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Abstract

The yeast ATP-dependent chromatin remodeling enzyme Fun30 has been shown to regulate
heterochromatin silencing, DNA repair, transcription, and chromatin organization. Although
chromatin structure has been proposed to influence splice site recognition and regulation, whether
ATP-dependent chromatin remodeling enzyme plays a role in regulating splicing is not known. In
this study, we find that pre-mRNA splicing efficiency is impaired and the recruitment of
spliceosome is compromised in Fun30-depleted cells. In addition, Fun30 is enriched in the gene
body of individual intron-containing genes. Moreover, we show that pre-mRNA splicing efficiency
is dependent on the chromatin remodeling activity of Fun30. The function of Fun30 in splicing is
further supported by the observation that, Smarcadl, the mammalian homolog of Fun30, regulates
alternative splicing. Taken together, these results provide evidence for a novel role of Fun30 in
regulating splicing.
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1. Introduction

The bulk of chromatin is composed of nucleosomes as its fundamental repeating unit. Each
nucleosome contains approximately 147 base pairs (bp) of DNA and two each of the histone
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H2A, H2B, H3, and H4 proteins. While chromatin remodeling is known to promote or
inhibit transcription, its role in regulating other nuclear events, such as pre-mRNA splicing,
has begun to emerge. Histone modifications such as H3K36me3, H3K4me3, H3K27me2,
H2BK123ub, H3K9ac as well as histone variant H2AZ (Drosophila) are enriched
specifically in the exons at the intron-exon junctions [1]. In addition, nucleosome mapping
studies revealed that nucleosome density is much higher in exons, which are flanked by
relatively nucleosome-depleted intron regions [2,3]. The function of these distinct patterns of
histone modifications and nucleosome positioning is thought to facilitate recognition of
exon-intron-exon junctions by splicing factors.

The S. cerevisiae ATPase Fun30 (mammalian homolog Smarcadl) belongs to the Snf2
family of the ATP-dependent chromatin remodeling enzymes. This class of enzymes breaks
histone-DNA contacts to slide the histone octamer along DNA, transfers the histone octamer
or H2A-H2B dimer, or facilitates an exchange between canonical and variant histone dimers
[4,5]. Fun30 has been shown to remodel nucleosomes by histone dimer transfer [6] or
nucleosome sliding [7] as a single-component enzyme. Studies have shown that Fun30 and
its S. pombe (fft3) and mammalian (Smarcadl) homologs play important roles in multiple
biological processes, including transcriptional regulation [7,8], heterochromatin
maintenance [9-14], double-strand DNA repair [15-19], and mismatch repair [20],
presumably through its chromatin remodeling activity.

Here we report a novel function of Fun30 in promoting pre-mRNA splicing. We observe
increased pre-mature mMRNA/full length total mMRNA ratio and reduced spliceosome
recruitment in Fun30-depleted cells, suggesting that the splicing efficiency in Fun30-
depleted cells is compromised. We next demonstrate that Fun30 is localized at intron-
containing genes (ICGs) and its ATPase activity is required for efficient pre-mRNA splicing.
We further show that alternative splicing was altered in Fun30’s mammalian homolog
Smarcadl knockdown primary cortical neurons. Our results indicate a role of the yeast
Fun30 as well as its mammalian homolog Smarcadl in regulating splicing.

Material and methods

Strains used in this study are listed in Supplementary Table 1. Primers used in this study are
listed in Supplementary Tables 2-5. Data were collected from a minimum of biological
triplicates and technical duplicates. Gene deletion or tagging yeast strains were constructed
and confirmed using a PCR-based approach [21]. Yeast total RNA was isolated using the
standard hot acid phenol extraction procedure [22]. cDNA was synthesized by reverse
transcription using the total RNA. Quantitation of the “pre-mRNA” and the “total mMRNA”
(as defined in Fig. 1a) was achieved by quantitative PCR of cDNA. The primers for gPCR of
cDNA are listed in Supplementary Table 2. Ratios of pre-mRNA and total-mRNA for
individual loci in the fun30 mutant were normalized by those in the wild-type strain.
Chromatin immunoprecipitation was performed as described previously [23] and on the
Tsukiyama Lab website (http://research.fhcrc.org/tsukiyama/en/protocols.html). Antibodies
for immunoprecipitation were M2 anti-FLAG (F1804, Sigma, 4 pg per sample) for the Flag-
tagged Fun30 or individual subunits of spliceosome. The intronless PMAI locus was used as
a control for signal normalization for spliceosome ChIP [24]. A nucleosome-free region of
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the HSC82locus [7] was used as a control for signal normalization for Fun30 ChIP. Primary
cortical neurons were prepared from embryonic day 18 (E18) C57BL/6 mice. Dissociated
neurons were plated on poly-D-lysine-coated plates in neurobasal medium (Life
Technologies) supplemented with B27 and L-glutamine as previously described [25]. Mouse
total RNA was isolated using TRI re-agent (T9424, Sigma) following the manufacturer’s
instruction. Further details available in the Extended Experimental Procedures.

3. Results

3.1.

Pre-mRNA was accumulated in fun30A cells

To explore the potential role of Fun30 in splicing, we examined levels of pre-mRNA and
full-length total mMRNA (full-length pre-mRNA + full-length mature mRNA) (Fig. 1a) in the
wild-type and fun30A strains. We then calculate the ratio of pre-mRNA to total full-length
MRNA. While there are several ways to define splicing efficiency, we define this ratio as an
indicator of splicing efficiency, the higher the ratio, the lower the efficiency. This study was
initially conducted in the rrp6A background to prevent the pre-mRNA from being degraded
[26]. We found that the ratios of pre-mRNA to full-length total MRNA were increased in 12
out of 15 ICGs in Fun30-depleted (fun304rrp64) cells compared to those in the wild-type
Fun30 (rrp64) cells. The fold ranged from ~1.3 to ~1.9 (Fig. 1a and b). The effect on pre-
MRNA splicing was not due to a decrease in RNA decay in the rrp64 background as we
observed a comparable level of increased pre-mRNA in the fun304 mutant alone (Fig. 1c
and Supplementary Fig. 1). Furthermore, the steady-state levels of total mRNA at individual
ICG loci in fun304 was similar to that in the wild-type strain as measured by gPCR (Fig.
1d). Thus, Fun30 deletion mutant renders splicing less efficient.

It is important to note that the effect of Fun30 depletion on pre-mRNA splicing efficiency is
independent of Fun30’s role in dere-pression of a subset of genes [7] because we do not
observe significant changes in the expression of RNA processing-related genes, including
genes encoding snRNP components, other splicing factors and components in the RNA
degradation pathways, as well as genes encoding chromatin remodeling enzymes or factors
that are known to regulate RNA processing [7]. Second, the effect of Fun30 depletion on
pre-mRNA splicing efficiency is unlikely due to competition between pre-mRNAs for the
splicing machinery upon the global activation of ICGs [27] because there are only two ICGs
in the 223 up-regulated Fun30-dependent genes (>1.3 fold in the mutant) [7]. Taken
together, these results suggest that Fun30 may play a direct role in regulating splicing
efficiency.

3.2. Localization of Fun30 at ICGs

The major class of introns, “the U2 type intron”, defined by the canonical GT-AG
boundaries, contains sequence elements that are essential for intron recognition and removal
by the splicesome, including the 5” splice site (5’SS), 3" splice site (3’SS), and branch point
sequence and polypyrimidine tract that are within 50 bp upstream of the 3’SS. In yeast,
there are ~300 U2 type ICGs with annotated sequence features [28]. We next tested whether
Fun30 is enriched at ICGs by conventional chromatin immunoprecipitation (ChlIP) analysis.
We found that Fun30 is enriched in the gene body of individual ICGs (Fig. 2a—c). In

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niu et al.

Page 4

addition, we analyzed the recently published Fun30 ChIP-seq data [10] for Fun30
enrichment at 277 ICGs. We found that Fun30 is enriched at the 5’SS, 3’SS and open
reading frames (ORFs) of 277 1CGs, comparing to the Fun30’s ChIP signals at 5774 ORFs,
with slightly more enrichment toward the 3’SS (Fig. 2d).

3.3. Splicing efficiency is dependent on the chromatin remodeling activity of Fun30

Previous studies have shown that the yeast strain containing a mutation (K603R) in the
ATPase domain of Fun30 exhibits pheno-types similar to the fun304 mutant, including the
loss of heterochromatin silencing, G2/M arrest, and failure in checkpoint adaptation [9,29],
suggesting that the K603 residue is critical for Fun30’s ATPase activity and its function. We
have further shown that Fun30 remodels mononucleosomes in vitro and the chromatin
remodeling activity is abolished by the Fun30 ATPase K603A mutation that eliminates its
ATPase activity [7]. To examine whether Fun30’s role in splicing efficiency is related to its
chromatin remodeling activity, we next test splicing efficiency in the ATPase mutant fun30
K603A. Comparing the wild-type Fun30 with the fun30 K603A mutant, the ratios of pre-
mRNA to total mRNA at individual ICGs were increased in the range of 1.2-1.6 fold (Fig.
2e), consistent with what we observed in the fun30A mutant. These results demonstrate that
splicing efficiency is facilitated by the ATPase activity of Fun30, indicating that the
chromatin remodeling activity of Fun30 plays an important role in regulating splicing
efficiency.

3.4. The recruitment of snRNPs was compromised in fun30A cells

Given that splicing efficiency was impaired in fun30A cells, we next examined whether the
recruitment of spliceosome was also affected. Previous studies have shown that it is feasible
to examine recruitment of U1, U2 and U5 snRNPs by conventional ChIP, with enrichment
peaks slightly shifted downstream of their actual binding sites [24,30,31]. We found that U1
snRNP (Yhc1-3Flag) enrichment at two ICGs was moderately, yet significantly, reduced
(Fig. 3a). In addition, the enrichment of U2 (Lea 1-3Flag) and U5 (Prp8-3Flag), which are
components of the active spliceosome, were also significantly reduced in fun30A cells (Fig.
3b and c). Taken together, our findings of (1) increased pre-mRNA/total full-length mMRNA
ratio in fun30A cells, (2) Fun30 enrichment at ICGs and (3) reduced recruitment of SnRNPs
in fun30A cells, link Fun30 to pre-mRNA splicing efficiency in yeast.

3.5. Alternative splicing was altered in Smarcadl-knockdown primary cortical neurons

To test whether the role of Fun30 in splicing is conserved, we examined twelve genes in
which alternative splicing is often changed in patients with amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTLD) [32,33]. We found that the alternative splicing
of 9 out of 12 gene transcripts was altered in the Fun30 mammalian homolog Smarcadl
knockdown neurons (Fig. 4a—j, and Supplementary Fig. 2). Among the 9 Smarcadl RNA
targets, 7 showed increased exon skipping (Fig. 4b—h), while 2 had increased exon inclusion
(Fig. 4i and j). The RNA processing proteins FUS/TLS and/or TDP-43 are known to regulate
alternative splicing of these ALS genes [32,33]. We thus measured RNA levels of Fus/Tls
and 7DP-43in Smarcadl shRNA-infected neurons and did not observe significant changes
in the expression level (Supplementary Fig. 3), suggesting that Smarcadl likely plays a
direct role in alternative splicing. Furthermore, the expression levels of 4 out of 9 genes,

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niu et al.

Page 5

Grip 1, Nav 2, Tial, and Ttc3, were increased in the range of 1.3-1.7 fold in either of the
two Smarcadl shRNA (shRNA1 or shRNA2) knockdown experiments, when compared to
those of scramble shRNA-infected neurons, while expression of the other genes was not
significantly changed (Supplementary Fig. 4). Taken together, these results suggest that
Smarcadl, similar to its yeast homolog, plays an important role in splicing.

4. Discussion

In this report, we have established a novel role of Fun30 in regulating pre-mRNA splicing
efficiency in yeast. We have observed a moderate yet consistent 1.3-1.9 fold decrease of
splicing efficiency at individual loci in the fun30 mutant relative to the wild-type strain. We
have found that Fun30 binds to ICGs. The chromatin remodeling activity of Fun30 is
required for the regulation of splicing efficiency. Furthermore, the recruitment of SnRNPs
was compromised in Fun30 depleted cells. Lastly, we have shown that the role of Fun30 in
splicing is conserved manifested by the mammalian homolog Smarcadl playing a role in
alternative splicing.

Using mass spectrometry analysis of Flag-Smarcadl purification eluates from HEK293
nuclear extracts, a recent study showed that Smarcadl associates with protein factors that
either promote or repress splicing, including heterogeneous nuclear ribonucleoprotein
particles (hnRNPs), U2 small nuclear RNA auxiliary factor 2 (U2AF2), pre-mRNA
processing factor 19 (PRPF19), and serine/arginine-rich splicing factor 1 (SRSF1) [11]. The
results corroborate with our findings that Smarcadl regulates alternative splicing.

Potential mechanisms for the roles of histone modification and ATP-dependent chromatin
remodeling in splicing include serving as marks for exon recognition, recruiting splicing
factors directly, or controlling Pol Il rate or kinetics, facilitating splicing factor recruitment
by Pol Il in co-transcriptional splicing. The yeast Gen5 acetylates ICG promoters to
facilitate the recruitment of splicing factors [31]. The chromatin remodeling enzyme CHD1,
together with histone H3 Lysine 4 trimethylation (H3K4me3), has been shown to recruit U2
snRNP directly to promote splicing [34]. Previous studies have shown that histone
hyperacetylation regulates exon inclusion/exclusion by increasing the Pol Il rate through
chromatin opening [35,36]. Our preliminary studies have found that Fun30 regulates Pol |1
CTD Ser 2, Ser 5 and Ser 7 phosphorylation patterns at ICGs (data not shown). Taken
together, it is tempting to speculate that Fun30 remodels nucleosomes in introns near the
splicing sites to modulate Pol II CTD phosphorylation patterns optimal for spliceosome
recruitment and hence the splicing efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fun30 promotes pre-mRNA splicing efficiency.
Total RNA was extracted from the wild-type, fun304, rrp64, and fun30A rrp6A cells,

followed by reverse transcription and gPCR. Splicing efficiency was measured as ratio of
pre-mRNA to total mRNA. (a) Location of primers used for gPCR. The level of total mMRNA
was measured as both full-length pre-mRNA and full-length mature mRNA. (b) Splicing
efficiency was impaired in the fun30Arrp6A mutant. The pre-mRNA/total mRNA ratios for
fun30A rrp6A were normalized by those for rrp6A. (c) Splicing efficiency was impaired in
the fun304 mutant, independent of Rrp6. The pre-mRNA/total mMRNA ratios for the fun304
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mutant were normalized to those for the wild-type strain. (d) Levels of total mRNA at
individual ICG loci in the wild-type strain and fun304 mutant.
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Fig. 2. Fun30 is enriched in ORFs of intron-containing genes and its function in splicing is
dependent on the chromatin remodeling activity.

Fun30 is enriched in ORFs of (a) YMR116C, (b) YNRO53C and (c) YMLO24W genes as
detected by conventional ChIP. A nucleosome free region at the H#SC82 locus was used as
control for signal normalization. (d) Fun30 is enriched at the 5”SS and 3’SS of ICGs. Ratios
of ChlP-seq DNA signals over input DNA signals were aligned from start to end for ORF
analysis or in a window of —/+250 bp for 5’SS or 3'ss analysis. Wilcox tests were
performed for the difference between ORF and other chromosome features (p-value <
2.2e-16). SS, splicing sites; ICG, intron-containing gene; n, number of loci. The ChlIP-seq
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data was published by Durand-Dubief et al. [10]. (e) Splicing efficiency was impaired in the
fun30 ATPase deficient (fun30K603A) mutant. The pre-mRNA/total mMRNA ratio of
fun30K603A was normalized to that of the wild-type cells.
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Fig. 3. Fun30 is required for the recruitment of sSnRNPs.
(a) U1 (Yhc13Fla9) enrichment at YMR116Cand YMLO24W as determined by conventional

ChIP in the wild-type and fun304 cells. (b) U2 (Lea 13F1a9) enrichment at YAMR116C and
YML024Win the wild-type and 7un30A cells. (c) U5 (Prp83Flad) enrichment at YMR116C
and YMLO024W. Location of ChIP primers for YMR116C and YMLO24W genes was shown
in schematic diagram. An intronless gene PMAI locus [24] was used as a control for signal
normalization for snRNP ChlP.
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Fig. 4. Alternative splicing was altered in Smarcadl shRNA knockdown primary cortical
neurons.

(a) Smarcadl protein expression determined by Western blot analysis of three independent
Smarcadl shRNA knockdown experiments. (b—h) Increased exon exclusion in Smarcadl
shRNA knockdown primary cortical neurons in indicated transcripts. (i—j) Increased exon
inclusion in Smarcadl shRNA knockdown primary cortical neurons in indicated transcripts.
In each subfigure, top panel: 10% PAGE 0.5 X TBE gel and ethidium bromide staining

results, showing indicated exon inclusion (Ex +) and exon exclusion (Ex —) events of

indicated transcripts in scramble and shRNA knockdown samples; bottom panel: average of
ratios of exon inclusion/exclusion from 3 independent knockdown experiments and 2 to 4
technical replicates for each knockdown experiment. Signals were scanned using
ImageQuant LAS 4000 (GE Healthcare Life Sciences) and quantified using ImageQuant.
shRNAL and shRNAZ2 are two independent shRNA knockdown constructs. **, p< 0.01.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 May 28.




	Abstract
	Introduction
	Material and methods
	Results
	Pre-mRNA was accumulated in fun30Δ cells
	Localization of Fun30 at ICGs
	Splicing efficiency is dependent on the chromatin remodeling activity of Fun30
	The recruitment of snRNPs was compromised in fun30Δ cells
	Alternative splicing was altered in Smarcad1-knockdown primary cortical neurons

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.

