study, we used RP mutations to study the biogen-
esis of the human PRPF8 protein, and we analyzed factors
involved in the maturation of U5-specific proteins. We iden-
tified assembly intermediates containing PRPFS, EFTUD?2,
and SNRNP200 together with the chaperones HSP90/R2TP
and AAR2. Furthermore, we provide evidence that the HSP90/
R2TP machinery is involved in the assembly of this key mod-
ule of U5 snRNP and that it helps discriminate between wild-
type (WT) and assembly-defective mutants of PRPFS.

To study how RP-linked mutations influence the function of
the PRPFS8 protein, we introduced mutations into a bacterial
artificial chromosome (BAC) that contained the entire human
PRPF8 gene tagged at the protein C terminus with a localiza-
tion and affinity purification (LAP) tag. This preserves the gene
regulatory sequences and allows for protein expression at en-
dogenous levels (Poser et al., 2008). We chose a C-terminal tag
because an N-terminal FLAG-tag was previously shown to hin-
der the nuclear localization of Prp8 in Drosophila melanogaster
(Claudius et al., 2014). In addition, PRPF8-WT-LAP fully
complemented the depletion of endogenous PRPF8 (see next
section), showing that the tag at the C terminus did not con-

flict with the function of the protein. There are 19 known muta-
tions in the PRPFS§ gene that cause RP (RaZickova and Stanék,
2016). We selected mutations that result in single amino acid
changes, including the most common substitutions, H2309P,
H2309R, and R2310K. We further chose S2118F, which is the
first mutation found outside exon 42, and mutations P2301T,
R2310G, F2314L, and Y2334N, which are found at different
positions within the Jabl/MPN domain (Fig. 1, A and B). Using
a two-step scarless mutagenesis method (Poser et al., 2008;
Cvackova et al., 2014), individual mutations were introduced
into the PRPF8-LAP BAC, and all LAP-tagged proteins were
stably expressed in HeLa cells (Fig. 1 C).

Neither WT nor RP mutants altered cell proliferation (not
depicted), and WT and all mutated proteins localized to the cell
nucleus. However, most mutated proteins were also partially
present in the cytoplasm, with the S2118F mutant exhibiting
the strongest cytoplasmic accumulation (Fig. 1, C and D). In
addition, the expression of all RP mutants, with the exception
of F2314L, was lower than PRPF8-WT-LAP (Fig. S1 A). The
decrease in protein level may be caused by reduced expression
or faster degradation. Because the promoter and cis-regulatory
elements are identical for all PRPF8 variants, we examined the
protein degradation rate. We blocked protein synthesis using
cycloheximide and measured GFP fluorescence intensity at 15-
min intervals over an 8-h period (Fig. S1 B). We observed that
the stability of mutant proteins correlated with their expression
level. Of the mutants analyzed, F2314L exhibited a degradation
rate similar to the WT protein, whereas the other mutants were
degraded more rapidly. S2118F and H2309P/R mutants were
found to be the least stable.

We then tested whether PRPF8 proteins with RP mutations were
able to complement the depletion of endogenous PRPF8. To
specifically knock down (KD) PRPFS8, we used siRNA that was
designed over the stop codon and that did not target the PRPF8-
LAP fusion protein mRNA (Novotny et al., 2015). We frequently
observed an increase in the expression of PRPF8-LAP proteins
upon the KD of PRPF8 (Fig. S4 and not depicted), which likely
reflects compensation for reduced levels of PRPFS. To assay the
functionality of PRPF8-LAP fusion proteins in splicing, we an-
alyzed the splicing efficiency of the endogenous LDHA gene or
used an ectopically expressed reporter which was derived from
the p-globin gene. Finally, we used three reporters that were
derived from retina-specific genes: rhodopsin (RHO), fascin
actin-bundling protein 2 (FSCN2), and retinal outer segment
membrane protein 1 (ROM1). The KD of PRPF8 in parental
HeLa cells significantly reduced splicing efficiency of all tested
genes and was rescued by the expression of PRPF8-WT-LAP
(Fig. 2, A-E; and Fig. S1, C-F). In contrast, none of the RP
mutants was able to completely rescue splicing, but splicing
defects varied among the tested genes and mutants. The stron-
gest defects were observed for S2118F and H2309R mutations,
which were not able to rescue splicing of four tested genes (ex-
cept for LDHA). Out of all the tested RP mutations, the Y2334N
mutant exhibited notably different behavior. It strongly reduced
LDHA splicing, but other splicing reporters were unaffected. In-
terestingly, we observed diverse effects of PRPF8 KD on splic-
ing efficiency of the tested genes. The p-globin reporter was
less sensitive to the reduction of PRPFS (Figs. 2 B and S1 C),
whereas the splicing efficiency of two retina-specific reporters
(FSCN2 and RHO) dropped below 50% after PRPF8 KD. Four
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indicated by different colors. RH, RNase H-like domain. (B) View of the interaction between the C-terminal Jab1/MPN domain of PRPF8 (cartoon rep-
resentation) and SNRNP200 (surface representation). The PRPF8 RP mutations are indicated with the same color code as in A. The picture is based on
Mozaffari-Jovin et al. (2013); Protein Data Bank accession no. 4KIT. (C) Intracellular localization of PRPF8 variants. Panels are microscopy images of
Hela cells stably expressing the indicated LAP-tagged PRPF8 variants. Green/bottom panels, GFP; Blue, DAPI. Bars, 10 pm. (D) Nucleocytoplasmic (n/cp)
localization of PRPF8 RP mutants. The ratio of nuclear and cytoplasmic GFP intensity was quantified using Image). The mean of 52-125 cells (numbers of
experiments are indicated in individual columns) together with the SD is shown. *, P < 0.05, as measured with f test comparing the indicated sample and

the PRPF8-WT-LAP-expressing cells.

RP mutants (S2118F, H2309P, H2309R, and R2310K) were not
able to rescue the splicing defects of all tested retina-specific
reporters (Fig. 2, C-E; and Fig. S1, D-F). In general, splicing of
retina-specific reporters was more sensitive to the reduction of
PRPFS8 levels, and RP mutants rescued retina-specific genes less
efficiently than other genes. Collectively, these data show that
the tested RP mutations affect the splicing activity of PRPFS.

To test whether the splicing defects observed with the PRPF8
mutants were caused by a reduced snRNP assembly, we mea-

sured the interaction of RP mutants with several snRNP-
specific proteins. PRPF8 RP mutants and WT proteins were
immunoprecipitated using anti-GFP antibodies, and the co-
precipitated proteins were detected by Western blotting (WB;
Fig. 3 A). PRPF8-WT-LAP was properly incorporated into
U5 and tri-snRNPs, as documented by the coprecipitation of
US-specific proteins (SNRNP200, EFTUD2, and PRPF6) and
of the U4/U6-specific factor PRPF31. To quantitatively evalu-
ate the PRPF8 mutants, the amount of coprecipitated proteins
was quantified and normalized to the GFP signal in the pellets
(Fig. 3 B). With the exception of Y2334N, which did not dis-
play any visible alterations, the mutants exhibited defects in the
binding of SNRNP200, which is consistent with the location of
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with the control siRNA.

the mutations in the SNRNP200 interaction domain Jab1/MPN.
This translated into a reduced snRNP formation, demonstrated
by significantly lower amounts of PRPF6 and PRPF31 co-
purified with the mutants as compared with WT (except for the
F2314L mutant). These data show that most RP mutations in
the PRPF$8 gene reduce the formation of snRNPs.

In yeast, Prp8 and Snul14 form an intermediate complex
with the chaperone Aar2 before joining U5 snRNA. To test
whether this was also the case in human cells, we tested the
association of PRPF8 RP mutants with AAR2 and EFTUD2.
Both AAR2 and EFTUD?2 efficiently copurified with all mu-
tated proteins (Fig. 3, A-D), and two RP mutants even showed
a significantly enhanced coprecipitation in comparison with
WT. Increased interactions with EFTUD2 and AAR?2 correlated
with a decreased binding of the mutants to the other U5-specific
proteins. These results support the idea that PRPF8, AAR2,
and EFTUD2 form an assembly intermediate in human cells
and that some of the mutants are trapped at this stage. To test
whether this intermediate complex associates with the core U5
snRNP, we measured the interaction of selected PRPF8 RP mu-
tants with Sm proteins, which stably associate with U5 snRNA.
We compared two PRPF8 mutations, S2118F and H2309R,
which stall its biogenesis, with WT and the F2314L mutant that
are both incorporated into U5 and the tri-snRNPs (Fig. 3, A and
B). We immunoprecipitated snRNPs via Sm proteins and ana-
lyzed coprecipitated PRPFS-LAP fusion proteins (Fig. 3 E). We
found that the F2314L. mutant copurified with Sm proteins to

JCB » VOLUME 216 « NUMBER B « 2017

the same extent as WT. In contrast, the S2118F and H2309R
mutants showed only negligible interaction with Sm proteins.
Collectively, these data provide strong support for the idea that
PRPFS associates with EFTUD2 and AAR?2 early in its assem-
bly pathway. Immunoprecipitation (IP) of Sm proteins further
suggests that the PRPF8-AAR2-EFTUD?2 is formed before its
loading onto the core U5 snRNP and that at least two tested RP
mutations (S2118F and H2309R) stall assembly at this stage.

AARZ2, ZNHIT2, and the HSP9O/

R2TP complex associate with the U5-
specific proteins EFTUDZ2, PRPFS8,

and SNRNP200

These data indicate that the assembly pathway of PRPFS8 ap-
pears to be key to understanding the molecular defects that are
caused by RP mutations. To define this pathway in more detail,
we used an unbiased quantitative proteomic approach based on
stable isotope labeling in cell culture (SILAC) in conjunction
with anti-GFP IP (Ong et al., 2002; Trinkle-Mulcahy et al.,
2008). We first used HeLa cell-expressing PRPFS-LAP (see
the first Results section) and GFP-EFTUD?2 as bait (Fig. 4,
A and B). In the latter cells, GFP-EFTUD2 localized mainly to
nuclear speckles, as expected, and was also weakly detected in
the cytoplasm (Fig. S2 A). The proteomic analysis of the GFP
IPs showed a strong association of PRPF8-LAP with its part-
ners EFTUD2 and SNRNP200, and conversely, GFP-EFTUD2
strongly bound PRPF8 and SNRNP200. Several other compo-
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Figure 3. RP mutations inhibit U5 snRNP assembly. (A) Association of PRPF8 variants with U5 and U4/U6.U5 snRNPs. PRPF8-LAP variants are indicated

at the top. IP was done with anti-GFP antibodies. Inputs contained 2% of the

materials in the IP, and the antibodies used for WB are indicated at the right.

(B) Quantification of the immunoprecipitated material. The graph displays the amount of the protein present in the pellet and normalized, first to the amount
of copelleted GFP and then to the same ratio measured in the PRPF8-WT-LAP pellets. (C and D) Association of PRPF8 variants with AAR2. Legend is as in
A and B. Error bars represent SEM. The exact number of each experiment is indicated below/in each column. *, P < 0.05, as measured with t tests com-
paring the indicated sample and WT PRPF8-LAP [Ps. (E) Association of three selected PRPF8 variants with snRNPs. WBs were made with extracts of cells
expressing the PRPF8-LAP variant indicated at the top (input lanes) and immunoprecipitated with anti-Sm Y12 antibody. PRPF8-LAP proteins were detected
with anti-GFP antibody and SNRPB/B’ with the Y12 antibody. Inputs contain 2% of the materials in the IP.

nents of U5 snRNP were identified with high SILAC ratios in
the two IPs, namely SNRNP40, PRPF6, and Sm proteins. Addi-
tional tri-snRNP components were also detected (e.g., SART1,
USP39, and PRPF4), indicating that the tagged proteins were
incorporated into U5 and tri-snRNPs. In agreement with our
coimmunoprecipitations (Fig. 3, C and E), AAR2 was also de-
tected with high SILAC ratios in both the PRPF8 and EFTUD2
IPs, indicating that in addition to the mature U5 snRNP, the
IPs also detected assembly intermediates. Interestingly, addi-
tional chaperones were found, including HSP70 and HSP90,
regulators of HSP90 (PTGES3 and STIP1), and subunits of
R2TP (RUVBLI and 2), a known HSP90 cochaperone. Finally,
a series of poorly characterized proteins were also enriched in

one or both of the IPs: ECD, TTC27, TSSC4, EAPP, NCND,
and ZNHIT2 (see Table S1 for the complete list of coprecipi-
tated proteins). None of these proteins is part of the mature U5
snRNP (Makarov et al., 2002), and they thus represent potential
U5 snRNP assembly factors.

To characterize in more detail the U5 assembly inter-
mediates, we performed a SILAC IP with GFP-AAR?2 as bait
(Fig. 4 C and Table S1). The GFP-AAR?2 fusion was stably ex-
pressed in HeLa cells and was detected in the cytoplasm and,
to a lesser extent, in the nucleus (Fig. S2 B). GFP-AAR?2 as-
sociated not only with PRPF8 and EFTUD?2 as expected, but
also with SNRNP200, which was surprising because the yeast
homologues of AAR2 and SNRNP200 were shown to bind

Assembly of U5 snRNP-specific proteins * Malinova et al.
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PRPFS8 in a mutually exclusive manner (Weber et al., 2011,
2013; Nguyen et al., 2013). Nevertheless, the GFP-AAR2 IP
purified only a few other U5 proteins, which is in agreement
with the idea that AAR2 binds PRPF8 mostly before its asso-
ciation with U5 snRNA. Interestingly, many chaperones and
assembly factors found in the previous IPs were also associ-
ated with GFP-AAR2: HSP70, HSP90, STIP1, the R2TP com-
ponents RUVBL1/2, as well as the putative assembly factors
TSSC4, EAPP, NCDN, ECD, and ZNHIT?2.

Next, we turned our attention to the R2TP complex. This
complex functions as a cochaperone of HSP90, and it comprises
four subunits: RPAP3, PIH1D1, and RUVBL1/2 (McKeegan et
al., 2007; Boulon et al., 2012). The HSP90O/R2TP system has
been shown to participate in the assembly of multisubunit com-
plexes including the U4 snRNP (Bizarro et al., 2015), small
nucleolar ribonucleoprotein particles (snoRNPs; Boulon et al.,
2008; Zhao et al., 2008), nuclear RNA polymerases (Boulon et
al., 2010; Forget et al., 2010), and PIKKs-containing complexes
(Horejsi et al., 2010, 2014; Kamano et al., 2013). The detec-
tion of R2TP subunits in association with PRPFS, EFTUD2,
and AAR?2 thus suggests that it could participate in the biogen-
esis of US snRNA. We have previously proposed that proteins
of the ZNHIT family function as cofactors for the RUVBL1/2
ATPases of the HSP9O/R2TP chaperone system (Bizarro et al.,
2014; Verheggen et al., 2015). The presence of both ZNHIT2
and R2TP in the previous IPs thus suggested that ZNHIT2
could work as an R2TP cofactor specialized for U5 biogene-
sis. To test this idea, we investigated the partners of ZNHIT2
by performing a systematic pairwise two-hybrid analysis. This
revealed interactions between ZNHIT2 and both RUVBLI and
EFTUD2 (Fig. 4 E). ZNHIT2 could thus potentially bridge
R2TP with U5-specific proteins. Next, we stably expressed
GFP-ZNHIT?2 in HeLa cells (Fig. S2 C) and performed a
SILAC proteomic analysis (Fig. 4 D and Table S1). Remarkably,
the GFP-ZNHIT2 SILAC IP revealed a strong association of
this factor with EFTUD2, PRPFS8, and SNRNP200. Association
of ZNHIT?2 with PRPF8 was confirmed by coimmunoprecipita-
tion (Fig. S2 D). GFP-ZHNIT?2 further copurified large amounts
of the R2TP complex, especially RUVBL1/2 and a set of pre-
foldins known to associate with R2TP (e.g., URI1, UXT, and
PFDNG6; Boulon et al., 2010; Cloutier and Coulombe, 2010).
Consistent with a role in PRPF8 biogenesis, the GFP-ZNHIT?2
SILAC IP was enriched for AAR2 and other putative assembly
factors, including TTC27, TSSC4, EAPP, NCDN, and ECD. In-
terestingly, GFP-ZNHIT?2 also copurified large amounts of Sm
proteins, indicating that it remained present until the late stages
of U5 snRNP biogenesis.

PRPFS is synthesized in the cytoplasm and must be transported
to the nucleus to perform its role in splicing. To determine
whether the interactions between R2TP and PRPFS or EFT
UD2 occur at an early cytoplasmic stage, we implemented a
corecruitment assay using a fusion of RPAP3 with a fragment
of p54, which targets the fusion protein to cytoplasmic P-bodies
(Boulon et al., 2010). Using immunofluorescence (IF), we de-
tected PRPF8 and GFP-AAR?2 localizing in P-bodies that con-
tained p54-RPAP3 (Figs. 5 A and S3 C) but not in P-bodies
labeled by p54-KPNA3, a nuclear transport factor that served
as a negative control (NC; Figs. 5 B and S3 C). Interestingly,

the interaction between p54-RPAP3 and PRPFS8 also occurred
when EFTUD?2 was depleted, which was further confirmed by
regular coimmunoprecipitation (Fig. S3 A). This demonstrated
that the interaction between PRPF8 and RPAP3 can take place
in the cytoplasm and is independent of EFTUD2.

Next, we tested the interaction of EFTUD2 and SNRNP200
with p54-RPAP3. EFTUD2 was weakly corecruited to p54-
RPAP3 P-bodies under normal conditions, and this interaction
increased after the KD of PRPF8 (Fig. 5, C and D), a result
also confirmed by coimmunoprecipitations (Fig. S3 B). This
indicated that EFTUD?2 interacts with R2TP in the cytoplasm
independently of PRPFS. In contrast, the SNRNP200-GFP fu-
sion failed to be recruited with p54-RPAP3 even after KD of
PRPFS, EFTUD2, or AAR2 (Figs. 5 E and S3 D). Furthermore,
SNRNP200-GFP was not recruited on p54-ZNHIT2 P-bodies,
whereas EFTUD2 and PRPFS8 were (Fig. S3 E). The lack of cy-
toplasmic interaction of SNRNP200 with RPAP3 and ZNHIT2
suggests that SNRNP200 becomes stably associated into these
complexes later in the nucleus.

Collectively, our data confirm that interactions of the
R2TP complex with PRPF8 and EFTUD2 occur early on
in the cytoplasm and are independent of each other. In con-
trast, recruitment of SNRNP200 occurs at a later step and
most likely in the nucleus.

These data indicate that EFTUD2 and PRPF8 make early in-
teractions with R2TP. PIHIDI1 is a client-binding subunit of
R2TP, and its N-terminal domain binds phosphorylated pep-
tides with a DSDD(D/E) consensus sequence (Hofejsi et al.,
2014). EFTUD?2 possesses a conserved phosphorylated DSDED
sequence at its N terminus (Hornbeck et al., 2015), and it was
shown to make phosphorylation-dependent interactions with
PIH1DI in vitro (Hofejsi et al., 2014). The N-terminal do-
main of PIH1DI could thus recruit EFTUD2 to R2TP via an
interaction with its DSDED motif. To test whether the PIH1D1
N terminus brings EFTUD?2 into the R2TP complex and to de-
termine the role of the DSDED motif, we analyzed the interac-
tomes of (i) the PIH1D1 N-terminal domain and (ii) EFTUD2
with a mutated DSDED motif.

We fused the N-terminal domain of PIH1D1 to GFP, sta-
bly expressed it in HeLa cells, and performed a SILAC pro-
teomic analysis (Fig. 6 A). The N terminus of PIH1D1 was not
incorporated into R2TP because it did not copurify other sub-
units of this complex, which is in agreement with previous stud-
ies (Hofejsi et al., 2014; Pal et al., 2014). Although the PIH1D1
N-terminal domain bound tightly to some known R2TP sub-
strates—two box C/D core proteins (SNU13 and FBL) and
factors involved in RNA pol II assembly (polymerase subunits
RPAP2, GPN1, and GPN3)—we did not detect any enrichment
for EFTUD?2 or other U5 proteins. Interestingly, the PIHID1 N
terminus also bound two complexes not previously known to
associate with R2TP: a SEC16A complex containing SEC13
and USO1 and also all the three subunits of the tuberous scle-
rosis complex (TSC; TSC1, TSC2, and TBC1D7), which is a
major regulator of mTOR (Dibble and Cantley, 2015). To fur-
ther test whether PIH1DI is important for the recruitment of
U5 proteins to the R2TP complex, we used siRNA to reduce
PIH1DI1 expression in the PRPF8-LAP cell line and immuno-
precipitated PRPF8-LAP with anti-GFP antibodies (Fig. 6 B).
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Figure 5. R2TP interacts with EFTUD2 and PRPF8 in the cytoplasm. (A and B) Analysis of the interaction between PRPF8 and RPAP3 with a cytoplasmic
corecruitment assay. (A) Hela cells stably expressing a p54-DsRed2-RPAP3 fusion and treated with a siRNA against EFTUD2 or NC siRNA (siNC). Green/
left panels, PRPF8 as detected by IF; red/middle panels, p54-DsRed2-RPAP3; blue, DAPI. A quantification of green over red signals in dots is shown on
the right. (B) Same as in A, except that cells express p54-DsRed2-KPNA3 as controls. (C and D) Interaction between RPAP3 and EFTUD2 tested with a
cytoplasmic corecruitment assay with and without PRPF8 KD. (C) Legend is as in A. (D) control with cells expressing p54-DsRed2-KPNA3. Values are means
calculated from >25 dots. Error bars indicate SD. (E) Interaction between SNRNP200 and RPAP3 tested with a cytoplasmic corecruitment assay with and
without PRPF8 KD. Legend is as in A. Insets are magnified images of the dots marked by the white arrows. Bars: (main images) 10 pm; (insets) 1 pm.
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Figure 6. PIHID]1 is not essential for PRPF8-R2TP interaction. (A) Proteomic analyses of the partners of the N-terminal domain of PIH1D1 tagged with
GFP. The graph displays SILAC ratios (y axis) as a function of signal abundance (x axis) measured by a quantitative proteomic of extracts from Hela cells
expressing the GFP-PIH1D1 N-erminal domain and immunoprecipitated with anti-GFP antibody. SILAC ratios are calculated from a control IP done with
parental cells. Each dot represents a protein and is color-coded according to the classification shown in Fig. 4. Significance values are given in Table S1.
(B) Changes in the partners of PRPF8 upon depletion of PIH1D1. The top image represents WBs made with extracts of cells expressing PRPF8-WT-LAP and
treated with PIH1D1 or control siRNA (lanes “+” and “—,” respectively) and then immunoprecipitated with anti-GFP antibody (IP anti-GFP lane). Inputs
contain 2% of the materials in the IP, and the antibodies used to probe the WB are indicated at the right. The bottom graph displays the amount of the
protein present in the pellet and normalized, first to the amount of copelleted GFP and then to the same ratio measured in the NC siRNA. Values were
measured with Image) and are the means of three experiments. The exact number of each experiment is indicated in each column. Error bars indicate
SEM. (C) Comparison of GFP-EFTUD2 WT and the DADE mutant interactomes as detected by SILAC IPs. Log, of SILAC ratios of the two proteins are
plotted against each other.
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The results showed that the interactions of PRPF8 with R2TP
and AAR?2 increased in the absence of PIH1DI1. This indicates
that although PIH1D1 is not required to recruit PRPF8 to the
R2TP, it may be important for the release of AAR2 and thus
the maturation of PRPF8.

To study the role of the DSDED motif in EFTUD2, we gener-
ated a phospho-dead mutant of this motif (S19A; DADE mu-
tant). This mutant was then fused to GFP and stably expressed
in HeLa cells. Interestingly, the mutant displayed an altered
localization with increased levels in the cytoplasm and lower
accumulation in the nucleus (Fig. S2 F). We then performed
a quantitative SILAC proteomic analysis of the mutant (Fig.
S2 E). Direct comparison with WT GFP-EFTUD?2 revealed
that the DADE mutant had a dramatically altered interactome
(Fig. 6 C). First, it bound more strongly to the poorly char-
acterized factor TTC27. Second, it bound less strongly to a
set of factors that included Sm proteins, U5-specific proteins
(PRPF8, SNRNP200, and SNRNP40), and proteins found in
U5 assembly intermediates (AAR2, RUVBLI1/2, ZNHIT2,
and Chaperonin). Third, it lost interactions with another set of
US-specific proteins (PRPF6 and DDX23) as well as with U4/
U6 and U4/U6.US proteins (SART1, USP39, and PRPF4). The
proteomic data thus indicated major defects in the formation of
snRNP particles and pointed to the essential role of the phos-
phorylated DSDED motif of EFTUD2 during the biogenesis
of U5 and the tri-snRNP.

Collectively, our data show two partially contradictory
observations: (i) that the PIH1D1 N-terminal domain is not suf-
ficient to stably bind EFTUD?2 and (ii) that the DSDED motif of
EFTUD?2 is important for U5 maturation. In vitro, the affinity
of the PIH1D1 N-terminal domain with the EFTUD2 phosphor-
ylated peptide is ~10 times weaker than previously published
PIH1D1 phosphointeractions (Hotejsi et al., 2014; Pal et al.,
2014; Smerdon, S., personal communication). This may be
insufficient to ensure a stable binding in vivo, and additional
factors such as ZNHIT2 may be essential to secure the interac-
tion between EFTUD2 and R2TP. A similar situation has been
described for ECD binding to R2TP when two independent
interaction sites (one PIHID1-dependent and one PIH1D1-
independent) were together necessary for a stable ECD-R2TP
binding (Mir et al., 2015). The phosphorylated DSDED motif
may therefore stabilize EFTUD?2 binding to R2TP after its ini-
tial recruitment and/or may trigger a conformational change
important for later assembly steps of U5 snRNP. We can also
not formally exclude that the effect of the S— A mutation in the
DSDED motif is independent of R2TP.

To confirm that R2TP is involved in EFTUD2 maturation, we
knocked down its individual components with siRNAs and
measured the level of newly synthesized EFTUD2. To this end,
we fused EFTUD2 with firefly luciferase (FFL) and transiently
transfected the corresponding expression vector in HeLa cells.
This transient expression system ensured that the analysis fo-
cused on newly synthesized proteins and not on proteins that
had been already incorporated into U5 snRNP (Boulon et al.,
2008; Bizarro et al., 2014). KD of ZNHIT2, PIHID]1, and to a

lesser extent RUVBL?2 reduced the levels of FFL-EFTUD2 but
not of FFL alone, which was used as a control (Fig. 7 A). This in-
dicated that ZNHIT?2 and several subunits of the R2TP complex
were important for the stability of the nascent EFTUD2 protein.

A previous study has shown that defects in US snRNP
maturation cause the accumulation of U5 snRNA in CBs (No-
votny et al., 2015). To confirm the role of R2TP in U5 biogene-
sis, we treated HeLa cells with siRNAs targeting RUVBL1 and
2 and determined the intracellular localization of U5 snRNA.
Depleted cells displayed a clear accumulation of U5 snRNA in
CBs (Fig. 7 B), thus confirming that these key R2TP compo-
nents are required for the maturation of U5 snRNP.

The R2TP complex is a cochaperone for HSP90, and the in-
teractions described in this study suggest that HSP90 could be
involved in the biogenesis of PRPF8 and other U5-specific pro-
teins. To test whether PRPF8, EFTUD?2, and SNRNP200 were
clients of HSP90, we inhibited its activity using geldanamycin
(GA). This locks HSP90 in a closed state and usually results in
client degradation (Whitesell et al., 1994). HSP90 inhibition re-
duced the levels of PRPF8 and SNRNP200, but not of EFTUD2
(Fig. 8 A). This suggests that PRPF8 and SNRNP200 are poten-
tial client proteins of HSP90.

To determine whether HSP9O0 stabilizes nuclear or cyto-
plasmic forms of PRPFS8, we performed the same corecruitment
assay as in Fig. 5 A but in the presence of GA. Interestingly,
although GA treatment had no obvious effect on the nuclear
pool of PRPF8 (Fig. 8 B and unpublished data), it reduced the
amount of PRPF8 present in p54-RPAP3 P-bodies (Fig. 8, B
and C). These data suggest that HSP90 activity is required to
stabilize cytoplasmic forms of PRPFS.

The aforementioned data indicate that HSP90 and its R2TP
cochaperone are involved in the biogenesis of the US-specific
proteins PRPF8 and EFTUD2. At the same time, we have
shown that RP mutations stall PRPF8 maturation and impair
its interaction with SNRNP200 and U5 snRNA (Fig. 3). To test
whether R2TP associates with the stalled RP mutants, we used
PRPF8-LAP cell lines. We focused on mutations S2118F and
H2309R, which exhibited the strongest assembly phenotype.
As controls, we used WT PRPF8 and the F2314L mutant, both
of which incorporate into the tri-snRNP. S2118F and H2309R
mutations both increased the association of PRPF8 with R2TP
(Fig. 9, A and B) and also with ZNHIT2 (Fig. 9, C and D).
These results show that R2TP binds more strongly to PRPF8
assembly-deficient mutants.

PRPFS contains a putative nuclear localization signal at its
N terminus. However, RP mutants are not efficiently imported
to the nucleus, resulting in a significant fraction remaining in
the cytoplasm where the interaction with R2TP occurs (Fig. 1,
C and D; and Fig. 5 A). To test whether R2TP is involved in
the cytoplasmic accumulation of PRPF8 mutants, we depleted
RUVBLI1 or 2 in the S2118F-LAP cell line that exhibited the
strongest accumulation in the cytoplasm (Fig. 1 D). Both KDs
resulted in the relocalization of the S2118F-LAP protein to
the nucleus (Fig. 9, E and F). These findings suggest that the
HSPO0/R2TP chaperone complex retains assembly-defective
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PRPF8 mutants in the cytoplasm and thus performs an early
discrimination of WT versus mutant PRPFS proteins.

RP is a progressive degenerative disease that can be caused by
mutations in genes coding for snRNP-specific proteins. In this
study, we studied eight point mutations in PRPFS8. None of the
mutants were able to rescue the splicing deficiency caused by
the depletion of the endogenous PRPFS8 protein (Figs. 2 and
S1). For six out of the eight analyzed mutations, this could be
explained by an inhibition of tri-snRNP formation (Fig. 3, A
and B). However, this is not a general case because the Y2334N
and F2314L mutations in PRPF8 do not block snRNP bio-
genesis while affecting splicing, similar to two RP mutations
in the SNRNP200 gene (Cvackova et al., 2014). The F2314L
mutation weakens association with the essential helicase
SNRNP200, which could explain the splicing defects. The
Y2334 mutant binds SNRNP200 as efficiently as WT. This mu-
tation is in the C-terminal tail that inhibits SNRNP200 helicase

Figure 7. R2TP components are important for EFTUD2 stabil-
ity and U5 snRNP maturation. (A) Levels of newly synthesized
FFL-EFTUD2 after KD of R2TP and ZNHIT2. The graph displays
FFL activity measured in extracts of Hela cells transiently trans-
fected with the indicated plasmid and siRNAs and then normal-
ized first to RL activity (expressed from a cotransfected plasmid)
and then to the ratio obtained with control siRNAs. Values are
the means of at least three experiments, each done in triplicate.
Error bars indicate SEM. (B) U5 snRNA accumulation in CBs after
KD of RUVBL1/2. Hela cells were treated with siRNAs against
RUVBL1/2 or an NC siRNA. Green/left panels, U5 snRNA was
detected by FISH; red/middle panels, coilin detected by IF;
blue, DAPI. Bars, 10 pm.

activity (Mozaffari-Jovin et al., 2013), and it may thus affect the
proper regulation of SNRNP200 during spliceosome activation.
Based on these findings, we conclude that most mutations in
PRPFS8 exhibit a phenotype similar to RP mutations in other
snRNP genes, which often reduce snRNP assembly and, conse-
quently, splicing (Gonzalez-Santos et al., 2008; Huranova et al.,
2009; Tanackovic et al., 2011; Linder et al., 2014).

Considering the essential function of PRPF8 and U5 snRNP
during splicing, surprisingly little is known about their bio-
genesis in metazoans. In yeast, Prp8 first interacts with Aar2
and Snul14, and this complex then joins the core U5 snRNP,
followed by the replacement of Aar2 with the helicase Brr2
(Gottschalk et al., 2001; Boon et al., 2007). In the human path-
way characterized here, PRPFS, AAR2, and EFTUD2 also
make an intermediate assembly complex. GFP-AAR2 IP co-
purified large amounts of PRPF8, EFTUD2, and SNRNP200
but only small amounts of Sm proteins or other US5-specific
proteins (Fig. 4 C). In addition, RP mutants stalled in the in-
termediate assembly complexes with AAR2 do not associ-
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ate with Sm proteins (Fig. 3, C-E). These findings collectively
suggest that AAR2-containing intermediates are loosely or not
associated with U5 snRNA.

Our SILAC IPs identified a set of proteins that are not present
in the mature U5 snRNP (TTC27, TSSC4, EAPP, NCDN, and
ECD). These factors might thus represent additional U5 assem-
bly factors as proposed for the ECD homologue in flies (Claudius
et al., 2014). Most importantly, these IPs identified the HSP90/
R2TP complex and its cofactor ZNHIT?2 as key U5 snRNP as-
sembly factors (Fig. 4, A and B). This chaperone machinery
was previously found to be involved in the snoRNP assembly
as well as in the assembly of U4-specific proteins (Bizarro et
al., 2014, 2015). In this study, we show that the U5-specific
proteins PRPF8 and EFTUD?2 interact in vivo with HSP90 and
R2TP and that these interactions arise early in the cytoplasm.
Functional experiments demonstrate that both HSP90 and R2TP
are required for the biogenesis of U5 snRNP. First, inhibiting
HSP90 leads to decreased levels of PRPF8 and SNRNP200.
Second, KD of R2TP components reduces the amount of newly
synthesized EFTUD2 and also leads to the accumulation of U5
in CB, a signature of assembly defects (Novotny et al., 2015).
Based on the available data, we propose the following
model (Fig. 10). First, the HSP90O/R2TP chaperone independently

(@)

Figure 8. HSP90 is required for PRPF8 stability in
the cytoplasm. (A) Effect of GA on the levels of U5
proteins. Left images represent WBs made with ex-
tracts of Hela cells expressing WT PRPF8-LAP and
treated (+) or untreated (—) with GA. WBs were
probed with the antibodies indicated at the right. On
the right is a quantification of the signals as measured
with Image) and expressed as percentages of the un-
treated controls. Values are means of three experi-
ments. (B) Effect of GA on the levels of RPAP3-bound
cytoplasmic PRPF8. Legend as in Fig. 5, except cells
were treated with GA. Insets are magnified images
of the dots marked by the white arrows. Bars: (main
images) 10 pm; (insets) 1 pm. (C) Quantification of
the green (PRPF8) and red (p54-RPAP3) signals in 30
dots shown at B. Error bars indicate SEM.
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recruits PRPF8 and EFTUD2 and promotes the assembly of a
cytoplasmic complex containing these proteins in association
with AAR2, ZNHIT?2, and other factors. SNRNP200 does not
interact with this complex and would be recruited later in the nu-
cleus. Because U5 snRNA accumulates in CBs when PRPFS is
absent (Novotny et al., 2015), it is likely that the preassembly
complex interacts with U5 snRNA in CBs, where final matura-
tion steps would take place. Recycling of U5 snRNP and refor-
mation of the U4/U6.US5 tri-snRNP have also been suggested
to occur in CBs (Stanék et al., 2008). In yeast, this process also
requires Aar2 (Gottschalk et al., 2001). In future studies, it will
be interesting to determine whether the R2TP complex is also
involved in snRNP recycling.

We show here that R2TP makes independent interactions with
EFTUD?2 and PRPFS, thereby bringing these proteins together
and providing a simple way to promote complex assembly. It
is, however, less clear how these U5 proteins are recruited to
R2TP. It was previously shown that the N-terminal domain of
PIHI1D1 binds phosphorylated DSDD(D/E) peptides, and it was
proposed that this could be a determinant for R2TP client selec-
tion (Hotejsi et al., 2014). We did not detect interaction between
PIH1DI1 N-terminal and US5 proteins, including EFTUD?2, even
though this protein carries a phosphorylated DSDED motif and
binds PIH1D1 in a phospho-dependent manner in vitro (Hotejs{
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Figure 9. The R2TP complex binds more strongly to RP PRPF8 assembly-deficient mutants and is required for their cytoplasmic retention. (A) WB made
with extracts of cells expressing the indicated PRPF8-LAP variants (input lane) and immunoprecipitated with an anti-GFP antibody. Inputs contain 2% of
the materials in the IP, and the antibodies used to probe the WB are indicated af the right. (B) The graph displays the amount of the protein present in the
pellet and normalized first to the amount of copelleted GFP and then to the same ratio measured in the NC siRNA. Values were measured with Image) and
are the means of 3-4 experiments (indicated in each bar). (C and D) Increased binding of ZNHIT2 to PRPF8 RP mutants. Legend is as in A and B. Error
bars indicate SEM. (E and F) Relocalization of PRPF8-52118F-LAP upon RUVBL1/2 KDs. (E) Hela cells stably expressing PRPF8-S2118F-LAP fusion protein
and treated with siRNAs against RUVBL1/2 or a control siRNA. Green/bottom panels, PRPF8-LAP-S2118F; blue, DAPI. Bars, 10 pm. (F) The ratio of
nuclear and cytoplasmic (n/cp) GFP signal intensity was quantified using Image) software. The means of the measurement of 101-152 cells along with
the SD is shown. The exact number of each experiment is indicated in each column. *, P < 0.05, as measured with a ttest comparing the indicated sam-
ple and the control siRNA.

GFP

et al., 2014). Nevertheless, the N-terminal domain of PIH1D1
recruits some R2TP clients, e.g., subunits of RNA pol II and
box C/D snoRNPs (Fig. 6 A). Interestingly, these factors lack

is functionally relevant. However, the binding affinity of the
EFTUD?2 phosphopeptide may be too weak to ensure a stable
in vivo binding to the PIH1D1 N-terminal domain, and addi-

known phosphorylated DSDD(D/E) motifs and may thus inter-
act with PIH1D1 using other interaction surfaces.

Mutation of the phosphoserine in the EFTUD2 DSDED
motif affects the composition of U5 snRNP, indicating that it

tional bridging factors such as ZNHIT2 may be essential to
secure this interaction. ZNHIT2 belongs to the Zinc-Finger
histidine triad motif (HIT) protein family, which contains six
members in humans. These proteins have been recently pro-
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RP mutations
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SNRNP200 _

nucleus

mature U5 snRNP
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Figure 10. Model for the assembly of U5-specific proteins. The HSP90/R2TP chaperone recruits PRPF8 and EFTUD2 rapidly after their synthesis and pro-
motes the formation of a cytoplasmic assembly intermediate complex containing AAR2, ZNHIT2, and possibly other factors. This complex translocates to the
nucleus and binds SNRNP200. AAR2 is released upon binding of U5 snRNA, and maturation is complete after the release of ZNHIT2 and R2TP proteins.

posed to function as cofactors for the RUVBL1/2 ATPases,
and they may target them to specific substrates (Verheggen
et al., 2015). Our two-hybrid analysis demonstrates that ZNH
IT2 forms a bridging interaction between EFTUD2 and RUV
BL1 (Fig. 4 E) and is in agreement with this hypothesis, which
suggests that ZNHIT?2 targets RUVBL1/2 toward EFTUD2.

The mechanism of action of R2TP is still unclear. In the
case of box C/D snoRNPs, we proposed that R2TP recruits
snoRNP subunits and then transfers RUVBL1/2 from R2TP to
these proteins, possibly in an ATP- and ZNHIT-dependent man-
ner (Bizarro et al., 2014). Indeed, ATP dissociates RUVBL1/2
from R2TP, whereas it promotes binding to snoRNP proteins
and to ZNHIT®6, an essential C/D assembly factor (McKeegan
et al., 2007). A similar model could be proposed in the case of
U5 snRNP (Fig. 10) because our proteomic data indicate a much
tighter binding of US5 proteins to ZNHIT2 and RUVBL1/2 than
to the other R2TP components. In the assembly intermediates,
the role of the RUVBL proteins could be to maintain together
US subunits and/or to dissociate assembly factors at late assem-
bly stages, as proposed for snoRNPs (Machado-Pinilla et al.,
2012; Bizarro et al., 2014).

The HSP90O/R2TP machinery performs a
quality control of PRPF8
Depletion of U5 proteins and PRPF8 RP mutation both increase
the association of PRPF8 and EFTUD2 with R2TP. Furthermore,
assembly-defective PRPF8 RP mutants accumulate in the cyto-
plasm, and one such mutant relocates to the nucleus upon KD
of RUVBLI or 2 (Fig. 9, E and F). These data suggest a model
in which incomplete assembly intermediates remain associated
with R2TP in the cytoplasm, and only the properly formed com-
plex translocates to the nucleus. The R2TP machinery would
thus provide a quality control to ensure that only correctly folded
proteins and assembled complexes are imported to the nucleus,
as proposed previously for RNA pol II (Boulon et al., 2010).
Interestingly, the pulldown of the N-terminal domain of
PIH1DI1 revealed a strong interaction with the TSC complex.
This complex is a tumor suppressor that integrates extracel-
lular signals and energy availability to regulate mTORCI
(Islam and Roach, 2015). The TSC complex could be another
R2TP client but could also regulate it. This raises the fascinat-
ing possibility that R2TP could link energy and cell growth
signals to RNP biogenesis.
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Materials and methods

Cell culture, siRNA, and plasmid transfection

HeLa cells were cultured at 37°C and 5% CO, in DMEM containing
4.5 g glucose per liter (Sigma-Aldrich) supplemented with 10% fetal
calf serum (Biochrom AG) and 1% penicillin/streptomycin (Gibco).

For KDs, siRNAs were introduced into cells with oligofectamine
transfection reagent (Invitrogen) or JetPRIME (Polyplus) accord-
ing to the manufacturer’s protocol, and cells were then grown for 48
to 96 h. KD efficiencies were assayed by WB (Fig. S4). The siRNA
against PRPF8 (5'-CCUGUAUGCCUGACCGUUUTT-3") was de-
signed against the sequence around the STOP codon and did not tar-
get the PRPF8-LAP fusion used in the BAC cell lines (Novotny et al.,
2015). Additional KDs were performed using the following siRNAs:
PRPF8 (5'-CCUGUAUGCCUGACCGUUUTT-3"), PIHIDI (5'-UU
UCCUUAGCCGCCUCUCCTT-3’), mixture of siRNA PIHIDI-1
(5'-GAAUGGAAAUGUAGUCUUATT-3") and PIHID1-2 (5'-GAG
AAGAGGCUGCUGGCUUTT-3’), RUVBLI (5'-CCUUGAAGCUG
AAGAGUAUTT-3’), RUVBL2 (5'-AGGAAGAAGAUGUGGAGA
UTT-3’), RPAP3-1 (5'-CAACAGAAGGAGAGCGAAATT-3"), RPAP3-2
(5'-GGACUAUCUUUGAACAUAA-3’), EFTUD2 (5'-CUAUACUG
ACAUCCUCUUCTT-3"), AAR2 (5'-UUGUCUCCCAAGACAACU
UTT-3"), SNRNP200 (5'-GUGAUUCAGAUUGAGUCCUTT-3’),
ZNHIT2-1 (5'-CGGUAAAGAUGAUCUCGCUTT-3"), and ZNHIT2-2
(5'-CUGGUCAUUAAUAAAGCUGTT-3"). As a control, we used
scrambled siRNA (5'-GCUAAAUACACUAGGCUACGTT-3") or NC
#5 siRNA (Thermo Fisher Scientific).

Plasmids were transfected into cells using X-tremeGENE HP
(Roche) according to manufacturer’s protocol, and cells were analyzed
24 h after transfection. For splicing experiments, we used a f-globin
reporter derived from the E3 vector containing the p-globin gene (Dar-
zacq et al., 2006), a gift from Y. Shav-Tal (Bar-Ilan University, Tel Aviv,
Israel). We deleted the second p-globin intron (nucleotides 496—1,536).
These changes were confirmed by sequencing. Retina-specific report-
ers, RHO, ROM1, and FSCN2 (Yuan et al., 2005; Mordes et al., 2007)
were provided by J. Wu (Northwestern University, Chicago, IL).

For IP and SILAC IP experiments, GFP-tagged proteins were sta-
bly expressed in HeLa cells using the Flp-In system, and stable clones
were maintained in DMEM with 0.04 ug/ml hygromycin B. HeLa
clones expressing GFP-AAR2, GFP-EFTUD2, GFP-ZNHIT2, and
GFP-PIHIDI1 N-terminal (aa 1-180) were used for SILAC IP. For core-
cruitment assays, we used HeLa cells that stably expressed pS4-DsRed-
RPAP3. For HSP90 inhibition, cells were treated with 2 uM GA for 16 h.



Plasmids

DNA cloning was performed with the Gateway system (Invitrogen). The
N-terminal fragment of PIHIDI1 was generated by PCR amplification
(nucleotides 1-540) and cloned in pcDNAS-GFP using Gateway tech-
nology. GFP-EFTUD2-DADE was generated by oligonucleotide-directed
mutagenesis using the QuikChange II kit (Agilent Technologies) fol-
lowed by Gateway cloning.

BAC recombineering

The BAC clone containing the PRPFS§ gene tagged with the LAP tag
(containing GFP) was provided by I. Poser (Poser et al., 2008). All
RP-related mutations investigated in this study were prepared by Red/
ET recombineering using the Counter-Selection BAC Modification kit
(Gene Bridges). The selection marker cassette (Rpsl-amp) was PCR
amplified using PRPF$§ specific primers carrying 50 nt of homology
surrounding the sequence to be modified and inserted into the target
sequence by DNA recombination. In the second step, the cassette was
replaced with a modified version of the target sequence containing the
appropriate point mutation using recombination. The synthesis of in-
dividual mutations was verified by sequencing. BAC DNA was trans-
fected into HeLa cells using X-tremeGENE HP (Roche) according to
the manufacturer’s protocol. Stable cell lines were selected with G418
(Gibco) and sorted by a cell sorter.

Antibodies

We used the following primary antibodies for IF, WB, or IP: rabbit
anti-PRPFS§ (Santa Cruz Biotechnology, Inc.; Thermo Fisher Scientific;
Bethyl Laboratories, Inc.), rabbit anti-SNRNP200 (Sigma-Aldrich),
rabbit anti-C20orf4 35-50 (AAR2 splicing factor homologue; Sigma-
Aldrich), rabbit anti-PRPF6 (Santa Cruz Biotechnology, Inc.), rabbit
anti-EFTUD2 (Thermo Fisher Scientific; Bethyl Laboratories, Inc.),
mouse anti-GFP (Santa Cruz Biotechnology, Inc.), rabbit anti-GFP
(Torrey Pines Biolabs), mouse anti-RUVBL1 (Abcam), rabbit anti-RUV
BL1 (Proteintech), rabbit anti-RUVBL2 (GeneTex; Proteintech), mouse
anti-PIHID1 (Abcam), rabbit anti-RPAP3 (Abcam), rabbit anti-ZNHIT2
(Abcam), rabbit anti-GAPDH (Abcam), anti-coilin (5P10) mouse antibody
(provided by M. Carmo-Fonseca, Institute of Molecular Medicine, Lisbon,
Portugal; Almeida et al., 1998), goat anti-GFP (provided by D. Drechsler,
Max Planck Institute of Molecular Cell Biology and Genetics, Dres-
den, Germany), rabbit anti-EFTUD2 and anti-PRPF31 (provided by
R. Lithrmann, Max Planck Institute, Gottingen, Germany), and mouse
anti-tubulin (provided by P. Draber; Institute of Molecular Genetics,
Prague, Czech Republic). The anti-Sm antibody Y12 was produced
from a hybridoma cell line (a gift from K. Neugebauer, Yale University,
New Haven, CT) at the Antibody Facility of the Institute of Molecular
Genetics, Czech Academy of Sciences. For RPAP3 IP, the anti-RPAP3
antibody was produced from the hybridoma cell line 19B11.

For WB, we used secondary antibodies conjugated with horse-
radish peroxidase (Jackson ImmunoResearch Laboratories, Inc.).
For IF, we used secondary anti-rabbit or anti-mouse antibodies cou-
pled to FITC (Sigma-Aldrich) or DyLight488 (Jackson ImmunoRe-
search Laboratories, Inc.).

IF and light microscopy

Cells grown on coverslips were washed with PBS and fixed with 4%
(weight/volume) paraformaldehyde/Pipes for 10-20 min at RT. Perme-
abilization was done in 0.1-0.2% Triton X-100 in PBS for 5-10 min
at RT. For IF, coverslips were incubated with primary and secondary
antibodies. Coverslips were mounted with Fluoromount G (Southern
Biotech) containing DAPI for DNA staining or with Vectashield (Vec-
tor Laboratories). SnRNAs were visualized by FISH as previously de-
scribed (Novotny et al., 2015).

Images were collected on a DeltaVision microscope system
(Applied Precision Ltd.) coupled with a microscope (IX70; Olympus)
equipped with a 63x 1.42 NA oil immersion objective and a CoolSNAP
HQ2 camera (Photometrics; Princeton Instruments) and the acquisition
software SoftWoRx (Applied Precision Ltd.). Stacks of 20 z sections
with 200-nm z steps were taken per sample at 37°C and subjected
to mathematical deconvolution using SoftWoRx software. Maximal
projections of deconvolved pictures were done by SoftWoRx and are
presented. Nucleocytoplasmic distribution was analyzed using ImageJ
software (National Institutes of Health). Between 52 and 125 cells were
analyzed per mutant, and the mean and SEM are shown in the graphs. Al-
ternatively, for corecruitment assays, cells were observed using a wide-
field fluorescence microscope with a 63x 1.4 NA oil objective (DMRA;
Leica Microsystems; at RT). Images were acquired with a CoolSNAP
HQ2 camera. Red/green quantification was performed on red and green
images concomitantly using Metamorph (Molecular Devices).

Time-lapse microscopy

For live-cell measurements, cells were cultured on glass-bottomed
Petri dishes (MatTek Corporation). Experiments were performed on a
DeltaVision microscope system equipped with a chamber for live-cell
imaging controlling temperature and CO, concentration. Other speci-
fications were identical as in the previous section. Cycloheximide was
added to the medium (final concentration 30 pg/ml), and GFP fluo-
rescence was recorded at 15-min intervals over an 8-h period. Three
experiments, each containing 8-10 cells per cell line, were analyzed,
and means are shown in the graphs.

RT-PCR and quantitative PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. When required, RNAs were treated
with TURBO DNase (Thermo Fisher Scientific). cDNAs were syn-
thesized using SuperScript III Reverse Transcription (Invitrogen) and
random hexamers. Taq polymerase (Thermo Fisher Scientific) was
used for PCR reactions.

PCR products were separated on 3% agarose gel, and the inten-
sity of individual bands was determined using ImageJ software. Quan-
titative PCR was performed using SYBR green on a LightCycler 480
System (Roche). The reaction volume of 5 pl contained 2 pl of template
cDNA (diluted to 1:10) and 500 nM of each primer. Denaturation at
95°C for 7 min was followed by 40 cycles for 20 s at 95°C, 20 s at
61°C, and 35 s at 72°C. Splicing efficiency (ratio mRNA/pre-mRNA)
was calculated as 2(Ct[pre-mRNA] — Ct[mRNA]). The following
primers were used for RT-PCR and quantitative PCR: f-globin forward,
5'-CAAGGTGAACGTGGA-3’; B-globin reverse, 5'-GGACAGATC
CCCAAAGGACT-3"; RHO forward, 5'-CGGAGGTCAACAACGAGT
CT-3"; RHO reverse, 5-TCTCTGCCTTCTGTGTGGTG-3"; FSCN2
forward, 5'-TGCCAACACCATGTTTGAGA-3’; FSCN2 reverse, 5'-GCT
TGAGGGTGAACTCTTCG-3’; ROM1 forward, 5'-CAACCCAA
CCAAAACCTCTG-3’; ROM1 reverse, 5'-ATAGCCCTGGGTCTC
TCCTC-3'; pre-LDHA forward, 5'-CCTTTCAACTCTCTTTTGGCA
ACC-3';pre-LDHAreverse,5'-AATCTTATTCTGGGGGGTCTGTTC-3;
mLDHA forward, 5'-AGAACACCAAAGATTGTCTCTGGC-3'; and
mLDHA reverse, 5'-TTTCCCCCATTAGGTAACGG-3'.

IP and WB

Two alternative IP techniques were used. For the experiments summa-
rized in Figs. 3, 6, and 9, 2 x 107 cells were washed twice with ice-cold
PBS, scraped from the dish, and centrifuged at 1,000 g for 10 min.
Harvested cells were resuspended in NET-2 buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, and 0.05% Nonidet P-40) supplemented with
protease inhibitor cocktail (EMD Millipore or Roche) and then pulse
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sonicated on ice (30 pulses; 0.5 s for each pulse at 40% of maximum
energy). The cell lysate was centrifuged at 14,000 g, and the superna-
tant was immunoprecipitated overnight at 4°C with 7.5 pg of goat an-
ti-GFP antibodies prebound to 30 ul of protein G sepharose beads (GE
Healthcare). For the IP control, a lysate from parental HeLa cells was
used. After five washings with NET-2 buffer, the immunoprecipitated
proteins were resuspended in 30 ul of 2x sample buffer.

For the experiments in Figs. S2 and S3, cells were lysed in
HNTG buffer (20 mM Hepes, pH 7.9, 150 mM NaCl, 1% Triton X-100,
10% glycerol, 1 mM MgCl,, | mM EGTA, and protease inhibitors) for
20 min at 4°C. Cell debris were removed by centrifugation (10 min
at 9,000 g). Protein G sepharose was preincubated with anti-RPAP3
antibody for 2 h (Fig. S3, A and B). For control IPs, empty beads were
preincubated with fetal bovine serum and then incubated with the same
lysate used for the anti-RPAP3 IPs. For GFP-fusion proteins (Fig. S2
D), GFP-TRAP beads (ChromoTek) were used, and a control was done
with HeLa cells that did not express the GFP protein. Beads were in-
cubated with extracts for 1.5 h at 4°C and then were washed five times
with HNTG before resuspending in 2x Laemmli buffer.

Subsequently, proteins were separated by 10% SDS-PAGE
and transferred to a nitrocellulose membrane (Protran). Membranes
were blocked with 5% nonfat milk (weight/volume) in PBST (0.05%
Tween-20 in PBS) and incubated with the appropriate primary antibod-
ies diluted in 1% nonfat milk (weight/volume) in PBST followed by
incubation with secondary antibodies conjugated with horseradish per-
oxidase. Enzymatic activity was detected using the SuperSignal West
Pico/Femto Chemiluminescent Substrate (Thermo Fisher Scientific)
or ECL kit (Roche). Significance of all experiments was assayed by a
two-tailed unpaired 7 test.

SILAC IP and proteomic analysis

SILAC experiments were performed as previously described (Boulon
et al., 2010). H9 HeLa cells were grown for 15 d in each isotopically
labeled medium to ensure complete incorporation of isotopic amino
acids (CIL/Eurisotop). Six 15-cm diameter plates were used per SILAC
condition. Cells were rinsed with PBS, trypsinized, and cryogrinded
in SILAC buffer (20 mM Hepes, pH 7.4, 150 mM NaCl, 0.5% Triton
X-100, and protease inhibitor cocktail). Extracts were incubated for 20
min at 4°C and clarified by centrifugation for 10 min at 20,000 g. For
all IP experiments, extracts were precleared by incubation with protein
G sepharose beads for 1 h at 4°C. The control was extracted from the
light condition prepared from HeLa cells that did not express the GFP
fusion. Each extract was incubated with 50 pl of GFP-TRAP beads
for 75 min at 4°C, washed five times with SILAC buffer, and beads
from the different isotopic conditions were finally pooled. Bound
proteins were eluted by adding 1% SDS to the beads and boiling for
10 min. Proteomic analysis was performed as previously described
(Bizarro et al., 2014).

Yeast two-hybrid assay

Plasmids pACT2 and pAS2DD were introduced into haploid S. cere-
visiae strains (CG1945 and Y187, respectively). Strains were crossed,
and diploids were selected on Leu~ Trp~ selective media and then
plated on triple selective media (Leu™ Trp~ His~). Growth was assessed
visually after 3 d at 30°C. The strength of interactions was evaluated
by comparing the number of clones growing on Leu~ Trp~ (selection of
diploids) and Leu~ Trp~ His~ plates (selection for interaction).

Luciferase assays

HO Hela cells were grown on six-well plates and cotransfected with
plasmids expressing a FLAG-tagged FFL in fusion with EFTUD2 and
with a plasmid-coding Renilla luciferase (RL) as control. After 48 h,

cells were extracted in 150 pl of passive lysis buffer and incubated
at 4°C for 15 min. RL and FFL activities were measured on 96-well
plates using 8 ul of cell extract with 50 ul of each solution of the dual-
luciferase assay kit (Promega). Values obtained for FFL were normal-
ized to RL values. Experiments were done in triplicate.

Online supplemental material

Fig. S1 shows the expression of PRPF8 RP mutants, their stability com-
pared with WT, and their effect on splicing. Fig. S2 shows localization
of GFP-tagged proteins used in this study and the results of SILAC IP
with the GFP-EFTUD2 DADE mutant. Fig. S3 shows interactions of
US5-specific proteins with RPAP3 and ZNHIT2 by coimmunoprecipita-
tion and corecruitment assays. Fig. S4 shows the efficiency of siRNAs
used in this study. Table S1 is available as an Excel file and is a complete
list of proteins coprecipitated in the various SILAC IP experiments.
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