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Cellular differentiation state modulates the mRNA
export activity of SR proteins
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SR proteins function in nuclear pre-mRNA processing, mRNA export, and translation. To investigate their cellular dy-
namics, we developed a quantitative assay, which detects differences in nucleocytoplasmic shutiling among seven ca-
nonical SR protein family members. As expected, SRSF2 and SRSF5 shuttle poorly in Hela cells but surprisingly display
considerable shuttling in pluripotent murine P19 cells. Combining individual-resolution cross-linking and immunoprecip-
itation (iCLIP) and mass spectrometry, we show that elevated arginine methylation of SRSF5 and lower phosphorylation
levels of cobound SRSF2 enhance shuttling of SRSF5 in P19 cells by modulating protein—protein and protein—-RNA inter-
actions. Moreover, SRSF5 is bound to pluripotency-specific transcripts such as Lin28a and Pou5f1/Oct4 in the cyto-
plasm. SRSF5 depletion reduces and overexpression increases their cytoplasmic mRNA levels, suggesting that enhanced
mRNA export by SRSF5 is required for the expression of pluripotency factors. Remarkably, neural differentiation of P19
cells leads to dramatically reduced SRSF5 shuttling. Our findings indicate that posttranslational modification of SR pro-

teins underlies the regulation of their MRNA export activities and distinguishes pluripotent from differentiated cells.

Introduction

SR proteins are essential RNA-binding proteins (RBPs) with
important functions in constitutive and alternative splicing
(Anko, 2014). The SR protein family comprises seven canonical
members (SRSF1-SRSF7) that are structurally related but show
divergent RNA-binding preferences in vivo (Miiller-McNicoll
et al., 2016). SR proteins contain one or two RNA recognition
motifs (RRMs) at their N termini as well as a region of repeated
serine-arginine dipeptides (RS domain) at their C termini. Most
serine residues are extensively phosphorylated in the cytoplasm
by SRPK1/2 and in the nucleus by Clk1/4 kinases (Aubol et al.,
2013). Distinct phosphorylation states determine the different
biological functions of SR proteins. Phosphorylation by SRPKs
is essential for nuclear import and localization to nuclear speck-
les (Lai et al., 2001), hyperphosphorylation by CIks is crucial
for recruitment to transcription sites and spliceosome assembly,
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and dephosphorylation by PP1/2A phosphatases during splicing
is important for the release of the splicing machinery, recruit-
ment of nuclear export factor 1 (NXF1), and export of mature
mRNAs (Zhou and Fu, 2013).

SR proteins control cotranscriptional splicing (Sapra et
al., 2009). Some family members perform additional post-splic-
ing functions in nuclear and cytoplasmic processes such as 3’
end processing (Lou et al., 1998; Miiller-McNicoll et al., 2016),
mRNA export (Masuyama et al., 2004; Huang and Steitz, 2005),
and translation (Michlewski et al., 2008; Maslon et al., 2014).
In line with this, some SR proteins shuttle between the nucleus
and the cytoplasm in HeLa cells (Caceres et al., 1998; Cazalla
etal., 2002; Sapra et al., 2009). The stimulatory effect of SRSF1
on translation is dependent on its ability to shuttle (Sanford et
al., 2004; Michlewski et al., 2008), and importantly, inhibition
of shuttling prevents its oncogenic potential (Shimoni-Sebag et
al., 2013). It is currently unknown whether this applies to other
SR protein family members, which have been implicated in sev-
eral types of cancer (da Silva et al., 2015).
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Absence of shuttling was reported for SRSF2 and SRSF5
in HeLa cells (Céceres et al., 1998; Cazalla et al., 2002; Sapra
et al., 2009) and mouse embryonic fibroblasts (MEFs; Lin et al.,
2005). The inability of SRSF2 to shuttle is caused by a hydro-
phobic nuclear retention sequence (NRS) located within its RS
domain, conferring resistance to phosphatases (Cazalla et al.,
2002). Because SRSF2 remains phosphorylated after splicing,
it is unable to recruit NXF1 and must be removed from messen-
ger RNPs (mRNPs) before export (Lin et al., 2005). In contrast,
SRSF5 lacks a recognizable NRS, and its shuttling disability is
not understood. It is also unknown whether SR protein shuttling
differs between cellular conditions.

In this study, we have developed a quantitative shuttling
assay and measured the nucleocytoplasmic shuttling of SR
proteins in different cell types. To our surprise, SRSF2 and
SRSFS5 shuttle considerably in pluripotent but not in differen-
tiated cells. We provide evidence that the inability of SRSF5 to
shuttle in differentiated cells is caused by cobinding of phos-
phatase-resistant SRSF2 and impeded NXF1 recruitment. Con-
versely, in pluripotent cells, higher arginine methylation levels
of SRSF5, enhanced binding to mature mRNAs, and partial de-
phosphorylation of SRSF2 contribute to stable NXF1 binding
and shuttling of both SRSF2 and SRSF5. Adapting individu-
al-nucleotide resolution cross-linking and immunoprecipitation
(iCLIP) to polysome-associated transcripts (PiCLIP), we show
that SRSF5 binds to pluripotency-specific transcripts undergo-
ing translation. Moreover, SRSF5 knockdown affects their nu-
cleocytoplasmic distribution, suggesting additional functions
for SRSFS5 in pluripotent cells.

Results

A quantitative assay reveals differences in
shuttling capacities of SR protein

family members

Shuttling of RBPs between the nucleus and cytoplasm indi-
cates their potential to carry cargo between compartments and
is usually assessed qualitatively using heterokaryon assays. The
original assay involves the fusion of human and mouse cells to
produce interspecies heterokaryons, in which the donor cell car-
ries a fluorescently tagged protein. Fused cells are identified by
phase-contrast microscopy, donor and recipient nuclei are iden-
tified by distinct chromatin features (Borer et al., 1989), and
heterokaryons are scored for fluorescence in recipient nuclei.
This assay is laborious, subjective, and typically yields very
few examinable heterokaryons. To increase the reliability and
efficiency of this assay and to allow quantitative measurements
we used recipient HeLa cells stably expressing the membrane
marker CAAX-mCherry (Wright and Philips, 2006).

SR proteins are not detectable in the cytoplasm at steady
state (Fig. 1 A). To compare their shuttling abilities, we used
clonal donor bacterial artificial chromosome (BAC) cell lines
expressing seven canonical SR proteins (SRSF1-SRSF7) with a
GFP tag from genomic loci in pluripotent mouse P19 cells (Fig.
S1 A; Miiller-McNicoll et al., 2016). GFP-tagged SR proteins
are expressed at endogenous levels, recapitulate mRNA bind-
ing patterns of their endogenous counterparts, are functional in
splicing (Anko et al., 2010, 2012), are phosphorylated in vivo,
and localize to nuclear speckles (Fig. S1, B and C).

Within a heterokaryon, shuttling SR proteins can be re-
imported either into donor P19 or into recipient HeLa nuclei,
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which can be quantified as newly emerging GFP fluorescence
(Fig. 1 A). To readily identify true heterokaryons (nuclei from
two different species in a shared cytoplasm), we screened for
fusion events showing GFP expression (P19) surrounded by
a plasma membrane labeled with CAAX-mCherry (HeLa;
Fig. 1 A). P19 and HeLa nuclei were confirmed by their distinct
Hoechst staining patterns (Fig. 1 A).

Stable cell lines expressing GFP-tagged NXF1 and the
spliceosomal component PRPFS-GFP were used as positive
and negative controls (Fig. 1 B). Inspection of heterokaryons
revealed that PRPF8-GFP was absent from receiving HeLa cell
nuclei, whereas NXF1-GFP fluorescence was evenly distrib-
uted between both nuclei (Fig. 1 B). Interestingly, all seven SR
proteins showed GFP fluorescence in receiving Hela nuclei,
but with visible differences in signal intensity (Figs. 1 C and
S1 D). To quantify the shuttling capacities, z stacks of 30 het-
erokaryons per fusion were acquired, and percent GFP fluores-
cence in receiving HeLa nuclei was calculated as described in
the Quantification of shuttling capacities section of Materials
and methods. Equal fluorescence in donor and recipient nu-
clei was attained by NXF1, showing that 3 h after fusion was
sufficient to reach shuttling equilibrium (Fig. 1 D). To exclude
nonspecific effects, two different protein synthesis inhibitors,
puromycin and cycloheximide (CHX), were used (Fig. S1 E).
Quantification confirmed that all SR proteins undergo nucleo-
cytoplasmic shuttling, albeit to different extents. Pairwise com-
parisons distinguished three shuttling groups: SRSF1, SRSF3,
and SRSF7 (“high shuttlers”), SRSF2 and SRSF5 (“intermedi-
ate shuttlers”), and SRSF4 and SRSF6 (“low shuttlers™), which
showed weak yet significant shuttling compared with the neg-
ative control PRPF8 (Table S1). This analysis indicates that all
SR protein family members undergo nucleocytoplasmic shut-
tling in pluripotent P19 cells, but their mRNA export or cyto-
plasmic functions may vary.

Shuttling correlates with phosphorylation
sites, NXF 1 interaction, and presence in
polysomal fractions

We next investigated which factors influence nucleocytoplas-
mic shuttling. Shuttling capacities correlated inversely with RS
domain length and the number of serine residues therein (Figs.
2 A and S2 A). Moreover, shuttling was proportional to the ex-
tent of NXF1 interaction (Figs. 2 B and S2 B; Miiller-McNicoll
et al., 2016). Only hypophosphorylated SR proteins recruit
NXFI1, and SR proteins with long RS domains might be less ef-
ficiently dephosphorylated during splicing; consequently, they
might bind less NXF1 (Huang and Steitz, 2005). Shuttling also
correlated inversely with the number of tyrosine and serine res-
idues within the NXF1 interaction region (Fig. S2 C), whose
phosphorylation might affect NXF1 binding (Hargous et al.,
2006; Tintaru et al., 2007).

We then compared SR protein abundance in cytoplasmic
fractions containing translating polysomes. A subset of SRSF1-,
SRSF3-, and SRSF7-GFP cosedimented with 80S ribosomes
and light polysomes as previously reported (Fig. 2 C; Sanford
et al.,, 2004; Swartz et al., 2007). Interestingly, SRSF5 also
cosedimented with light polysomes, confirming that SRSFS5 is
partly cytoplasmic in P19 cells, whereas SRSF2 and the low
shuttlers SRSF4 and SRSF6 were excluded from these fractions
(Fig. 2 C). A GFP-NLS control did not cosediment with 80S or
polysomal fractions (Fig. S2 D). We conclude that the shuttling
capacities of individual SR proteins correlate with the number of
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potential phosphorylation sites, NXF1 interaction, and presence
in polysomal fractions, suggesting additional cytoplasmic func-
tions for highly shuttling SR proteins in pluripotent P19 cells.

SRSF5 shows cell type-specific differences
in shuttling and NXF1 interaction

Intermediate shuttling of SRSF2 and SRSFS in P19 cells was
surprising, as previous studies reported a complete absence of
shuttling in HeLa cells and MEFs using nonquantitative hetero-
karyon assays (Cdaceres et al., 1998; Lin et al., 2005; Sapra et al.,
2009). To exclude that the GFP-tag masks the NRS of SRSF2,
we performed inverse shuttling assays in which HeLa cells
expressing GFP-tagged SRSF2, SRSF3, SRSFS5, and SRSF7
(Sapra et al., 2009) were fused with WT P19 cells (Fig. 3, A
and B). Quantification revealed that SRSF3 and SRSF7 shuttle
in both cell types; however, SRSF2 and SRSF5 did not shut-
tle when HeLa cells were donors, indicating that the NRS was
functional. To exclude the possibility that CAAX-mCherry
expression affects HeLa nuclei, forward shuttling assays with
HeLa WT cells were performed wherein fused membranes were
stained with CellMask, yielding similar results (unpublished
data). To confirm shuttling of SRSF2 and SRSFS5 in P19 cells,
nuclear import of SR proteins was blocked for 3 h using actino-
mycin D (ActD) in the presence of CHX, which lead to a clear
accumulation of SRSF2 and SRSFS5 in the cytoplasm (Fig. S2
E; Caceres et al., 1998).

In agreement with their inability to shuttle in HeLa cells,
SRSF2- and SRSF5-GFP did not cosediment with polysomes
(Fig. 3 C) and were absent from NXFI-containing mRNPs
(Figs. 3 D and S2 F). In contrast, a subset of SRSF5-GFP in-
teracted with NXF1 independently of RNA in P19 cells (Figs.
3 D and S2 F) and was detectable in light polysomal fractions
(Figs. 2 C and 3 C). In summary, we discovered that SRSF2 and
SRSFS5 are exported to the cytoplasm in pluripotent P19 cells,
suggesting cell type—specific differences in SR protein shuttling.

Arginine methylation in the SRSF5-NXF1
interaction region varies among cell types
and affects shuttling

Shuttling comprises active nuclear export of SR proteins
via NXF1 and reimport by the importin transportin (TRN;
TRN-SR), which requires rephosphorylation of SR proteins
by SRPK1/2 (Huang and Steitz, 2005). The capacity of SRSF5
to shuttle in P19 cells correlated with an enhanced NXF1 in-
teraction (Fig. 3 D) as well as a 1.8-fold higher NXF1 and
TRN-SR expression compared with HeLa cells (Fig. S3 A).
Cross-species transfection experiments excluded differences in
the primary protein sequence to account for the shuttling dif-
ferences (not depicted).

The correlation with potential phosphorylation sites
(Fig. 2) prompted us to test whether SRSF5 is differently
phosphorylated in HeLa and P19 cells. Western blots using
the mAb104 antibody, which recognizes phosphorylated RS
domains of all canonical SR proteins (Zahler et al., 1993),

suggested higher phosphorylation levels or abundance of
SRSFS5 in P19 cells (Fig. 4 A). To dissect this, we assayed the
migration of SRSF5-GFP in Phos-tag gels using anti-GFP an-
tibodies. SRSF5-GFP was indeed more abundant in P19 cells;
however, both proteins showed a similar migration pattern with-
out size shift, strongly suggesting that SRSF5 is similarly phos-
phorylated in P19 and HeLa cells (Fig. 4 B).

We failed to validate similar RS domain phosphorylation
of SRSF5-GFP by quantitative mass spectrometry (MS; also
see the Sample preparation and MS section of Materials and
methods) because of the high charge and repetitive nature of the
RS domains. However, quantifying other posttranslational mod-
ifications (PTMs) using spectral counting revealed more robust
arginine methylations within the putative NXF1-interacting
domain of SRSF5-GFP in P19 cells, with dimethyl residues
especially on Rgg, Ry, and Rgy;, whereas monomethylations
dominated in HeLa cells (Fig. 4 C). Stringent immunopurifi-
cations (IPs) probed with methylation-specific antibodies con-
firmed lower arginine dimethylation levels of SRSF5-GFP in
HeLa (not depicted); however, methylation at other residues
was similar in both cells, ruling out general differences in meth-
ylation activities (Fig. S3 B).

In vitro studies showed that arginine residues correspond-
ing to Ry, and Ry; are essential for NXF1 binding in SRSF1 and
SRSF7 (Hargous et al., 2006; Tintaru et al., 2007). We mutated
Ry, and Ry; in SRSF5 and the corresponding R;;5 and R, in
SRSF3 to alanines on BACs (Fig. 4 D). Mutant proteins showed
similar expression to WT proteins in stable clonal BAC cell
lines (Fig. S3 C). Strikingly, interaction of SRSF3g s 106a and
SRSF5gg5 034 With NXF1 was significantly decreased (Figs. 4 E
and S3 D), indicating that these residues are also important for
NXF1 binding to SRSF3 and SRSFS5 in vivo. Importantly, SRS-
F5ro2034 also showed significantly reduced shuttling compared
with WT SRSF5 (Figs. 4 F and S3 E). Altogether, our data show
that the extent of NXF1 binding determines the shuttling capac-
ities of SR proteins and suggest that robust methylation of ar-
ginine residues flanking the NXF1 interaction region enhances
NXF1 binding and shuttling of SRSF5 in pluripotent P19 cells.

SRSF5 shows differences in target binding
and association with mature mRNPs

Further inspection of quantified PTMs revealed that aromatic
residues at the end of RRM2 were more oxidized in HeLa cells
(Fig. S3 B), suggesting differential protection from oxidiza-
tion, possibly by bound RNA. Indeed, quantification of SRSF5
peptides from RRM2 revealed between 3- and 41-fold more
cross-linking to RNA in P19 cells compared with HeLa cells
(Figs. S3 B and S4 A; also see the MS data analysis section
of Materials and methods). Differential contribution of both
RRMs to RNA binding may result in the recognition of different
RNA targets in P19 and HeLa cells. To test this, we performed
iCLIP of SRSF5- and SRSF2-GFP expressed in HeLa cells (H)
and compared the results to data obtained with P19 cells (Fig.
S4, B and C; Miiller-McNicoll et al., 2016). Replicates were

Figure 1. A quantitative assay reveals differences in shuttling capacities of SR protein family members. (A, leff) Nuclear SRSF3-GFP and bright heteroch-
romatic dots upon Hoechst staining in P19 cells (top) and Hela cells expressing CAAX-mCherry (bottom). (Right) Workflow of quantitative shuttling assay.
(B) Representative fusion events for PRPF8-GFP and NXF1-GFP shown as projections of three z stacks. (C) Representative fusion events for seven SR proteins
ordered by their shuttling capacities. Colors indicate shuttling groups: low (light orange), medium (dark orange), and high shuttlers (red; also see Table S1).
Images contain unfused Hela cells (asterisks) used for background subtraction. Bars, 10 pm. (D) Percent GFP fluorescence in receiving nuclei after back-
ground subtraction as a measure of shuttling capacities (n = 30 heterokaryons per SR protein). Coloring is as in C. *, P < 0.05; **, P < 0.001 (Student's
t test). Box plot shows median, 25th and 75th percentiles, and outermost data points.
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Figure 2. Shuttling correlates with phosphorylation sites, NXF1 interac-
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(right) and without (left) RNase A treatment (Miiller-McNicoll et al., 2016).
(C) Western blot analysis of GFPtagged SR proteins in P19 cell extracts

Shuttling capacity

reproducible (Table S2), and pooled reads yielded 1,783,089
and 1,017,813 unique cross-link events for SRSF2(H) and
SRSF5(H), respectively, corresponding to 316,296 and 131,453
significant binding sites in 6,554 and 2,795 protein-coding tar-
get mRNAs (Table S3). The correlation between binding events
and target expression (read count) was low (Fig. 5 A). Although
SRSF?2 targets were largely similar in both cell types (70/61%
overlap), SRSF5 targets had very little overlap (37/29%), de-
spite comparable numbers of cross-link events in P19 cells
(Fig. 5 B). Unique P19 targets were enriched in categories
such as cell morphogenesis, neural differentiation, and devel-
opment, and ~30% were not expressed or were very weakly
expressed in HeLa cells (Fig. 5 C), suggesting specific roles
for SRSF5 in pluripotent cells. In contrast, unique HeLa targets
were enriched in categories related to DNA repair and replica-
tion (Figs. 5 C and S4 D).

Structural studies indicated that RRM1 recognizes pref-
erentially pyrimidine-rich motifs, whereas RRM2 recognizes
GGA (Cléry et al., 2008). The HeLLa SRSF5-GFP in vivo bind-
ing motif consisted of U(U)C followed by GG or GA, sug-
gesting that both RRMs contribute to RNA binding (Fig. 5 D).
Interestingly, P19 SRSF5-GFP iCLIP yielded two distinct in
vivo binding motifs, which resembled the HeL.a motif in nucle-
otide identity but in a scrambled order (Fig. 5 D). Comparison
of cross-link patterns revealed that SRSF2 and SRSFS5 cross-
link more to intronic and noncoding regions in HeLa cells com-
pared with a preferential association with exonic and coding
regions in P19 cells (Figs. 5 E and S4 E, gray arrows). More-
over, both proteins cross-link significantly less to spliced junc-
tions in HeLa cells (Fig. 5 F), suggesting that they are removed
from mature mRNAs before export as proposed previously (Lin
et al., 2005). In contrast, SRSF2 and SRSFS5 cross-link to a con-
siderable fraction of spliced mRNAs in pluripotent P19 cells,
suggesting that both proteins remain bound to mRNAs after
splicing. Altogether, our data strongly suggest that both RRMs
of SRSF5 bind to RNA, but their different contribution as well
as differences in mRNA expression in both cell types result in
distinct binding motifs, patterns, and target RNAs.

Partial dephosphorylation of SRSF2
promotes shuttling of SRSF5 in P19 cells
Although both SRSF2 and SRSFS5 clearly shuttled in P19 cells,
SRSF2 was not detectable in polysomal fractions in either cell
type (Figs. 2 C and 3 C). In P19 cells, a subset of SRSF2 was
present in NXF1-containing mRNPs, but this interaction was
mediated via RNA (Fig. 3 D). To test whether SRSF2-GFP shut-
tling requires NXF1, we performed shuttling assays with P19
cells expressing SRSF2-GFP after NXF1 knockdown (Figs. 6
A and S5 A). SRSF3-GFP was used as a control for NXF1-de-
pendent shuttling. Only modest reductions in NXF1 levels (by
25-33%) could be achieved (Fig. S5 B), yet a significant re-
duction in shuttling of SRSF2-GFP was observable (Fig. 6 A),
suggesting that shuttling of SRSF2 depends on NXF1.
Previous studies using HeLa and MEFs suggest that
SRSF2 is unable to recruit NXF1 because it is resistant to de-
phosphorylation and must be removed from the mRNP before

fractionated across 15-45% sucrose gradients. An RNA gel confirms ribo-
some infegrity. Fractions 5-11 contain translating ribosomes, and fractions
1-4 are ribosome-free. The ribosomal protein RP6 served as control. A
260, absorption at 260 nm; Inp, input.

Differentiation state modulates SR protein function * Botti et al.

1897

920z Ateniged 80 uo 3senb Aq 4pd 150019102 Al/¥91 865 L/£66 1/L/91Z/pd-8jonie/qol/Bio sseidnu//:dny woy pepeojumoq



1988

A

SRSF2-GFP SRSF5-GFP

P19 Hela P19 Hela

GFP

®
A=
&
0
e}
I

merge

C

A 260 nm

Sucrose
Fractionlnp1 2 3 4 5 6 7 8 910 11

RNA gel

SRSF2-GFP

P19 |SRSF5-GFP

RP6

Polysomes
, , >
15%  Sedimentation 45%

kb

kD
SRSFz-GFplo.. " -82‘
b g DONOT nucleus :i' o .
Recipientnucleus Hela |SRSF5-GFP|S - . 8210 shutting
*
Unfused cell RPB‘ py - e
SRSF2 SRSF5 SRSF3 SRSF7
** -RNase  +RNase -RNase  +RNase
T % n.s. Inp I9G GFP__Inp IgG GFP Inp 19G NXF1 _Inp I9G NXF1 (D
A il SRSF2.GFP[we ~ ==  |[== - |8
! N K P1%| srsFs-cFp = A= = = D,
- . . 8 ® -82 \_ €D
L L e PABPNA1 |- -— - ”- - |—64 shuttling
— : : - IP: a-GFP; WB: o-NXF1  IP: a-NXF1; WB: a-GFP
f ' 4
Lo SRSF2-GFP [me i | -.. - e
HeL
G0l & *-?| SRSF5-GFP [wm - |[= |_82
1 | I | | I | I _
E % %’ % g % g % PABPN1 I- 4 - ”— w» = | e no shuttling
T T T T IP: a-GFP IP: a-NXF1
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forward (P19 donor) and reverse (Hela donor) shuttling assays. Bars, 10 pm. (B) Quantification of 25 heterokaryons per condition. *, P < 0.05; **, P <
0.001 (two-sided Wilcoxon rank-sum test). (C) Western blotting analysis for SRSF2-GFP and SRSF5-GFP in polysomal fractions. A 260, absorption at 260
nm. (D) Representative forward and reverse colP experiments of SRSF2-GFP and SRSF5-GFP with NXF1. PABPN1 served as control for RNA-dependent

interaction. Inp, input. Note that SRSF5 was run in inverse order.

export (Cazalla et al., 2002; Lin et al., 2005). Our data, how-
ever, indicate that a significant subset of SRSF2 binds mature
spliced mRNAs (Fig. 5, E and F) in P19 cells. To assess the
phosphorylation state of mRNA-bound SRSF2, we performed
oligo(dT) capture assays followed by Phos-tag gel analysis
from UV—cross-linked P19 cells. Similarly to SRSF5-GFP, the
bulk of SRSF2-GFP cross-linked to mature poly(A)* RNAs
was hypophosphorylated (Fig. 6 B). Phos-tag gel analysis of
sucrose gradient fractions confirmed that hypophosphorylated
SRSF2-GFP remained excluded from polysomes, in contrast
to SRSF5-GFP, which associated with polysomes in its hypo-
phosphorylated state (Fig. 6 C, red asterisks). This suggests
that SRSF2 was removed from mRNAs shortly after export. We
confirmed that SRSF2-GFP was more phosphatase-sensitive

and readily dephosphorylated by calf intestinal phosphatase in
P19 cells (Fig. 6 D) and that its steady-state phosphorylation
level was lower than in HeLa cells (Figs. 6 E and S5 C). In
contrast, SRSF5-GFP showed no differences in phosphoryla-
tion level and phosphatase resistance between these two cell
lines (Figs. 4 C and 6 D).

SRSF2 and SRSF5 have similar shuttling capacities
(Fig. 1 D) and tend to bind the same mRNAs in the same exons
(90% shared targets and cobound exons; Fig. S5, D, F, and
G; Miiller-McNicoll et al., 2016). We thus hypothesized that
SRSF2 might shuttle passively via SRSF5-containing mRNPs.
Both proteins bound at ~50 nt from splice sites but without
any preference for a position or a splice site (Fig. S5 G). To
test whether SRSF2 and SRSF5 bind side-by-side on the same

920z Ateniged 80 uo 3senb Aq 4pd 150019102 Al/¥91 865 L/£66 1/L/91Z/pd-8jonie/qol/Bio sseidnu//:dny woy pepeojumoq



A

P19 HelLa B P19 Hela KD

SRSF4] s | kD

82 GAPDH | e s 49
SRSF6 | wemw v |
SRSF5 | s e |49
SRSF1.27[ e | orp| £ ' Phos-tag
SRSF3 i
2l SRSF5-GFP
mADb104

C

SRSF5 (P19)

t=18.8% t=13.6%
d=18.8% d=11.4% d=2.3%
m=4.6% m=6.8% m=2.3%

RARSRGGRGRGRYSDRFEERRPRNDRRNAPE

SRSF5 [l RRUH RS

t=10.7%
d=3.9%
m=26.8%

\ |
RARSRGGRGRGRYSDRFESRRPRNDRRNAFPE

SRSF5 [BRM RRWH Rs

m mono-methyl-R (+14.02)

d di-methyl-R (+28.03)
t=3.6% t tri-methyl-R (+42.05)
d=7.1%

SRSF5 (Hela) 4%
m=7.17%

D

RERNRGESSSEEPSWEESSNAARRNINESSSS SRSF3r105,106a
105 106

RARSRGGRGRGRYSD RESSAAPRNDRRNAFPE SRSF5re203a

E -RNase

+RNase -RNase +RNase
Inp IgG GFP  Inp IgG GFP Inp IgG GFP  Inp IgG GFP kD
G e | = |
PABPN1[™ <«  w= [[= = - [64
GFP| - - | e - s>
SRSF5-GFP SRSF5re2,03a-GFP
Co-IP NXF1 n=3 F SRSF5-GFP
= 0.5 xx —~
g =SRSF3 504
= 0.4+ 8SRSF3Rr105,106A >
2 sSRSF5 S
,&0-3' “uSRSF5re2,93A §40'
3021 2301
4 x £
‘% 0.11 £,
< 2 20
7]

0.
-RNase +RNase -RNase +RNase WT R92,93A

Figure 4. Arginine methylation in the NXF1 interaction region varies be-
tween cell types and affects shuttling. (A) Phosphorylated SR proteins were
detected by Western blotting using mAb104. (B) SRSF5-GFP was detected
with anti-GFP antibodies on normal (top) and Phos-tag SDS-PAGE gels (bot-
tom). GAPDH was used as a loading control. Note that the Phostag gel
was run with an empty lane between samples, which was removed in the
figure. (C) SRSF5-GFP was analyzed by tandem MS to obtain semiquan-
titative information on PTMs using spectral counting. Modified arginines
within the putative NXF1 interaction region (yellow) are labeled in green
with the percentage of modification compared with all detected peptides.
Changes of mass are indicated in parentheses. Trimethylation has to be

RNAs or compete for binding sites, we developed a proxim-
ity-interactome capture protocol involving UV cross-linking,
differential RNase digestion, and MS, which allowed us to
identify all proteins that bound in very close proximity to a pro-
tein of interest on the same RNAs in vivo (Fig. 6 F, see the
Sample preparation and MS section of Materials and methods).
Label-free quantification (LFQ) was used to identify signifi-
cantly enriched proteins compared with noncross-linked (UV~)
samples. In agreement with the coimmunoprecipitation (colP)
data, SRSF5 interacts exclusively in P19 cells with NXF1,
and both proteins bind in close proximity on the same RNA as
proposed recently (Miiller-McNicoll et al., 2016). In contrast,
NXF1 was absent in the HeLa interactomes (Fig. 6 G; Fig. S5
H; and Tables S4, S5, S6, and S7). More importantly, SRSF2
was the most enriched SR protein in UV+ SRSF5-GFP prox-
imity interactomes in P19 cells, whereas their interaction was
more RNA-independent in HeLa cells (Figs. 6 G and S5 H).
The preferential and RNase-sensitive association of SRSF2 and
SRSF5 was confirmed by reverse colP experiments (Fig. 6 H).

Altogether, our data suggest that in pluripotent P19 cells,
a subset of SRSF2 is dephosphorylated after splicing and re-
mains bound to mature mRNAS. In contrast, SRSF2 is more
phosphatase-resistant in HeLa cells and remains hyperphos-
phorylated after splicing. SRSF2 and SRSF5 bind frequently in
close proximity on the same mRNAs in both cell types, but only
in P19 cells, SRSF5 recruits NXF1 to the mRNP, potentially
enabling SRSF2 to shuttle to the cytoplasm as a “passive pas-
senger.” Conversely, impaired recruitment of NXF1 by SRSF5
in HeLa cells may cause both proteins to remain nuclear.

SRSF5 binds to pluripotency-specific
transcripts in polysomal fractions and
affects their nucleocytoplasmic distribution
Enhanced binding of SRSF5 to mature mRNAS and its presence
in polysomal fractions in P19 cells suggest that it may accom-
pany bound mRNAs to ribosomes. To test this, we developed
iCLIP from polysomal fractions (PiCLIP). SRSF3-GFP was
used as a positive control, as it was shown to associate with
polysomes (Kim et al., 2014). Polysome profiles (UV*) were
highly reproducible and indistinguishable from those obtained
with noncross-linked samples (Figs. 2 C, 3 C, and 7 A). PiCLIP
libraries were prepared from pooled monosomal (5 and 6) or
polysomal fractions (7-10; Fig. 7 B). Biological replicates
correlated well and were pooled to calculate significant cross-
link events. Both proteins cross-linked to RNAs in cytoplasmic
fractions, and the small overlap suggests target specificity (Fig.
S5 I). For SRSFS, cross-linking to 5’ UTRs and open reading
frames was strongly reduced compared with total RNA iCLIP
(Miiller-McNicoll et al., 2016), whereas cross-link densities
within 3" UTRs remained similar (Fig. 7 D). This suggests that
SRSFS5 is removed from 5" UTRs/coding regions by scanning/
translating ribosomes but remains bound within 3’ UTRs.

interpreted as a combination of di- and monomethylation on neighboring
residues. Summary of eight (P19) and six (Hela) replicates. (D) Schematic
of serine-to-alanine substitutions in SRSF3 and SRSF5. (E) ColPs of WT and
mutated SRSF3-GFP or SRSF5-GFP with NXF1. (Top) Representative exper-
iment for SRSF5-GFP and SRSF5¢g 93a-GFP. Inp, input. (Bottom) Quantifi-
cation of three independent experiments normalized to baits and inputs.
* P <0.05; **, P <0.001 (Student's ttest). Error bars indicate SEM. (F)
Quantification of 15 heterokaryons per protein variant. *, P < 0.01 (two-
sided Wilcoxon rank-sum fest).
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Figure 5.  SRSF5 shows differences in target binding and association with mature mRNPs. (A) Cross-links (X-links) from replicates of SRSF2-GFP and SRSF5-
GFP were pooled, normalized to similar numbers (see Table S3), and used to determine significant (sign.) binding events (iCLIP tags; FDR <0.05). iCLIP
tags were plotted against normalized read counts of corresponding transcripts obtained from P19 and Hela WT RNA-seq data (n = 2). (B) Overlap of
protein-coding RNA targets (iCLIP tags >3). (C) Cumulative distribution fraction of normalized read counts (see A; n = 2) from unique P19 and Hela targets
derived in B. (D) Comparison of in vivo binding motifs of SRSF5 in P19 (P) and Hela (H) cells. (E) Enrichment of cross-link sites of SRSF2- and SRSF5-GFP
in different transcript regions normalized to input cross-link numbers and feature length. ncRNA, noncoding RNA; ORF, open reading frame. (F) Proportion
of spliced versus total iCLIP reads at 5’ spice sites. *, P < 0.05 (Student's ttest; n = 3).

Known splicing targets of SRSFS, such as its own mRNA
(Srsf5), Mcll, and Cd44, were detected in the PiCLIP data, sug-
gesting that SRSF5 remains associated with mRNPs and may
promote export and translation of its targets. To test this, we
intersected SRSF5 PiCLIP targets with unique iCLIP targets
and export targets (Miiller-McNicoll et al., 2016). Seven genes
were identified in all datasets, including Lin28a and Pou5f1/
Oct4, both encoding pluripotency-specific proteins with roles
in developmental timing and self-renewal (Fig. 7 C). For both
transcripts, SRSF5 cross-links overlapped with NXF1 binding
sites, suggesting that SRSF5 may recruit NXF1 to Lin28a and
Pou5f1/Oct4 for efficient export (Fig. 7 E). Accordingly, the

JCB » VOLUME 216 « NUMBER 7 « 2017

ratios of cytoplasmic to total mRNAs decreased upon SRSF5
depletion and increased upon SRSF5 overexpression (OE),
which was reflected by a slight increase in protein levels (Figs.
7, F—H; and Fig. S5 1J).

SRSF5 shuttles poorly in differentiated cells
Our data indicate that shuttling of SRSF5 might be a specific
trait of pluripotent cells. To confirm this, we performed shuttling
assays with NIH3T3 fibroblasts stably expressing SRSF5-GFP.
Indeed, SRSFS5 shuttling was drastically reduced in this termi-
nally differentiated mouse cell line (Fig. 8 A). In agreement
with its proposed contribution to SRSF5 retention, SRSF2-
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GFP was more abundant and phosphorylated in NIH3T3 cells
(Fig. 8 B). To further substantiate our claim, P19 cells were
differentiated into neuronal cells (Fig. 8 C; Nakayama et al.,
2014), and shuttling assays were performed on day 9 of dif-
ferentiation. Strikingly, shuttling of SRSF5 was significantly
reduced in differentiated cells (Fig. 8 D). Moreover, the phos-
phorylation level of SRSF2 increased by twofold at day 8 in
addition to an increase in its total level (Fig. 8 E). Altogether,
these results strongly suggest that shuttling of SRSFS5 is permit-
ted in pluripotent cells but ceases when cells differentiate. This
stage-specific switch in shuttling of SRSF5 may control export
and retention of pluripotency-specific mRNAs.

Discussion

Although several SR proteins were reported to shuttle poorly
in HeLa cells (Céceres et al., 1998; Lin et al., 2005; Sapra et
al., 2009), we have recently shown that all SR proteins act as
NXF1 adapters in pluripotent P19 cells (Miiller-McNicoll et al.,
2016). To investigate this discrepancy, we developed a quantita-
tive shuttling assay to measure the nucleocytoplasmic shuttling
of seven canonical family members. Key technical advances
were the use of stable clonal cell lines expressing similar and
near-endogenous levels of GFP-tagged proteins (donor) and
a membrane-bound marker protein (recipient). Quantification
of total nuclear fluorescence in a large number of donor and
recipient cells allowed for the first time the determination of
mean shuttling capacities of individual SR proteins. We could
show that all seven SR proteins shuttle in P19 cells; however,
they shuttle to different extents, suggesting a differential partic-
ipation in nuclear export and retention of mRNAs. SR proteins
were sorted into three shuttling groups, which correlated well
with their numbers of export targets, their RNA-binding prefer-
ences (Miiller-McNicoll et al., 2016), their numbers of poten-
tial phosphorylation sites, their extent of NXF1 interaction, and
their presence in cytoplasmic fractions. Altogether, we present
a novel quantitative assay that enables robust quantifications of
nucleocytoplasmic shuttling. Our assay is broadly applicable
to the quantification of differences in the shuttling capacities
of RBPs in different cellular conditions, to study mutants or
knockout cell lines, and to test the effect of inhibitors, which
was not possible thus far.

We discovered that SRSF2 and SRSF5 shuttle in pluri-
potent P19 cells but not in HeLa cells. In agreement with this,
SRSFS5 is exclusively present in cytoplasmic fractions contain-
ing polysomes and in NXF1-containing mRNPs in P19 cells.
Thus, SRSF2 and SRSFS are not strictly nonshuttling SR pro-
teins as suggested from studies using HeLa cells (Caceres et
al., 1998; Sapra et al., 2009). SRSF2 and SRSF5 also shuttle
poorly in MEFs, which are not pluripotent (Lin et al., 2005),

and more importantly, shuttling is also reduced in differentiated
P19 cells. Thus, our data argue for cell state—specific rather than
species-specific differences in shuttling. They further imply
that shuttling of SRSF5 and possibly other RBPs is regulated in
different cell types, presumably to control export, localization,
and translation of specific transcripts. We propose that SRSF5
undergoes a shuttling switch during differentiation. A similar
switch might also occur during cellular stress, oncogenic trans-
formation, or viral infection, which could explain the contradic-
tory observation that SRSF5 promotes the translation of viral
transcripts in infected HeLa cells (Swanson et al., 2010). So
far, SRSF5 has been poorly studied, despite being an emerg-
ing marker for several cancer types (Kim et al., 2016). The cell
type— and state—specific differences in nucleocytoplasmic shut-
tling of SR protein family members observed herein underline
the importance of the cellular context for the function of these
and other multifunctional RBPs.

Our data suggest that shuttling of SRSF2 and SRSF5 is in-
dependent of the primary protein sequence. Instead, differential
PTMs, such as arginine methylation and serine phosphorylation,
may modulate shuttling. In P19 cells, arginine residues flanking
the NXF1 interaction region were more dimethylated and are
shown here to be important for NXF1 interaction and shuttling.
Similarly, THOCS and CHTOP, two other NXF1 export adapt-
ers, require arginine methylation for NXF1 interaction (Chang
et al., 2013). Moreover, methylation of arginine residues within
the NXF1 interaction domain of SRSF1 regulates its cytoplas-
mic abundance (Sinha et al., 2010); however, those residues are
not homologous to the arginines identified in our study. A recent
methylome study in human HEK293 cells identified methylated
Rge and Ry, in SRSFS, but also did not detect methylation on Ry,
(Larsen et al., 2016). Interestingly, Ry, methylation decreased
upon knockdown of the methyltransferase PRMT1 (Larsen et
al., 2016). PRMT1 was also enriched in the SRSF5 proximity
interactomes, confirmed by colP (unpublished data), suggest-
ing that PRMT1 might be responsible for the methylation of
Rg¢ and Ry, in SRSFS5. Arginine methylations also influence the
RNA-binding capacities of RBPs; ALYREF showed reduced
RNA binding, and SFPQ showed enhanced binding to RNA
when arginine residues were methylated (Hung et al., 2010;
Snijders et al., 2015). We noted that RRM2 of SRSF5, which
cross-linked substantially more to RNA in pluripotent P19 cells,
had slightly higher arginine methylation levels.

It was previously shown that nucleocytoplasmic shuttling
of hnRNPA is regulated during stress conditions through phos-
phorylation by p38 kinase, which regulates its availability for
splicing (van der Houven van Oordt et al., 2000). We show here
that phosphorylation of SRSF5 itself was not altered; instead,
phosphorylation of cobound SRSF2 affected the shuttling prop-
erties of the entire SRSF5-containing mRNP. This indicates that
mRNP functionality can also be controlled by modifications on

Figure 7. SRSF5 binds to pluripotency-specific transcripts in polysomal fractions and affects their nucleocytoplasmic distribution. (A) Polysome profile of
P19 cells after UV cross-linking. Indicated fractions were pooled to obtain monosomal (5 and 6; Mono) and polysomal (7-10; Poly) fractions. Inp, input.
(B) Protein-RNA complexes immunopurified from pooled fractions using anti-GFP or nonspecific antibodies (IgG). Boxed areas indicate cut regions. (C)
Overlap of RNA targets identified by PiCLIP, unique targets from total iCLIP, and export targets of SRSF5 (Miller-McNicoll et al., 2016). (D) Comparison
of cross-link densities (FDR <0.05) from PiCLIP (monosomal, polysomal, or pooled) to total iCLIP data (Total) in different transcript regions normalized to
feature length. ORF, open reading frame. (E) Significant cross-link events in Lin28a and Pou5f1/Oct4 from total iCLIP and PiCLIP for SRSF3-GFP (dark red),
SRSF5-GFP (orange), and NXF1-GFP (purple; Miller-McNicoll et al., 2016). (F and G) Ratios of cytoplasmic (cyto) to total Lin28a (F) and Pou5f1/Oct4
(G) transcript abundance after SRSF5 knockdown (KD) or OE quantified by RNA-seq (left; n = 2) and reverse transcription quantitative PCR (qPCR; right;
n = 4). Error bars indicate SD. (H) Western blotting for Lin28a and Pou5f1/Oct4 proteins upon SRSF5 OE. Quantifications of signal relative to control (Ctrl)

are shown below each blot. f-Catenin (CatB) served as a loading control.
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Figure 8. SRSF5 shuttles poorly in differentiated cells. (A, leff) Two representative fusion events of NIH3T3 cells expressing SRSF5-GFP (donor) and Hela
cells expressing CAAX-mCherry (recipient). (Right) Quantification from 15 heterokaryons. (B) Western blotting analysis of total and phosphorylated SRSF2
(SR2; GFP-tagged and endogenous [endo]) using anti-GFP or mAb104 antibodies. GAPDH served as a loading control. (C, left) Western blotting analysis

2004



frequent interaction partners. In agreement with a phosphopro-
teome study performed during differentiation of mouse em-
bryonic stem cells (Rigbolt et al., 2011), we observed that the
phosphorylation level of SRSF2 increases in P19 cells upon
differentiation. So far, little is known about how PTMs im-
pact on RNA binding, the splicing outcome, and shuttling of
SR proteins. Our data support the notion that mRNP dynamics
are posttranslationally regulated to allow rapid changes in the
binding of RNA, protein partners, or coregulators as a means to
integrate signaling pathways when cellular conditions change,
such as during differentiation of pluripotent cells.

SRSF2 harbors an NRS in its RS domain, conferring phos-
phatase resistance (Cazalla et al., 2002). Consequently, SRSF2
remains phosphorylated after splicing, is unable to recruit
NXF1 in HeLa and fibroblast cells, and is sorted away from
shuttling mRNPs (Lin et al., 2005). SRSF5, however, does not
contain an NRS, and its shuttling disability in HeLa cells was
not understood. Our data indicate that SRSF2 is highly enriched
in SRSF5-containing mRNPs and that both proteins share 90%
of their RNA targets and binding sites in exons. In pluripotent
P19 cells, SRSF2 is dephosphorylated during splicing and ap-
pears in NXF1-containing mRNPs. In agreement with shuttling,
SRSF2-GFP accumulates in the cytoplasm when reimport is
blocked by ActD or by knockdown of TRN-SR2 (unpublished
data). However, SRSF2 does not bind NXF1 directly and is ex-
cluded from polysomal fractions, suggesting that it shuttles pas-
sively and is rapidly removed from mRNPs after export. Partial
dephosphorylation of cobound SRSF2 may allow recruitment of
NXF1 to the mRNP via SRSF5, and both proteins may shuttle
together with bound RNA to the cytoplasm, with SRSF2 being
a passive passenger. In HeLa cells, however, SRSF2 is phospha-
tase-resistant and excluded from NXF1-containing mRNPs, in
line with a previous study (Fig. 8 F; Cazalla et al., 2002).

Structural in vitro studies showed that mRNAs bound by
SR proteins are handed over to NXF1 before mRNA export,
suggesting that SR proteins remain a passive part of the shut-
tling mRNP (Hargous et al., 2006; Tintaru et al., 2007). How-
ever, in vivo studies suggest that SR proteins remain bound to
alternatively spliced transcripts, recruit NXF1, and accompany
the transcripts to the cytoplasm to regulate their translation
(Maslon et al., 2014; Miiller-McNicoll et al., 2016). To address
this, we developed iCLIP from polysomal fractions (PiCLIP),
which enabled for the first time the identification of transcripts
bound by SRSF3 and SRSF5 in cytoplasmic polysomal frac-
tions and confirmed that some mRNAs undergoing translation
are directly bound to SR proteins. Preferential detection in 3’
UTRs indicates that SR proteins are removed from coding re-
gions by translating ribosomes, but they persistin 3' UTRs. The
low proportion of SR proteins cosedimenting with ribosomes
suggest that the vast majority are rapidly rephosphorylated after
export and dissociate from the mRNP; however, a subset of
shuttling SR proteins, including SRSF5, escape mRNP remod-
eling and deliver their mRNA cargo to the ribosome, possibly to
regulate its expression.

Our iCLIP data indicate that both RRMs of SRSF5 par-
ticipate in RNA binding. Their differential contribution sug-
gests that RRM2 accessibility might be regulated in different
cell types, which would help to coordinate the binding of cell
type—specific RNA targets. Occupation of RRM2 with RNA
may also protect SRSF5 from rephosphorylation by SRPK1 in
the cytoplasm and prevent its removal from the mRNP because
the binding sites of SRPK1 and RNA on RRM?2 are overlapping
(Tintaru et al., 2007).

In conclusion, SRSFS5 affects the nuclear export of pluripo-
tency-specific transcripts, shuttles to the cytoplasm, and remains
bound to spliced mRNA targets in polysomal fractions, suggest-
ing that SRSF5 performs specific functions in pluripotent P19
cells. In differentiated P19 cells, HeLa cells, and NIH3T3 cells,
SRSFS5 shuttling does not occur, possibly because RNA targets
are not expressed or are retained in the nucleus. PTMs such as
arginine methylation and serine phosphorylation may control a
switch between shuttling and nuclear retention of SRSF5, which
allows the same protein to perform different functions in chang-
ing cellular conditions, e.g., promoting the retention of plurip-
otency-specific mRNAs at the onset of differentiation, which
might help to fine-tune the regulation of gene expression and cell
fate. Regulated shuttling could control the nuclear availability
of splicing factors and their cytoplasmic activities by rapidly re-
sponding to changing cellular conditions. Exploration of nuclear
retention and shuttling as means to control gene expression is still
at the beginning, and the assays and methods developed in this
study will undoubtedly be useful to this emerging field.

Materials and methods

Generation of stable BAC cell lines

BACs harboring the SR proteins NXF1 and PRPF8 from mouse or
human origin were GFP-tagged by BAC recombineering as described
previously (Poser et al., 2008). Mouse SRSF3 and SRSF5 BACs were
further mutated by BAC recombineering according to Wang et al. (2014)
to introduce point mutations. BAC DNA was isolated from Escherichia
coli DH10 cells using a BAC prep kit (MACHEREY-NAGEL). P19 and
HeLa cells were grown in DMEM Glutamax medium (Gibco) supple-
mented with 10% heat-inactivated FBS (Gibco), 100 U/ml penicillin,
and 100 pg/ml streptomycin (PenStrep; Gibco) on cell culture dishes
coated with 0.1% gelatin (Sigma-Aldrich) under humidified 5% CO, at
37°C. P19 and HeLa WT cells were transfected with 1 ug BAC DNA
using Effectene (QIAGEN), and stable clonal cell lines were obtained
after selection with 500 pg/ml geneticin (Gibco) and FACS sorting. The
CAAX-mCherry plasmid (TH0477) was stably integrated into HeLa
WT cells and selected with 0.5 pg/ml puromycin (Sigma-Aldrich).

Quantitative shuttling assay

Approximately 4 x 10° cells (each P19 and HeLa CAAX-mCherry or
reverse) were seeded together on coverslips and cocultured overnight
in DMEM. Cells were incubated with 50 ng/ml CHX (Sigma-Aldrich)
or 0.5 ug/ml puromycin (Puro; Gibco) for 2 h followed by 100 pg/ml

of pluripotent (Pluri) and differentiated (Diff) P19 cells using antibodies specific for Oct4 and the neuronal differentiation markers synapsin and nestin.
(Right) Neurite outgrowth in differentiated P19 cells. (D, left) Two representative fusion events of P19 cells expressing SRSF5-GFP at day 9 of differentiation.
(Right) Quantification of 15 heterokaryons. **, P < 0.001 (two-sided Wilcoxon rank-sum test). Bars, 10 pm. (E) Time course of P19 cells differentiating into
neuronal cells (day O to day 8; n = 2). (F) Model of cell state-specific shuttling capacities of SRSF5 (SR5). In pluripotent cells, SRSF5 stably recruits NXF1
to the mRNPs because of higher methylation levels of arginine residues important for NXF1 interaction and also because of partial dephosphorylation of
SRSF2, which binds in proximity to SRSF5 on many mRNAs. In differentiated cells, either SRSF5 binds more noncoding RNAs or bound mRNAs are not
efficiently exported to the cytoplasm because of lower methylation levels of SRSF5 and because of phosphatase resistance of SRSF2.

Differentiation state modulates SR protein function * Botti et al.
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CHX or 1 pg/ml Puro for 30 min to block protein synthesis. Cell fusion
was achieved by incubation with 50% PEG1500 (Roche) for 2 min.
Fused cells were further grown in the presence of 100 pug/ml CHX or
1 pg/ml Puro for 3 h. Cells were fixed with 4% PFA and either stained
with 6 pg/ml Hoechst 33258 (Sigma-Aldrich) and mounted with
DABCO (Sigma-Aldrich) or stained with 0.25 pg/ml Hoechst 34580
(Sigma-Aldrich) and mounted with Prolong Diamond Antifade Moun-
tant (Thermo Fisher Scientific). As an alternative test for shuttling, P19
cells stably expressing SRSF2-GFP and SRSF5-GFP were treated with
5 pg/ml actinomycin D (ActD), to inhibit transcription by RNA Pol I,
and 20 pg/ml CHX, to block de novo protein synthesis, for 3 h. Cells
were fixed and stained with Hoechst before imaging.

Microscope image acquisition

Images were acquired as 0.3 um z stacks using a DeltaVision micro-
scope (Applied Precision Ltd.) or a confocal laser-scanning microscope
(LSM780; ZEISS) with a Plan-Apochromat 63x 1.4 NA oil differen-
tial interference contrast objective equipped with two photomultiplier
tubes and a gallium arsenite phosphate (GaAsP-PMT) detector system.
SoftWoRx software (GE Healthcare) was used for acquisition and
deconvolution (Applied Precision Ltd.) of images acquired with the
DeltaVision microscope, and ZEN 2012 (black edition; 8.0.5.273; ZEI
SS) was used for acquisition of images with the LSM780 microscope.
Deconvolved images were processed and analyzed with FIJI (ImageJ;
National Institutes of Health).

Quantification of shuttling capacities

To quantify GFP signals in heterokaryons, z stacks spanning both nu-
clei of a heterokaryon from top to bottom were projected, and pixel
values were summed. Nuclei of fused cells plus one nucleus of an un-
fused HeLa cell in the same image were encircled, and the sum of the
GFP values of all pixels of one nucleus was measured as fluorescence
intensity per nucleus. Fluorescence intensities of unfused cell nuclei
divided by their area served as a value for background fluorescence,
which was subtracted from the fluorescence intensities of nuclei of the
respective heterokaryon. Obtained total GFP intensities of both nuclei
within a heterokaryon were used to calculate the fluorescence fractions
attributable to donor and recipient nuclei.

Polysome profiling

Approximately 2 x 107 P19 cells were treated with 100 pg/ml CHX
for 10 min to stabilize translating ribosomes and subsequently were
harvested by trypsination (Gibco). Cell extracts were fractionated over
linear 15-45% sucrose density gradients (prepared in 10 mM Hepes,
pH 7.2, 150 mM KCH;CO,, and 5 mM MgCl,) by centrifugation at
270,000 g for 120 min. Fractions (1 ml each) were collected from the
top to the bottom of the gradient and analyzed for absorption at 260 nm
and on RNA gels. For RNA analysis, 300 pl of each fraction was ex-
tracted with TRIzol (Thermo Fisher Scientific) and separated on 1.5%
agarose gels. For protein analysis, 20 ul of each fraction were mixed
with 5x Laemmli buffer, separated on a 4-12% NuPAGE gradient gel
(Thermo Fisher Scientific), and analyzed by Western blotting.

ColP and Western blotting

Approximately 5 x 107 cells were lysed in NET-2 buffer supplemented
with 1x complete protease inhibitor cocktail (Roche) and 10 mM
B-glycerophosphate (Fluka BioChemica) and sonicated for 30 s at a
20% amplitude (Branson W-450 D; Thermo Fisher Scientific). Cleared
cell lysates were exposed to 100 pg/ml RNase A or left without and then
were incubated for 20 min at 23°C. 0.2% of lysate served as input. 10 ug
of goat IgG (Sigma-Aldrich) or goat a-GFP (provided by D. Drechsel,
Max Planck Institute of Molecular Cell Biology and Genetics, Dresden,
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Germany) was preincubated with Gamma Bind sepharose beads (GE
Healthcare) for 1 h at 4°C and then was mixed with equal amounts
of untreated or RNase A—treated lysates for 1.5 h at 4°C. Beads were
washed, and cobound proteins were eluted with 2x Laemmli buffer. For
Western blotting, proteins were resolved on 4-12% NuPAGE gradient
gels (Thermo Fisher Scientific), blotted on nylon membranes (EMD
Millipore), and probed with the following antibodies: goat a-GFP, goat
a-NXF1 (Santa Cruz Biotechnology, Inc.), rabbit -PABPN1 (Abcam),
mouse a-SRPK1 (BD), mouse a-RP6 (BD), mouse a-GAPDH (Santa
Cruz Biotechnology, Inc.), mouse mAb104 (CRL_2067; ATCC), rabbit
a-Lin28a (Cell Signaling Technology), rabbit a-SRSF5 (EMD Milli-
pore), rabbit a-Beta catenin (Abcam), rabbit a-Oct4 (Abcam), mouse
a-nestin (Santa Cruz Biotechnology, Inc.), rabbit a-synapsin (Cell
Signaling Technology), and mouse a-TNPO3 (Abcam). Quantification
was done using FIJI, and values were normalized to the controls.

Oligo(dT) capture and phosphorylation status of SR proteins

To analyze the phosphorylation status of SR proteins bound to poly-
adenylated mRNAs, ~2 x 107 cells grown at 90% confluency were irra-
diated twice with 0.25 J/cm? UV light at 254 nm on ice. Cells were har-
vested and lysed, and DNA was sheared by passing the lysate 20 times
through a 20 G needle. 0.2% of lysate served as input. Poly(A)* mRNAs
and cross-linked proteins were captured on oligo(dT),; magnetic beads
(three rounds of 1 h at 4°C; S1550S; New England Biolabs, Inc.). After
each round, oligo(dT),s beads were washed with wash buffers I-III that
contained decreasing concentrations of LiCl and LiDS according to the
manufacturer’s instructions (New England Biolabs, Inc.). Cross-linked
proteins were eluted in 150 pl elution buffer at 55°C for 5 min and pre-
cipitated overnight in 10% TCA. Pellets were washed with ice-cold ac-
etone and resuspended in 2x Laemmli buffer. Proteins were separated
on 6% acrylamide gels (29:1; Bio-Rad Laboratories) containing 40 uM
Phos-tag (Wako Pure Chemical Industries). Gels were treated accord-
ing to the manufacturer’s instructions before transfer to a nitrocellulose
membrane, and phosphorylated SR proteins were subsequently ana-
lyzed by Western blotting using goat anti-GFP antibodies.

iCLIP and RNA-seq library preparation

HeLa BAC cells were irradiated once with 150 mJ/cm? UV light (254
nm), and iCLIP was performed as described previously (Anko et al.,
2012; Miiller-McNicoll et al., 2016). Protein G DynaBeads (Thermo
Fisher Scientific) coupled with goat anti-GFP antibody (provided by
D. Drechsel) were used for IP. Cross-linked immunopurified RNA was
digested to lengths of 60—150 nucleotides, reverse transcribed to gen-
erate cDNA libraries, and subjected to high-throughput sequencing on
a HiSeq2000 machine (single-end 75 nucleotide reads; Illumina). Use
of the same antibody, identical conditions, and parallel library prepara-
tion permitted a direct comparison among the P19 and HeLa datasets.
Total RNA was isolated from HeLa and P19 WT (two replicates) and
sequenced after rRNA depletion (RiboMinus) on a HiSeq2000 machine
(single-end 75 nucleotide reads).

Andlysis of iCLIP and RNA-seq data

Adapters and barcodes were removed from all iCLIP reads before
mapping to the mouse mm9 genome assembly (Ensembl59 annotation)
using Bowtie software (version 0.10.1). To determine statistically sig-
nificant cross-link sites, uniquely mapping reads were used, and cross-
links were extracted and randomized within cotranscribed regions.
Significant binding events (iCLIP tags; false discovery rate [FDR]
<0.05) were calculated using normalized numbers of input cross-link
sites as previously described (Yeo et al., 2009; Konig et al., 2010; Wang
et al., 2010). To obtain comparable numbers of significant binding sites
for SRSF2 and SRSFS5, replicates that correlated well were pooled.

920z Ateniged 80 uo 3senb Aq 4pd 150019102 Al/¥91 865 L/£66 1/L/91Z/pd-8jonie/qol/Bio sseidnu//:dny woy pepeojumoq



For exon cobinding, all exons were compiled, and the number
of significant binding sites for each SR protein was counted in these
features. Exons without iCLIP reads were removed, the percent-
age of cobound exons compared with all bound exons was calcu-
lated for each SR protein, and hierarchical clustering using distance
correlation was performed.

For motif searching, a z score analysis for enriched k-mers was
performed as described previously (Wang et al., 2010). Sequences sur-
rounding significant cross-links were extended in both directions by
30 nucleotides to exclude the conserved AG nucleotides at 3’ splice
sites (windows: —30 to —5 nt and 5-30 nt relative to the 3’ splice site).
Uniquely occurring k-mers within the evaluated interval were counted
and weighted by 1.0. A reference dataset was generated by 100x ran-
domly shuffling significant cross-links within the same genes, and a
z score was calculated relative to the randomized genomic positions.
The top 15 k-mers were used to determine the in vivo binding con-
sensus motif. Enriched octamers were analyzed, and 10 nt around the
binding sites were excluded from the analysis to avoid any bias caused
by differences in the cross-linking efficiency of different nucleotides.

To quantify the ratio of spliced and unspliced RNAs bound to
SRSF2 and SRSF5 from P19 and HeLa cells, iCLIP reads from three
or four replicates were trimmed and mapped to the mm10 or hg38 ge-
nome assembly using Spliced Alignment to a Reference (STAR) soft-
ware (Dobin et al., 2013). Annotated 5’ splice sites (mm10 or hg38)
were compiled and intersected with mapped iCLIP reads (window =+
50 nt). Only reads that had at least 3 nt overhang across exon borders
were considered. All iCLIP reads that mapped to the 5’ splice site and
continued from one exon into the neighboring intron were counted as
unspliced, and reads that spanned two neighboring exons were counted
as spliced. 5’ splice sites were chosen because SR proteins bind close
to 5’ splice sites, and the iCLIP reads started at the cross-link sites
owing to the library prep.

RNA-seq reads were trimmed and mapped to the mm10 and
hg38 genome assemblies, respectively, using STAR (Dobin et al.,
2013), counted using htSeq, and normalized to library depth using
DESeq2 (Love et al., 2014).

Sample preparation and MS

HeLa and P19 cells expressing SRSF5-GFP were irradiated twice with
250 mJ/cm? UV light (254 nm) on ice. Cells without UV irradiation
were used as UV~ controls. Cell lysates were treated with DNase I
(Ambion), sonicated mildly, and incubated with RNase I (Ambion) for
exactly 5 min at 37°C to partially digest the RNA, identical to iCLIP
conditions (Huppertz et al., 2014). Resulting RNA fragments were on
average 100 nt long. Absence of PABPN1 and PABPC binding was
used to control for the limited RNA digestion. SRSF5-GFP protein was
immunopurified using anti-GFP antibodies on magnetic beads under
high-salt conditions (1 M NaCl). Subsequently, beads were washed
(50 mM ammonium bicarbonate), and proteins binding to SRSF5 via
cross-linked RNA were eluted by digestion with 30 ng/ul RNase T1
and 0.2 ng/ul RNase A on beads for 30 min at 52°C. Eluted proteins
and proteins remaining on the beads were digested with 500 ng trypsin/
LysC (Promega) in 50 mM ammonium bicarbonate. To capture longer
peptides from the RS region of SRSF5-GFP, aliquots of 10 pl diges-
tion mixture were taken after 5, 10, and 30 min and were stopped with
formic acid (FA) at 1% final concentration. Partial digestion aliquots
were combined with the completely digested samples and analyzed ei-
ther by direct injection to liquid chromatography (LC)/tandem MS or
after purification on stage tips (Rappsilber et al., 2007). Phosphorylated
and cross-linked peptides were additionally enriched using TiO, beads
(GL Science Japan; Larsen et al., 2005) with modification according
to Richter et al. (2009).

LC/MS was performed on a QExactive Plus equipped with an ul-
tra-high performance LC unit (Dionex Ultimate 3000) and a Nanospray
Flex Ton-Source (Thermo Fisher Scientific). Peptides were loaded on
a C18 reverse-phase precolumn (Thermo Fisher Scientific) followed
by separation on an in-house packed picotip emitter (2.4 um Reprosil
C18 resin; Dr. Maisch GmbH; diameter 100 pm and 15 cm long; New
Objectives) using a gradient from mobile phase A (4% acetonitrile and
0.1% FA) to 30% mobile phase B (80% acetonitrile and 0.1% FA) for
20 min followed by a second gradient until 60% B for 10 min with a
flow rate of 400 nl/min and washout with 99% B for 5 min. MS data
were recorded by a data-dependent acquisition Top10 method selecting
the most abundant precursor ions in positive mode for higher-energy
collisional dissociation fragmentation. The full MS scan range was
300-2,000 m/z with resolution of 70,000 and an automatic gain control
value of 3 x 10° total ion counts with a maximal ion injection time of
160 ms. Only higher charged ions (>2) were selected for tandem MS
scans with a resolution of 17,500, an isolation window of 2 m/z, and an
automatic gain control value set to 10° ions with a maximal ion injec-
tion time of 150 ms. The first mass was fixed to 110 m/z. Selected ions
were excluded in a time frame of 30 s after the fragmentation event.
Data were acquired in profile mode.

MS data analysis

Data were analyzed using MaxQuant (v1.5.3.30; Cox and Mann,
2008). Proteins were identified using the reference proteome database
UniProtKB for mice (released in June 2015; 76,086 entries) and hu-
mans (released in June 2015; 68,508 entries) supplemented with the
sequence of the SRSF5-GFP isoforms. The enzyme specificity was set
to trypsin, missed cleavages were limited to two, and the minimum
peptide length was seven amino acids. Acetylation (+42.01) at the
N terminus and oxidation of methionine (+15.99) were selected as vari-
able modifications, and carbamidomethylation (+57.02) was selected
as fixed modification on cysteines. The FDR for the identification pro-
tein and peptides was 1%.

LFQ was recorded with at least one peptide. Identifications from
the reverse decoy database were done by site, and known contaminants
were excluded. Data were further analyzed by Perseus 1.5.2.6 (Cox and
Mann, 2012). Proteins were quality filtered according to a minimum of
six valid values in one group (P19; n = 7) or three valid values in one
group (HeLa; n = 4). All missing values from this reduced matrix were
replaced by background values from normal distribution. For statistical
comparison, permutation-based FDR and Student’s ¢ test were used.
Proteins were considered if they were significantly enriched in UV-
treated samples (FDR >0.05).

PTMs were identified by PEAKS 7.0 proteomics software (Bio-
Informatics Solutions Inc.). Quantifications were performed by spectral
counting for site-specific quantifications or by LFQ quantification of
the single fractions to compare the UV* and UV~ fractions from both
species. Parent ion mass accuracy was set to 10 ppm, and the frag-
ment ion mass accuracy was set to 0.02 D. Up to four missed cleavages
and a maximum of two PTMs per peptide were allowed. Monooxi-
dation (+15.99) at CMFPYWH, dioxidations (+31.97) at CMFPYW,
phosphorylation (+79.97) at STY, mono- (+14.02), di- (+28.03), and
tri-methylation (+42.05) at KR, and acetylation (+42.01) at TSCYH
were included in the search.

All cross-linked fractions were screened for peptide:RNA cross-
link spectra essentially as described by Richter et al. (2009). Spectra
that showed marker ions of RNA-specific fractions (nucleobases: A: =
136, G: = 152, C: = 112, and U: = 113) were further investigated for
a good peptide sequence coverage, and if present, de novo sequencing
of the peptide fragments was performed. Extracted ion chromatograms
were used to quantify best peptide-RNA cross-link features. Quantified
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peaks were matched manually by retention times, m/z, and calculated
ratios of peak areas for P19/HeLa cells.

Knockdowns and RNA isolation

To produce customized endoribonuclease-prepared siRNAs (esiRNAs),
two suitable regions of ~400 bp were chosen for mouse NxfI and Srsf5
using the DEQOR?2 suite (Surendranath et al., 2013). Forward and re-
verse primers were designed, each containing the T7-promoter sequence
at the 5" end. Amplified esiRNA target regions were in vitro transcribed
(Megascript T7 kit; Ambion) to produce double-stranded RNA, which
was subsequently digested to small fragments of 18-25-bp length by
RNase III (provided by D. Drechsel) and purified. For knockdowns,
5 x 10* P19 cells were seeded in six-well plates and then grown until
25% confluency, and 2 ug esiRNA were transfected per well using Li-
pofectamine 2000 (Thermo Fisher Scientific). An esiRNA against GFP
was used as a control. To reduce secondary effects of protein knock-
down, esiRNA transfections were kept short (24 h for NXF1 and 36 h
for SRSFS). Cells were harvested, and RNA was isolated using TRIzol
(Thermo Fisher Scientific).

Online supplemental material

Fig. S1 shows the development of a quantitative shuttling assay for SR
proteins in pluripotent P19 cells. Fig. S2 shows shuttling correlations
and controls. Fig. S3 shows how methylation of arginine residues within
the NXF1 interaction region affects SRSFS shuttling. Fig. S4 shows our
experiments with RNA cross-links and iCLIP to compare RNA bind-
ing specificities of SRSF5 in P19 and HeLa cells. Fig. S5 shows how
SRSF2 and SRSFS5 bind in close proximity on the same RNA. Table
S1 shows how pairwise comparisons of shuttling capacities reveal dis-
tinct shuttling groups. Table S2 shows replicate correlations of iCLIP
experiments. Table S3 shows iCLIP mapping statistics. Table S4 shows
interactors binding in close proximity to SRSF5-GFP in P19 cells
(RNase-sensitive). Table S5 shows interactors binding in close prox-
imity to SRSF5-GFP in P19 cells (partially RNase-resistant). Table S6
shows interactors binding in close proximity to SRSF5-GFP in HeLa
cells (RNase-sensitive). Table S7 shows interactors binding in close
proximity to SRSF5-GFP in HelLa cells (partially RNase-resistant).
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