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n contrast to cell type-specific pre-
mRNA alternative splicing, mecha-
controlling  activity-dependent
alternative splicing is under-studied and
not well understood. In a recent study,

nisms

we conducted a comprehensive analysis
of calcium-mediated mechanism that reg-
ulates alternative exon skipping in mouse
cardiomyocytes. Our results reveal a
strong link between histone hyperacetyla-
tion and skipping of cassette exons, and
provide support to the kinetic coupling
model of the epigenetic regulation of
alternative splicing at the chromatin
level.

Alternative pre-mRNA splicing, a pro-
cess that generates more than one mRNA
transcripts from a single gene, is one of
the major mechanisms that control gene
expression. Alternative splicing is tightly
regulated leading to differential expression
patterns, often in temporal or spatial cell
type-specific manners.' Alternative splic-
ing can also be regulated in response to
environmental stimuli.? A number of
demonstrated that
splicing patterns can change responding to
cell activation, UV irradiation, and neuro-

studies alternative

nal depolarization.>® However, compared
to other patterns, this particular pattern of
alternative splicing has been less studied.
Many years of investigations on cell
type-specific splicing  have
revealed a large number of complex regu-

alternative

latory mechanisms of alternative splicing.
A great majority of these mechanisms
RNA-binding  proteins  that

involve
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regulate alternative splicing by interacting
with RNA sequences on pre-mRNA mole-
cules. The interaction either recruits the
spliceosome to include the alternative
exon associated with the sequences or
blocks the spliceosome to skip the alterna-
tive exon depending on the location and
context of the RNA regulatory sequences.’

In recent years, a new theme of regula-
tory mechanisms, known as the epigenetic
regulation of alternative splicing that
occurs at the level of chromatin, has come
to light. Given the tight coupling of tran-
scription and splicing, it is conceivable
that the factors influencing either one of
the 2 individual processes would have an
effect on the other
changes that alter chromatin architecture
and histone modifications affect the alter-

one. Epigenetic

native splicing outcome in one of at least
2 modes.””® In the first mode, epigenetic
changes modulate the structure of a spe-
cific region on chromatin to be more or
less open, which alters the transcriptional
elongation rate of RNA polymerase II
(RNAPII). Changes in RNAPII elonga-
tion rate is thought to affect alternative
splicing through the kinetic coupling
model. The model predicts that when the
transcriptional elongation rate is high, an
alternative exon, generally surrounded by
suboptimal splicing signals, is likely to be
outcompeted by the downstream constitu-
tive exon, usually surrounded by strong
splicing signals, and thus, is excluded
from the transcript.” In the second mode,
known as the chromatin-splicing adaptor
model, it is thought that a splicing regula-
tory protein can be more efficiently
recruited to an alternative exon through
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its interaction with a chromatin remodeler
protein bound at specific histone marks.”®

Acetylation of core histone tails dis-
rupts the condensed higher-order chroma-
tin folding to enhance transcription.'® In
contrast to the well-established role of his-
tone hyperacetylation in increasing tran-
scription initiation and transcript levels,
how histone hyperacetylation affects
alternative splicing is poorly understood.
In a recent publication, we reported
our studies demonstrating a direct link
between histone hyperacetylation and
exon skipping of alternative exons. We
also elucidated the underlying regulatory
mechanism, revealing a cascade of molec-
ular events that are mediated by the intra-

cellular calcium levels.'!

Depolarization Induces a Robust
and Reversible Increase of Exon
Skipping

Cells environmental

changes by altering their gene expression

respond  to

output. Although there are only a small
number of examples, it has been shown
that pre-mRNA alternative splicing can be
regulated by environmental stimuli.” Sev-
eral studies indicated that activity-depen-
dent alternative splicing regulation occurs
in neuronal cells.'>"? To investigate activ-
ity-dependent alternative splicing in a dif-
ferent cell type, we depolarized mouse
cardiomyocytes using potassium chloride
(KCI) and examined alternative splicing of
exon 23a of the NfI gene. We selected
this particular alternative exon because its
regulation had been extensively studied in
our laboratory, and its expression plays a
key role in regulating the active Ras activ-
ity in cells."®" We prepared mouse cardi-
omyocytes in 2 different ways, either
isolating primary cardiomyocytes from
neonatal day 1-3 mice or differentiating
cardiomyocytes from mouse embryonic
(ES) established
methods.'®!”

The semi-quantitative reverse tran-

stem cells  using

scriptase-polymerase chain reactions (RT-
PCR) indicated that when primary cardio-
myocytes are treated with increasing con-
centrations of KCI (25-100 mM), the
inclusion of NfI exon 23a was reduced
from 70% to 15%."" Similar results were
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observed with ES-derived cardiomyocytes.
No changes were observed when mouse
ES cells were treated with KCL.'' A time-
course experiment indicated that the alter-
native splicing pattern change was first
detected at 6 hours of treatment, which
coincides with the half-life of Nf7 mRNA,
and reached its maximum at 24 hours."!
The splicing change is reversible as
removal of KCl completely restored the
splicing pattern, indicating the dynamic
nature of this phenomenon.“

It is known that KCl leads to calcium
influx via L-type voltage-gated calcium
channels.’®?° To examine the role of cal-
cium in the splicing regulation of NfI exon
23a, we used pharmacological drugs in
conjunction with KCl to treat cardiomyo-
cytes. Use of either the L-type calcium
channel blocker nifedipine or the NMDA
receptor agonist BAPTA-AM together with
calcium chelator AP5 significantly reduced
the effect of KCl on alternative splicing of
Nf1 exon 23a."" The results support that
changes of the intracellular calcium levels
are responsible for KCl-induced splicing
pattern change of NfI exon 23a.

The KCl-induced exon skipping is not
unique to NfI exon 23a, as a similar
dynamic change of exon inclusion/skip-
ping was observed for several alternative
exons including Kl exon36, Ank2 exon
21, Enab exon 5 and Mef2A exon 9.1
Thus, there appears to be a general mecha-
nism that regulates the expression of a set
of alternative exons. These exons, named
calcium-responsive exons in our study,
and Capzb exon 8, a calcium-nonrespon-
sive exon, were used next to study the
underlying mechanism.

Model

The

reversible changes in exon skipping/inclu-

demonstration of robust and

sion for several alternative exons strongly
suggested a calcium-mediated regulatory
program that controls a network of alter-
native exons in cells in response to altered
intracellular calcium levels. To study the
underlying mechanism, we carried out a
variety of experiments that combined
genetic, biochemical, molecular, and phar-
macological approaches. The results of
these experiments reveal a cascade of
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events that are triggered by increased cal-
cium levels and lead to skipping of alter-
native exons through a mechanism
involving protein kinase signaling activity,
HDAC protein transport, histone modifi-
cation, chromatin structure and RNAPII
transcriptional elongation rate. A working
model developed from the results is
depicted in Figure 1. The following sec-
tions will describe the experiments that

support this model.

The signaling pathways: CaMKII
and PKD

In several previous studies, depolariza-
tion has been found to induce exon skip-
ping in neurons.'>!? Interestingly, mixed
results were reported regarding the signal-
ing pathway that is responsible for
increased exon skipping. For example,
while protein CaMKIV, the neuronal
member of the Ca/calmodulin-dependent
protein kinase (CaMK) family, was shown
to be responsible for skipping of the
stress-axis regulated exon of the Slo/ gene
in depolarized neurons,”" pharmacological
inhibition of CaMK had no effect on
depolarization-induced skipping of exon
18 of the neural cell adhesion molecule
(NCAM) gene.21

To investigate the responsible signaling
pathway(s), we also started with pharma-
cological approaches. Interestingly, we
found that blocking the function of
CaMK in cardiomyocytes had no effect
on depolarization-induced skipping of
Nfl exon 23a.'" Further investigations
using small molecule inhibitors or siRNAs
revealed that CaMK II, the CaMK protein
family member expressed in cardiomyo-
cytes, and protein kinase D (PKD) have a
redundant role in regulating Nf7 exon 23a
skipping. Only when both CaMK II and
PKD are blocked simultaneously, the
effect of depolarization on skipping of
NfI exon 23a, Ktnl exon 36 and Ank2
exon 21 is abolished.!!

Histone hyperacetylation

It is known that the calcium-mediated
up-regulated activity of CaMK II or PKD
leads to phosphorylation of class II histone
deacetylases (HDAC), which include
HDAGCs 4,5,7,9, resulting in nuclear
export and cytoplasmic accumulation of
these proteins.”**> Our immunostaining
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Figure 1. A model indicating the cascade of molecular events triggered by increased intracellular
calcium levels. Increased calcium levels in mouse cardiomyocytes induced by either depolarization
or caffeine treatment (step 1) activates CaMK and PKD (step 2), which phosphorylate class [l HDACs
causing them to translocate from the nucleus to cytoplasm (step 3). The reduced association of
HDAC and increased association of HAT on genes containing calcium-responsive alternative exons
lead to histone hyperacetylation (step 4), which supports a more relaxed chromatin structure, allow-
ing for RNAPII to elongate faster (step 5). The higher elongation rate leads to skipping of alternative

assay and western blot analysis using frac-
tionated proteins indicated a nuclear to
cytoplasmic transport of class II HDAC
proteins, consistent with the previous
studies."’

A consequence of the HDAC nuclear
export is disruption of the normal histone
acetyltransferase (HAT) to HDAC ratio
in the nucleus. It was predicted that, as a
result of the HDAC export, HAT associa-
tion with chromatin would increase and
histones would be hyperacetylated. A
ChIP analysis using antibodies specific for
the HAT CBP or p300 indicated a moder-
ate increase of their association with Nf7
and K#nl.'' In addition, a western blot
analysis using antibodies against total his-
tone H3 or H4, or acetylated H3 or H4,
showed that depolarization of cardiomyo-
cytes led to hyperacetylation of both H3
and H4, with a 2.5-3-fold increase of his-
tone acetylation levels."" Importantly, his-
tone acetylation levels returned to the
basal level when cells recovered from
depolarization.'" The histone hyperacety-
lation occurs downstream of the CaMK II
and PKD activation, as inhibition of both
pathways simultaneously abolished the
depolarization-induced ~ stronger HAT
association and histone hyperacetyla-
tion."" As with the splicing assay, blocking
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cither kinase by itself did not have any
effect.'!

It appears that hyperacetylation
occurs in a pan-lysine manner. All of
the lysines we examined, including
H3K9, H3K14, H3K27, and H4K16,
showed increased acetylation.'! In con-
trast, no changes on lysine methyla-
tion, e.g., H3K4me3 and H3K36me3,
were observed.'' Also consistent with
the pan-lysine hyperacetylation obser-
vation, our chromatin-immunoprecipi-
tation (ChIP) indicated
that hyperacetylation occurs through-

experiment

out the gene body, and was not just
limited to the promoter region of a
given gene.'' However, specificity does
exist, as hyperacetylation only occurred
at genes that contain calcium-respon-
sive alternative exons, such as NfI and
Ktnl, but not at genes that contain
nonresponsive alternative exons, such
as Capzb."'

To provide further connection
between histone hyperacetylation and
alternative exon skipping, we carried
siRNA knockdown of HAT
experiment in depolarized cardiomyo-
cytes. We found that knockdown of
either CBP or p300 singly partially res-
cued skipping of the NfI exon 23a, and

out a
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knockdown of both HAT had an addi-

tive effect.!!

RNAPII transcriptional elongation
rate

Histone hyperacetylation is generally
associated with more permissive chroma-
tin structure for faster elongation of RNA-
PIL'® Thus, the positive  correlation
between histone hyperacetylation and
increased exon skipping prompted us to
consider the kinetics model that connects
transcriptional elongation rate and alter-
native splicing outcome. The kinetics
model posits that faster transcriptional
elongation rate leads to more skipping of
alternative exons because these exons are
often surrounded by sub-optimal splicing
signals and easily outcompeted by the fast
coming downstream constitutive exons for
recognition by the splicing machinery.”

To test the hypothesis that histone
hyperacetylation induced by depolarization
leads to higher transcriptional elongation
rate of RNAPII, we conducted 3 sets of
experiments. First, we carried out ChIP to
examine the RNAPII occupancy on the
genes of interest. Using an antibody that
recognizes the elongating RNAPII in this
assay, we showed that RNAPII accumula-
tion along the gene body of NfI and Kinl
is approximately 3-fold lower in depolarized
than in control cardiomyocytes, consistent
with faster RNAPII elongation rate in depo-
larized cells."" Second, using an established
procedure,”*** we directly measured RNA-
PII transcriptional elongation rate on several
genes comparing control and depolarized
cardiomyocytes. Our results indicate an
expected significant increase of transcrip-
tional elongation rate on NfI and K1, but
not on Capzb, in cardiomyocytes after
depolarization.'"  Specifically, the rate
increased from 3.2 to 6.8 kb/min for NfI
and from 2.4 to 4.1 kb/min for Kinl.
However, importantly, the rate did not
change for Ciapzb. Third, we took advantage
of a drug called camptothecin, which is
used to slow down transcriptional elonga-
tion, 2% to manipulate the transcriptional
elongation rate of RNAPIL. We found that
depolarization of cardiomyocytes could no
longer induce skipping of NfI exon 23a
when camptothecin was added to the cells
at the same time with KCL'" These results
provide strong support to the model that
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depolarization-induced transcriptional elon-
gation rate increase is responsible for skip-
ping of alternative exons.

Effect of caffeine on exon skipping
and histone acetylation

Many environmental factors affect
intracellular calcium levels. One example
is caffeine, which functions as an agonist
of the ryanodine receptor located on the
sarcoplasmic reticulum (SR) in cardio-
myocytes to promote calcium release from
inside of the SR to the cytoplasm.”” We
predicted that caffeine treatment of cardi-
omyocytes would lead to an exon skipping
phenotype similar to depolarization.
When we treated primary or ES-derived
cardiomyocytes with increasing concentra-
tions of caffeine, we did observe a simi-
larly significant increase of exon skipping
of NfI exon 23a, as in depolarized cells."'

However, interestingly, there is a
clear difference between caffeine- and

KCl-treated cells in the changes of alter-
native splicing of NfI exon 23a. Unlike
KCl treatment, the caffeine-induced
skipping cannot be restored completely
to the level in untreated cells after caf-
feine removal. 24 hours
after caffeine was removed, exon 23a
inclusion increased to 48% but not 69%
(Fig. 2A). We do not know the reason
for the partial recovery. It is possible
that  caffeine completely
removed during recovery. Nonetheless,
we took advantage of the opportunity to
examine the histone acetylation levels.
Significantly, as shown in Figure 2B,
although  histone
increased more than 4-fold after caffeine
treatment, it did not go back to the
basal level after caffeine removal, which
correlates well with the partial reversion
of the alternative splicing levels
(Fig. 2A). Thus, these results provide a
stronger correlation between skipping of

Specifically,

was

not

acetylation  level

calcium-responsive alternative exons and
histone hyperacetylation.

We also examined several additional
alternative splicing events that respond to
depolarization in caffeine-treated cardio-
myocytes and found similar changes
(Fig. 2C). These results strongly support
that increases of intracellular calcium lev-
els triggered by different factors lead to
similar downstream events.

Discussion

In this study, we carried out a com
prehensive analysis of calcium-mediated
regulation of alternative splicing in cardio-
myocytes. We first demonstrated that cal-
cium regulates the inclusion of a set of
alternative exons in a dynamic fashion.
Specifically, increased intracellular cal-
cium leads to reversible skipping of at least
5 alternative exons. We then discovered

A B
Nf1 e23a
- E. 100 - " E
T :l_:: 3 80 1 4 T E 3 5
g 58 § S £ 8 S 4
b O w» 90 - b O g 3
= H =
3 40 smie e e H3 (4]
£ g 2
ISEERO - 20 ' ° 1
0 J— e A — H3ac - 0 !
. LT E) &2 &
Avg % Inc 69 15 48 < o Q’pa'»{\e\e,°°4
o"‘q&" gL
C
Ank2e21 Enah e5 Mef2A e9 Ktn1 e36
: E 2
= o o T
5 2 o % 5 & S %
g 3 w o b o o o
o w O
- o]
o)
_-——-—e - - e u . — il
Avg % Inc 10 0.6 24 4 12 0.2 40 9

Figure 2. Effects of caffeine on exon skipping and histone acetylation. (A) Effect of caffeine on alternative splicing of Nf1 exon 23a. Semi-quantitative RT-
PCR analysis using total RNA isolated from mouse cardiomyocytes treated for 24 hours with EtOH, 10 mM caffeine (dissolved in EtOH), or caffeine for
24 hours followed by recovery for 24 hours. Primers annealing to exons 23 and 24 were used.'’ Products representing inclusion (open circle) or skipping
(solid circle) of an alternative exon are indicated. The graph shows the percentage of exon 23a inclusion. n = 5. (B) Effect of caffeine on histone acetyla-
tion. Cardiomyocytes were treated as described above. Total histones were acid-extracted from the treated cells. Western blot analysis was carried out
using antibodies specific for total or pan-acetylated histone H3. The graph shows the fold differences between caffeine- and EtOH-treated cells. n = 1.
(C) Effect of caffeine on alternative splicing of additional alternative exons. Cardiomyocytes were treated with EtOH or 10 mM caffeine for 24 hours.
Semi-quantitative RT-PCR analysis was carried out using primers annealing to exons surrounding the indicated alternative exons, as described."’ Prod-
ucts representing inclusion (open circle) or skipping (solid circle) of an alternative exon are indicated. n = 2.
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a general mechanism that explains the
observed splicing changes for these alter-
native exons. We found that an increase in
calcium level activates either one of the 2
signaling pathways, CaMKII and PKD,
which have redundant roles in this regula-
tion. The activation of either kinase leads
to an epigenetic change, histone hyperace-
tylation, along the body of the genes that
contain calcium-responsive exons, which
relaxes the chromatin structure to allow
for increased RNAPII
elongation rate. Consequently, alternative
exons are skipped, as predicted by the
kinetic coupling model (Fig. 1).

A limited number of previous studies
have investigated the role of changes of

transcriptional

histone acetylation in alternative splicing
regulation. In several cases, pan HDAC
inhibitors are used to induce a global his-
tone hyperacetylation. For example, when
Hela cells were treated with sodium
butyrate, a pan-HDAC inhibitor, close to
700 alternative exons changed their splic-
ing patterns.”® This study further impli-
cated, using ChIP analysis, that the
treatment induced histone H4 hyperace-
tylation, and increased RNAPII processiv-
ity, reduced RNAPII

association, across chromatin regions con-

inferred from

taining alternative exons, although a
direct measurement of transcriptional
elongation rate was not conducted.”® In
another study using depolarized neuronal
cells, it was suggested that increased skip-
ping of exon 18 in the NCAM pre-
mRNA was correlated with a localized
increase of H3K9 acetylation and H3K36
trimethylation, as well as increased local
RNAPII movement.”’ A previous study
from our own laboratory also provided a
link between localized histone hyperacety-
lation and exon skipping, although in
this case, the histone hyperacetylation
depends on a splicing regulator.”> Taken
together, histone hyperacetylation
induced through different mechanisms,
and occurring either locally or globally
throughout the gene body, can lead to
exon skipping.

A genome-wide exon-array analysis
indicated that depolarization in neurons
induces changes of many alternative
splicing events.”” We propose that some
of the events may be explained by the
mechanism we uncovered. Interestingly,

www.tandfonline.com

manipulations of RNAPII elongation
rate globally have generated mixed
results of alternative splicing pattern
changes. On the one hand, reduction of
RNAPII elongation rate with CPT or
DRB led to the expected increase of
alternative exon inclusion.’® On the
other hand, use of RNAPII mutants
that have either faster or slower elonga-
tion rates yielded alternative splicing
changes in both directions, i.e., increase
and decrease of inclusion of alternative
exons.”’ It also be noted that a recent
study demonstrated that slower tran-
scriptional elongation led to increased
skipping of an alternative exon instead
of the expected increased inclusion,
through recruiting a splicing silencer
protein to its target sequence on the
pre-mRNA.>*  Clearly, regulation of
alternative splicing by the transcrip-
tional elongation rate is more compli-
that different
mechanisms for specific exons.

cated may involve

Why do only a set of alternative
exons respond to increased calcium lev-
els to change splicing pattern? How is
specificity achieved? We started to
address this question using ChIP analy-
ses. We used antibodies specific to HAT
and HDAC enzymes to examine associa-
tion of these enzymes to the genes of
interests in unstimulated or stimulated
cells. In unstimulated cells, we found no
differential association of any HAT or
HDAC enzyme between genes contain-
ing calcium-responsive exons and those
containing calcium-nonresponsive exons,
indicating that these histone modifying
enzymes do not distinguish these 2
groups of genes, associating with them
similarly at the basal levels."" However,
in depolarized cardiomyocytes, associa-
tion of class II HDAC is reduced and
association of HAT is increased on the
genes  containing  calcium-responsive
alternative exons, while no difference in
association of HDAC and HAT was
observed on genes containing calcium-
These
suggest that the key in this regulation is
whether class I HDAC dissociates from
the genes after stimulation. It is possible
that additional chromatin remodeler
proteins are involved in this regulation.

. 11
nonresponsive  exons. results

Future experiments will be aimed to
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reveal the mechanism by which HDACs
dissociate from the set of genes contain-
ing calcium-responsive exons.

Lastly, even though we speculate that
the mechanism we described here do not
involve changes of RNA binding proteins
(expression level or cellular localization),
we cannot rule out such possibility. Sev-
eral previous studies have demonstrated
that depolarization of neuronal cells
induced changes of splicing regulators,
which in turn led to alternative splicing
changes.”>® Tt is possible that the cal-
cium-induced export of class II HDACs
changes of post-translational modification
of some splicing regulators, e.g., making
some proteins more acetylated, which
alters their function and then leads to
downstream alternative splicing changes.
It is very likely that multiple mechanisms
exist that control calcium-mediated alter-
native splicing changes.
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