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Direct interaction between hnRNP-M and CDC5L/
PLRG1 proteins affects alternative splice site choice
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Heterogeneous nuclear ribonucleoprotein-M (hnRNP-M) is an
abundant nuclear protein that binds to pre-mRNA and is a
component of the spliceosome complex. A direct interaction was
detected in vivo between hnRNP-M and the human spliceosome
proteins cell division cycle 5-like (CDC5L) and pleiotropic
regulator 1 (PLRG1) that was inhibited during the heat-shock
stress response. A central region in hnRNP-M is required for
interaction with CDC5L/PLRG1. hnRNP-M affects both 5’ and 3
alternative splice site choices, and an hnRNP-M mutant lacking
the CDC5L/PLRGT1 interaction domain is unable to modulate
alternative splicing of an adeno-E1A mini-gene substrate.
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INTRODUCTION
The spliceosome comprises small nuclear ribonucleoprotein
(snRNP) subunits, and additional protein splicing factors (Wahl
et al, 2009), including the conserved cell division cycle 5-like
(CDC5L) complex (called the nineteen complex NTC in yeast),
which is essential for spliceosome assembly and catalysis. The
human CDC5L and human pleiotropic regulator 1 (PLRG1)
proteins are ‘core’ components of this complex and are directly
associated with and required for the first catalytic step of
pre-mRNA splicing (Ajuh et al, 2000; Makarova et al, 2004).
Pre-mRNAs associate co-transcriptionally with —heterogeneous
nuclear ribonucleoproteins  (hnRNPs;  Dreyfuss et al, 1993).
Many hnRNP proteins modulate alternative splicing of pre-mRNAs
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and affect the fate of heterogeneous nuclear RNAs by influencing their
structure and/or by facilitating or hindering the interaction of their
sequences with other pre-mRNA processing factors (Martinez-
Contreras et al, 2007). hnRNP-M is an abundant component of
human hnRNP complexes that can influence pre-mRNA splicing by
regulating its own pre-mRNA splicing (Hase et al, 2006) or by affecting
the regulation of alternative splicing of fibroblast growth factor receptor
2 (Hovhannisyan & Carstens, 2007). An antibody against hnRNP-M
inhibited splicing in vitro, and heat-shock-induced inhibition of
splicing was associated with a loss of hnRNP-M from spliceosomal
complexes (Gattoni et al, 1996). Proteomic analyses of in vitro purified
spliceosomes detected hnRNP-M in the pre-spliceosomal H-complex
and throughout the spliceosome assembly (Rappsilber et al, 2002;
Wahl et al, 2009). The interactions of hnRNP-M with other
components of the spliceosome machinery remains unclear.

In this study, we combine a large-scale proteomic analysis with
biochemical approaches and live-cell imaging, including Forster
resonance energy transfer—fluorescence lifetime imaging micro-
scopy (FLIM-FRET) and fluorescence recovery after photobleaching
(FRAP), to analyse interactions between hnRNP-M and the pre-mRNA
splicing machinery. We show that hnRNP-M interacts directly
in vivo with CDC5L and PLRG1, and that hnRNP-M can modulate
both 5" and 3’ alternative splicing choices.

RESULTS AND DISCUSSION

A comparative proteomic analysis of CDC5L and SKIP-containing
complexes isolated from Hela nuclear extracts was performed by
immuno-affinity purification (IP) using CDC5L and SKIP anti-
bodies, respectively (supplementary Fig STA-E and supplementary
Tables S2-S5 online). Mass spectrometric analysis showed that
both complexes contained previously characterized CDC5L and
SKIP interaction partners (Makarov et al, 2002) and additional
proteins involved in RNA processing (supplementary Table STA
online), especially members of the hnRNP family. The hnRNP-M
protein was abundant in both cases with 37 hnRNP-M peptides
detected, that is, 47.1% of the final sequence coverage
(supplementary Fig STF-H online).

hnRNP-M-CDC5L complex interactions
Antibodies directed against either CDC5L or PLRG1 proteins were
used to immunoprecipitate proteins from whole-cell extracts. The
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Fig 1/ hnRNP-M interacts with components of the CDC5L complex. (A) Co-
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IP from total HeLa cell extracts using either anti-PLRGI1 (lane 2) or

anti-CDC5L (lane 3) and probed with anti-hnRNP-M (D2IF7). Co-IP with anti-hnRNP-M and blotted with anti-CDC5L (lane 6). Co-IP with anti-
hnRNP-M and blotted with anti-PLRG1 (lane 9). (B) Co-immunofluorescence labelling was performed using anti-hnRNP-M with either anti-CDC5L
(upper row) or anti-PLRG1 (lower row). Nuclei were stained with DAPI. Scale bar, 10 um. (C) Mobility of hnRNP-M-GFP in control cells (scrambled
short interfering RNA; black squares) and CDC5L-knockdown HeLa cells (CDC5L short interfering RNA; white squares) was monitored by FRAP. The
relative fluorescence recovery kinetics are represented. Each data point shows the average +s.d. of more than 10 cells. (D) Heat shock. Co-IP using
anti-hnRNP-M either at 37 °C (left panel) or on heat shock for 1h at 42 °C (right panel) and probed with anti-CDC5L. hnRNP-M is associated with
CDC5L under physiological conditions (lane 3) but not after heat shock (lane 7). (E) Mobility of hnRNP-M-GFP at 37 °C (black squares) or on heat
shock (white squares) was investigated by FRAP. The fluorescence recovery kinetics are shown. Each data point shows the average * s.d. of more
than 10 cells. CDC5L, cell division cycle 5-like; DAPI, 4',6-diamidino-2-phenylindole; FRAP, fluorescence recovery after photobleaching; GFP, green
fluorescent protein; hnRNP, heterogeneous nuclear ribonucleoprotein; IP, immuno-affinity purification; PLRG1, pleiotropic regulator 1.

isolated proteins were analysed by western blotting using an
hnRNP-M antibody (Fig 1A). These results show specific co-IP
of hnRNP-M, using both antibodies (Fig 1A, lanes 2 and 3).
Reciprocal co-IP, using an hnRNP-M antibody, followed by
detection with either CDC5L (Fig 1A, lane 6) or PLRG1 antibody
(Fig 1A, lane 9) confirmed specific association of hnRNP-M
with the CDC5L-PLRGT complex. The IP protocols included
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treatment of extracts with both RNase-A and DNase-l, suggesting
that association of hnRNP-M with these complexes might be specific.
We infer that a subset of the pool of hnRNP-M proteins might be in
complex with CDC5L-PLRG1 because less than 10% of the protein
is recovered in the IP, relative to the input (Fig 1A, lanes 1-3).

In vivo distribution of hnRNP-M was compared with both
CDC5L and PLRGT proteins by immunostaining experiments
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(Fig 1B, top and bottom rows, respectively). Both CDC5L and
PLRG1 antibodies showed a speckled nuclear staining pattern as
described previously (Ajuh et al, 2001). The hnRNP-M antibody
instead showed a diffuse localization throughout the nucleoplasm,
as seen previously (Carmo-Fonseca et al, 1991). Partial colocal-
ization between hnRNP-M and both CDC5L and PLRG1 is
observed in the diffuse area of the nucleoplasm, with little or no
colocalization in the splicing speckles (Fig 1B, ‘Merge’ arrow-
heads). The nuclear localization of hnRNP-M was compared with
protein markers for various nuclear compartments (e.g. SC-35, Sm
proteins and coilin; supplementary Fig S2A online) indicating that
its association with CDC5L-PLRG1 is likely to occur within the
diffuse nuclear compartment.

The diffuse nuclear compartment contains nascent transcripts
that can be detected by transmission electron microscopy as
perichromatin fibrils (Biggiogera & Fakan, 2008). Subnuclear
distribution of both hnRNP-M and CDC5L proteins was analysed
by immunoelectron microscopy by using CDC5L and hnRNP-M
antibodies in thin sections of Hela cell nuclei (supplementary
Fig S2B online).

Immunolabelling of CDC5L was observed on the peri-
chromatin fibrils, stained using the regressive EDTA technique
(supplementary Fig S2B online, i, arrowheads), and also at the
periphery of the interchromatin granule clusters (supplementary
Fig S2B online, i, asterisk). Double labelling performed using
hnRNP-M and CDC5L antibodies (black and white arrowheads,
respectively) showed both proteins localized in tight proximity
to a single RNA fibril, stained with either terbium citrate
(supplementary Fig S2B online, ii) or by using the regressive
EDTA technique (supplementary Fig S2B online, iii, iv). These
data show the colocalization of hnRNP-M and CDC5L proteins
on individual RNA fibrils. The mobility of green fluorescent
protein (GFP)-tagged hnRNP-M wild type in control cells
(scrambled short interfering RNA) and CDC5L-knockdown Hela
cells (CDC5L short interfering RNA) was monitored by FRAP.
CDC5L knockdown caused an increase in the mobility of
hnRNP-M (Fig 1C), suggesting it is regulated by interaction with
the CDC5L protein.

The combination of fluorescence and electron microscopic
data support the proteomic and co-IP data, indicating that a subset
of hnRNP-M associates in vivo with complexes containing the
CDC5L-PLRG1 proteins.

Heat shock disrupts hnRNP-M interactions

We tested whether hnRNP-M association with CDC5L and PLRG1
would be disrupted after heat shock, which inhibits transcription
of most pre-mRNAs and blocks splicing (Bond, 1988; Biamonti,
2004). IPs were performed from both control (i.e. 37 °C) and heat-
shocked (1h at 42°C) Hela cell extracts using an hnRNP-M
antibody. Isolated proteins were analysed with CDC5L antibody
(Fig 1D). The CDCS5L protein was specifically detected together
with hnRNP-M at 37 °C, but not at 42 °C (Fig 1D, lanes 3 and 7).
The levels of hnRNP-M show little or no change on heat
shock (supplementary Fig S2C online). Loss of binding between
hnRNP-M and the CDC5L complex after heat shock stress was
addressed by FRAP experiments, showing increased mobility of
hnRNP-M-EGFP after heat shock (Fig TE). This suggests that the
association of hnRNP-M with CDC5L is dependent on nascent
pre-mRNA production.
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In vivo hnRNP-M-CDC5L-PLRGT1 interactions

We investigated if hnRNP-M and CDC5L-PLRG1 proteins interact
directly in vivo, by using FLIM-FRET. hnRNP-M-ECFP (enhanced
cyan fluorescent protein) was transiently coexpressed in Hela
cells together with either enhanced yellow fluorescent protein
(EYFP)-CDC5L or EYFP-PLRG1 proteins (Fig 2). As a positive
control, FLIM-FRET assays were performed on Hela cells
coexpressing ECFP-PLRG1 and EYFP-CDC5L, which interact
directly (supplementary Fig S3 online).

In contrast with cells expressing hnRNP-M-ECFP alone (Fig 2A),
coexpression of either EYFP-CDC5L (Fig 2B) or EYFP-PLRGT1 (Fig 20)
decreased the mean fluorescence lifetime of the donor ECFP,
indicating a FRET interaction (Fig 2D).

As the FLIM-FRET assay measures the FRET efficiency for
each pixel, inspection of the FRET efficiency distribution
throughout the nucleus shows that the highest FRET values are
predominantly in the diffuse nuclear domain with lower values in
the speckles (Fig 2B,C, arrows indicate lower FRET). Further
analysis of the fraction of the hnRNP-M-ECFP molecules showing
a FRET interaction (Fig 2B,C, ‘FRET population %’ panels)
indicated that less than 30% of the total hnRNP-M protein pool
was involved in this interaction.

As the CDC5L subcomplex is implicated in the activation of the
second catalytic step of pre-mRNA splicing (Bessonov et al, 2008),
the direct interactions between hnRNP-M and the CDC5L sub-
complex detected by FLIM-FRET might correspond either to active
sites of pre-mRNA splicing or to functional complexes that will be
involved in splicing (House & Lynch, 2008). In combination with
the electron microscopic and heat-shock data, this suggests that
the interactions between hnRNP-M and both CDC5L and PLRG1
are either co-transcriptional or require nascent transcription.

Identification of interaction domain

The interaction between hnRNP-M and CDC5L/PLRG1 proteins
was confirmed in vitro using a binding assay with in vitro
translated hnRNP-M and Escherichia coli-expressed glutathione-S-
transferase (GST)-CDC5L and GST-PLRG1 (supplementary Fig S4B,C
online). No direct interaction was observed between GST-SPF30
and in vitro translated hnRNP-M (supplementary Fig S4B,C online,
lane 2), consistent with previous data (Ajuh et al, 2001).

To map the region of hnRNP-M that binds directly to CDC5L
and PLRGT1 proteins, deletion mutants of hnRNP-M were made
(supplementary Fig S4A online) and the size and level of
expression were evaluated for each mutant (supplementary
Fig S5A online). Full-length hnRNP-M and mutants 2 and 3 were
pulled down by both GST-CDC5L (supplementary Fig S4B
online, lanes 3, 5 and 6) and GST-PLRGT1 (supplementary
Fig S4C online, lanes 4, 6 and 7), respectively. By contrast, little
or none of mutants 1, 4, 5 and 6 were pulled down with either
GST-CDC5L (supplementary Fig S4B online, lanes 4 and 7;
supplementary Fig S4D online, lanes 2 and 3) or with GST-PLRG1
(supplementary Fig S4C online, lanes 5 and 8; supplementary Fig
S4D online, lanes 7 and 8). IP of cell extracts expressing YFP-
mutant 1 and mutant 3 using an antibody against CDC5L showed
that mutant 3, but not mutant 1, could be co-immunoprecipitated
(supplementary Fig S5B online, lanes 6 and 7). Together, these
results indicate that the central region of hnRNP-M, spanning
amino acids 248-344, is required for binding to both CDC5L
and PLRGT.
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Fig 2| hnRNP-M interacts directly with CDC5L and PLRG1 in vivo. HeLa
cells were transfected with hnRNP-M-ECFP (A) alone or in combination with
either (B) EYFP-CDC5L or (C) EYFP-PLRGI and analysed using the FLIM-
FRET technique. The fluorescence lifetime T (NS) was detected using the
TCSPC method, and its spatial distribution was analysed using the SPCimage
software. Fluorescence lifetimes are depicted using a continuous pseudo-
colour scale representing time values ranging from 1.7 to 2.3Ns. The FRET
efficiency percentage is calculated and depicted using discrete colours
representing FRET values ranging from 0 to 25%. The FRET species (%) was
quantified for both hnRNP-M-CDCS5L and hnRNP-M-PLRGl interactions.
Scale bars, 10 um. (D) Statistical analysis from three independent experiments
in at least 15 different cells for each condition is presented. CDC5L, cell
division cycle 5-like; ECFP, enhanced cyan fluorescent protein; EYFP,
enhanced yellow fluorescent protein; FLIM-FRET, Férster resonance
energy transfer-fluorescence lifetime imaging microscopy; hnRNP,
heterogeneous nuclear ribonucleoprotein; PLRG1, pleiotropic regulator 1;
TCSPC, time-correlated single photon counting.

To test whether this binding region affects the properties of the
hnRNP-M protein in vivo, both wild-type hnRNP-M and hnRNP-
M mutant 64534442 protein (lacking the central CDC5L/PLRG1-
binding region) were tagged with enhanced green fluorescent
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protein (EGFP), expressed in Hela cells and analysed by FRAP
(Fig 3A,B). These data show a difference in their rate of recovery
from photobleaching, with mutant 64534442 showing more than
10-fold higher rate of fluorescence recovery as compared with wild-
type hnRNP-M. Furthermore, mutant 64534420y Shows a mobile
fraction corresponding to essentially all the expressed protein, as
compared with about 85% of the wild-type hnRNP-M protein.

The direct binding of hnRNP-M mutant 64534420 to both
CDC5L and PLRGT in vivo was analysed using the FLIM-FRET
assay (Fig 3C). hnRNP-M mutant 624534422 ~ECFP was transiently
expressed in Hela cells alone (Fig 3C, upper panels) or together
with either EYFP-CDC5L (middle panels) or EYFP-PLRG1 (lower
panels). Coexpression of the tagged CDC5L or PLRG1 proteins did
not decrease the mean fluorescence lifetime of mutant
6(248_344aa-ECFP, indicating no FRET and therefore no protein—
protein interaction. In agreement, no difference in the mobility of
the mutant 6(245_344a2~EGFP was observed by FRAP after heat
shock (supplementary Fig S6 online).

Together, the data are consistent with hnRNP-M wild-type but
not mutant 64534440 protein, interacting directly with the CDC5L
and PLRGT1 proteins in vivo and thereby reducing its mobility. The
FRAP data indicate roughly 10-20% of the tagged hnRNP-M engaged
in the splicing machinery in vivo, consistent with the binding fraction
of less than 30% estimated by FLIM-FRET.

hnRNP-M is involved in alternative splice site choice
We investigated whether the direct interactions of hnRNP-M with
CDC5L and PLRG1 were important for pre-mRNA splicing activity.
As hnRNP-M was reported to promote exon skipping and exon
inclusion (Hovhannisyan & Carstens, 2007), we analysed the ability
of wild-type hnRNP-M to affect alternative splice site choice on two
separate pre-mRNA substrates (Fig 4). By using expression of
calcitonin/dhfr pre-mRNA from pDC20 reporter (Bai et al, 1999),
the effect of increasing in vivo levels of hnRNP-M by transient
coexpression in Hela cells was analysed (Fig 4A) and compared with
overexpression of the ASF/SF2 protein. Overexpression of exogenous
hnRNP-M activated the distal 3’ splice site, increasing the level of the
418-bp band (Fig 4A, lane 4). By contrast, overexpression of ASF/SF2
protein promoted preferential use of the proximal 3’ splice site,
increasing the ratio of the 196/418-bp bands (Fig 4A, compare lane 3
with lanes 1 and 4). These data show that increased expression of
hnRNP-M has the opposite effect on alternative 3’ splice site choice
to ASF/SF2 (Fig 4A, graph).

A more complex effect on alternative splice site choice is
provided by the E1A mini-gene reporter, in which five distinct RNA
isoforms can be generated by alternative splicing (Fig 4B). As
previously observed (Caceres et al, 1994), overexpression of ASF/SF2
protein strongly activated the 13S 5’ splice site, enhancing the levels
of the 13S RNA isoform and reducing the levels of 12S and 10S
RNAs (Fig 4C, lane 3). By contrast, overexpression of hnRNP-M
activated the most distal 5" splice site, increasing the levels of the 9S
RNA isoform and decreasing the levels of the 13S isoform, with little
or no change in the 125 isoform (Fig 4C, lanes 5-8, and Fig 4D). The
effect of hnRNP-M was concentration-dependent. This indicates that
hnRNP-M facilitates preferential use of the distal over the proximal 5’
splice site in ETA pre-mRNA splicing. Our data are consistent with
previous evidence that hnRNP-M can regulate splicing in metazoans.
Furthermore, studies have shown that Hrp59, the homologue of
hnRNP-M in Drosophila melanogaster, can regulate the splicing of its
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own transcript as well as that of another transcript by acting as a
negative regulator of splicing (Hase et al, 2006).

Overexpression of hnRNP-M caused an enhancement in the
levels of the 10S RNA isoform (Fig 4C,D, compare lanes 5-8 with
lane 4), indicating stimulation of the distal 3’ splice site. Consistently,
we observed by using FRET a direct in vivo interaction between
hnRNP-M and both subunits of the splicing factor U2AF, which binds
to the polypyrimidine tract adjacent to the 3’ intron—exon junction
(supplementary Fig S7A,B online). This interaction was stronger with
the U2AF65 subunit, which could be co-immunoprecipitated using
anti-GFP antibodies (supplementary Fig S7C online).

©2010 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Finally, we investigated whether the function of hnRNP-M in
alternative splicing was affected by the central region mapped as
essential for binding to the CDC5L/PLRG1 proteins. Overexpression
of hnRNP-M mutant 64534420y Was compared with full-length
hnRNP-M using the ETA mini-gene assay (Fig 4C, lanes 8 and 9).
The mutant 6245 _344a4) protein caused minimal change to the RNA
isoform pattern, whereas overexpression of wild-type hnRNP-M
enhanced the level of the 10S and reduced that of the 13S isoforms
(Fig 4D). No direct interactions between mutant 645_344aa~EGFP
and both mCherry-tagged U2AF65 and U2AF35 were detected by
FLIM—FRET in vivo (supplementary Fig S7D online). We conclude
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that loss of the CDC5L/PLRG1 interaction domain in hnRNP-M It is established from studies on ASF/SF2 and spliceosome proteins,
correlates with a loss of ability to modulate alternative splice site  that splicing factors can contribute to both constitutive and alternative
selection in this assay. splicing mechanisms and show pre-mRNA substrate-specific effects
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(Cazalla et al, 2005). We propose that hnRNP-M provides another
example of this phenomenon and our data suggest that interactions
with the core spliceosome factors in the CDC5L complex might
influence the mechanism of splice site selection. In this regard,
detection of additional interactions between hnRNP-M and U2AF65
by FRET and IP assays suggests that the effect of hnRNP-M on 3’
splice-site selection could result from titration of the 3 splice-site-
binding factor U2AF. A similar titration mechanism has been
proposed for SRp53, which interacts with the U2AF65-related protein
HCCT1 and can activate weak 3’ splice sites in addition to its role at 5’
splice-sites (Cazalla et al, 2005). All three U2AF-type proteins, that is,
U2AF65, PUF60 and HCCT, interact with SRp54, which has been
implicated in early 3’ splice site recognition (Zhang & Wu, 1996).
These factors, together with the U2AF35 subunit and SR proteins,
determine the 3’ splice site ‘exon definition complex” and bend the
pre-mRNA (Matlin et al, 2005).

In summary, by using many experimental approaches, we
show a direct involvement of hnRNP-M in the spliceosome
machinery through its interaction with the CDC5L/PLRG1
spliceosomal subcomplex. The data show that hnRNP-M can
influence both constitutive and alternative splicing, and provide
new insight into the mechanism whereby hnRNP-M can modulate
both 5 and 3’ splice site choice.

METHODS

Antibodies and plasmids. The following antibodies were used:
PLRG1 and CDC5L (Ajuh et al, 2001); PLRG1 (Everest Biotech,
Oxford, UK); hnRNP-M 2A6 (sc-20001) and 1D8 (Datar et al, 1993);
hnRNP D2IF7 (Gattoni et al, 1996); GFP (Roche Diagnostics,
Indianapolis, IN, USA); SC35 (Sigma, St Louis, MO, USA); Sm
(Abcam, Cambridge, UK); ETA reporter plasmid (Caceres et al,
1994); pDC20 reporter (Wang et al, 2002); and EYFP-CDC5L, EYFP-
PLRG1, EYFP-U2AF35 and EYFP-U2AF65 (Chusainow et al, 2005).
Protein binding assays. We performed the assays as described by
Ajuh et al (2001) using 0.2 nmol of the appropriate recombinant
protein and 8-10pl of the in vitro translation reaction.
Alternative splicing assays. We performed alternative splicing
assays using E1A and pDC20 mini-gene reporters as described by
Caceres et al (1994) and Wang et al (2002).

Heat shock. Heat-shock treatments were performed as described
by Chiodi et al (2000).

Fluorescence lifetime imaging microscopy. We acquired and
analysed FLIM-FRET measurements as described by Lleres et al
(2007) and Ellis et al (2008).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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