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ABSTRACT

Changes in the cellular environment result in chromatin structure alteration, which in turn regulates gene expression. To
learn about the effect of the cellular environment on the transcriptome, we studied the H3K9 demethylase KDM3A. Using
RNA-seq, we found that KDM3A regulates the transcription and alternative splicing of genes associatedwith cell cycle and
DNAdamage.We showed that KDM3Aundergoes phosphorylation by PKA at serine 265 followingDNAdamage, and that
the phosphorylation is important for proper cell-cycle regulation. We demonstrated that SAT1 alternative splicing, regu-
lated by KDM3A, plays a role in cell-cycle regulation. Furthermore we found that KDM3A’s demethylase activity is not
needed for SAT1 alternative splicing regulation. In addition, we identified KDM3A’s protein partner ARID1A, the
SWI/SNF subunit, and SRSF3 as regulators of SAT1 alternative splicing and showed that KDM3A is essential for SRSF3
binding to SAT1 pre-mRNA. These results suggest that KDM3A serves as a sensor of the environment and an adaptor
for splicing factor binding. Our work reveals chromatin sensing of the environment in the regulation of alternative splicing.
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INTRODUCTION

Splicing of precursor mRNA (pre-mRNA) is an important
regulatory step in gene expression. The process of alterna-
tive splicing enables the production of protein isoforms
from a single gene, isoforms that can have different func-
tions, all contributing to the cell’s diverse tasks (Keren
et al. 2010). Traditionally the regulation of alternative splic-
ingwas attributed to regulatory elements in thepre-mRNA.
Recently we and others have shown the link between chro-
matin structure and epigenetic modifications in splicing
regulation (Kolasinska-Zwierz et al. 2009; Kornblihtt et al.
2009; Schwartz et al. 2009; Tilgner et al. 2009; Luco et al.
2010, 2011; Hnilicova and Stanek 2011; Haque and
Oberdoerffer 2014; Siamet al. 2019). Thedata linking chro-
matin and alternative splicing is not enough to explain the
physiological causes and consequences of chromatin-me-
diated changes in alternative splicing. Furthermore, a ma-
jor unanswered question in the field is how, and to what
extent, environmental changes shape the cell transcrip-
tome via modulation of alternative splicing.
The cellular environment has been shown to modulate

splicing in several ways (Ghosh and Adams 2011; Pozzi

et al. 2018). The main one is the induction of post-transla-
tional modifications of splicing factors. Phosphorylation of
SR splicing factors affects their protein–protein interactions
as well as regulating protein activity (Ghosh and Adams
2011). A specific example is activation of the Fas receptor
leading to dephosphorylation of SR proteins that promote
proapoptotic isoforms of two key regulators, Bcl-X and cas-
pase-9 (Chalfant et al. 2002). Another example is cell-cycle-
dependent splicing patterns, which are also modulated by
SR protein phosphorylation by specific kinases and phos-
phatases such as NIPP1 (Trinkle-Mulcahy et al. 1999). A fur-
ther mode of action for alternative splicing regulation
following cellular environmental changes could be by mod-
ulatingchromatin, as changes in theenvironmentare sensed
by cells and transduced into changes in gene expression
(Fang et al. 2014), leading to specific cellular responses.
The histone demethylase KDM3A has been shown to re-

spond to the environment by altering transcription pat-
terns (Abe et al. 2015, 2018). KDM3A’s specific
demethylase activity is on H3K9me1 and H3K9me2 cata-
lyzed by histone methyltransferases EHMT2/G9a and
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EHMT1/GLP (Hyvonen et al. 2006; Yamane et al. 2006).
Unlike H3K9me3, which is mostly a repressive mark pres-
ent in heterochromatin regions, H3K9me2 is mainly on eu-
chromatin (Hyvonen et al. 2006; Yamane et al. 2006). The
regulation of H3K9me2 is dynamic and KDM3A is known
to be regulated post-translationally in multiple ways (Abe
et al. 2015, 2018), and thus it is suitable to be a sensor re-
sponsive to the environment.

KDM3Awas shown to be phosphorylated in response to
cold temperatures in adipose tissue and promotes a specif-
ic expressionpatternbydemethylatingpromoters of genes
important for chronic adaptation to cold stress (Abe et al.
2018). In addition to cold shock, KDM3A is also phosphor-
ylated on serine 265 following β-adrenergic stimulation.
Interestingly, this modification promotes a scaffold func-
tion of KDM3A separate to its demethylase activity (Abe
et al. 2015). Serving as a scaffold for acetyltransferases
present in enhancers and promoters allows transcription
of keymetabolic genes (Abe et al. 2015). Under heat shock
conditions, phosphorylation of KDM3A on serine 264 pro-
motes transcription of specific target genes (Cheng et al.
2014). Another response by KDM3A is to pressure-over-
load by cardiomyocytes, which promotes transcription of
genes with profibrotic activity (Zhang et al. 2018). In addi-
tion, KDM3A responds to IL-6, androgen receptor and hyp-
oxia (Krieg et al. 2010; Wilson et al. 2017; Kim et al. 2018).

KDM3A’s pivotal role in transcription suggests that its
misregulation could be a cause of disease. Indeed up-reg-
ulation of KDM3A is related to tumorigenesis of colorectal
cancer cell migration and invasion (Liu et al. 2019). This
function of KDM3A is attributed to its transcription of
c-Myc, cyclin D1, and PCNA (Li et al. 2018; Peng et al.
2018). In addition, regulation of androgen receptor and es-
trogen receptor transcription by KDM3A position it as a
central player in prostate and breast cancer (Wade et al.
2015; Fan et al. 2016, 2018; Ramadoss et al. 2017;
Wilson et al. 2017; Yao et al. 2018).

The role of H3K9me2modification in alternative splicing
was demonstrated by us and others.While H3K9me2mod-
ification inpromoter regions hasbeen shown to causegene
silencing, the samemodification in the intragenic region of
genes was shown to alter alternative splicing (Schor et al.
2013; Salton et al. 2014; Agirre et al. 2015; Lev Maor
et al. 2015; Bieberstein et al. 2016; Fiszbein and
Kornblihtt 2016; Fiszbein et al. 2016; Fan et al. 2018;
Shayevitch et al. 2018; Leisegang et al. 2019). The connec-
tion of the H3K9 methylation and the spliceosome was
shown to be via an adaptor system containing a chromatin
reader, which can be HP1α, β, or γ, the three HP1 proteins
known to bind H3K9 methylation (Yearim et al. 2015). The
chromatin reader in turn binds a splicing factor that either
recruits or blocks the spliceosome to promote a specific
event of alternative splicing (Salton et al. 2014).

Here we explored KDM3A’s role in the cellular response
to the changing environment. To this end we conducted

RNA-seq following silencing of KDM3A and discovered a
functional group of cell-cycle genes that are regulated in
both expression and alternative splicing. We identified
protein kinase A (PKA) as the kinase that phosphorylates
KDM3A serine 265 following DNA damage. This phos-
phorylation is important for KDM3A’s function as a scaffold
joining the SWI/SNF complex and the splicing factor
SRSF3 to modulate its targets. We focused on one of its
targets, SAT1, and showed that regulating its alternative
splicing is important for proper cell-cycle regulation fol-
lowing DNA damage. Our work exemplifies the impor-
tance of alternative splicing in the cellular response to
the cell’s changing environment.

RESULTS

KDM3A regulates transcription and alternative
splicing of cell-cycle genes

In order to learn how changes in the cellular environment
result in chromatin structure alteration, which in turn regu-
lates gene expression, we silenced the prominent cellular
sensor histone demethylase KDM3A. Since KDM3A’s role
in breast cancer progression is well established, we chose
to use the breast cancer cell-line MCF7 (Wade et al.
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FIGURE1. KDM3A is a regulator of transcription and alternative splic-
ing of cell cycle andDNAdamagegenes.MCF7 cells were transfected
with nontargeting siRNA (siNT) and siKDM3A for 72 h. RNA was ex-
tracted, libraries prepared, and RNA-seq was conducted. (A) Venn di-
agram representing differentially expressed genes (blue) and
alternatively spliced genes (red). (B,C ) Functional analysis was con-
ducted using the DAVID functional annotation tool (DAVID, https
://david.ncifcrf.gov/) for (B) differentially expressed genes and (C ) al-
ternative splicing genes.
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2015; Ramadoss et al. 2017). We began by characterizing
all KDM3A-dependent expression and alternative splicing
events by means of deep RNA-sequencing at a genome-
wide scale using siRNA (Supplemental Fig. S1A,B). As ex-
pected of a demethylase, we detected 1075 genes that
are differentially expressed when KDM3A is silenced (cut-
off set at 1.5-fold); of these 3% were also alternatively
spliced. Interestingly, we found a further group of 777
genes, which did not show changes in expression, but
thatwere alternatively spliced (Fig. 1A). This result suggests
that KDM3A is a regulator of alternative splicing and that al-
ternative splicing regulation by KDM3A, directly or indi-
rectly, is almost exclusively independent of its role as a
transcription regulator.
Among the 809genes thatweredifferentially spliced,we

observed all types of alternative splicing events: skipped
exons (SE; 573 events in 477genes), alternative 5′ splice
site (A5SS; 118 events in 109 genes), alternative 3′ splice
site (A3SS; 100 events in 97 genes), mutually exclusive ex-
ons (MXE; 119 events in 96 genes) and retained introns (RI;
97 events in 94 genes). We chose to validate the five top-
ranking candidates (SCML, HNRNPL, PTRH2, SAT1, and
ENSA) and found all to change in alternative splicing fol-
lowing silencing of KDM3A (Supplemental Fig. S1C,D). Us-
ing the DAVID function annotation tool (DAVID, https
://david.ncifcrf.gov/) (Huang da et al. 2009a,b), we found
that the list of differentially expressed genes was enriched

for genes with functions in cell cycle,
cell migration, and cell motility (Fig.
1B). The differentially alternative
spliced genes were enriched for
genes involved in metabolic process-
es, DNA repair, cell cycle, and cellular
response to DNA damage (Fig. 1C).
This result demonstrates that while
KDM3A regulates different genes in
expression and alternative splicing,
the function of the genes in the two
groups is similar. In addition these re-
sults suggest a new role for KDM3A
following DNA damage. While this
manuscript was in preparation,
KDM3A’s role in the expression of
DNA damage genes was described
(Fan et al. 2020).

The DNA damage response is a cel-
lular system that maintains genomic
stability. This system activates an
enormous amount of proteins that ef-
ficiently modulate many physiological
processes. The overall cellular re-
sponse to DNA damage goes far be-
yond repair. It modulates numerous
physiological processes and alters
gene expression profiles and protein

synthesis, degradation and trafficking. One of its hallmarks
is the activation of cell-cycle checkpoints that temporarily
halt the cell-cycle while damage is assessed and repaired
(Lanz et al. 2019).

KDM3A is phosphorylated by PKA following
induction of double-strand breaks

OurRNA-seq results ledus to speculate thatKDM3A isa reg-
ulator of cell cycle followingDNAdamage. To check this hy-
pothesis, we asked whether KDM3A is phosphorylated
following DNA damage and if it is needed for proper cell-
cycle regulation following DNA damage. KDM3A phos-
phorylation has been shown to occur following a change in
temperature (Chenget al. 2014;Abeet al. 2015).Heat stress
induces KDM3A S264 phosphorylation (Cheng et al. 2014),
whereas cold stress promotes KDM3A S265 phosphoryla-
tion (Abe et al. 2015). In order to check whether KDM3A is
phosphorylated following DNA damage, we began by ex-
ploring mass-spec data using phospho-site (Hornbeck
et al. 2015). We found that KDM3A S265 is phosphorylated
following treatment with etoposide, a topoisomerase II in-
hibitor that primarily causes double-strand DNA breaks
(Beli et al. 2012). To validate this mass-spec result, we in-
duced double-strand DNA breaks inMCF7 cells with the ra-
diomimetic drug neocarzinostatin (NCS). We detected
KDM3A S265 phosphorylation using an antibody specific
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FIGURE 2. KDM3A is phosphorylated by PKA following double strand breaks. (A) MCF7 cells
treated with 200 ng/mL NCS for 1 h. Immunoblotting was conducted with the indicated anti-
bodies. (B) MCF7 cells were treated with PKAi for 30 min following treatment with 50 and 200
ng/mL NCS for 1 h. Immunoblotting was conducted with the indicated antibodies. (C ) MCF7
cells stably expressing either wild-type KDM3A or KDM3A mutated at serine 265 to alanine
(S265A) or to aspartic acid (S265D) were incubatedwith 200 ng/mLNCS, and analyzed 8 h later
using flow cytometry. The amount of cells accumulated in S-phase is shown as a fold-change
relative to untreated cells. (D) MCF7 cells were incubated with PKAi for 30 min followed by
treatment with 200 ng/mL NCS, and analyzed 8 h later using flow cytometry. The amount of
cells accumulated in S-phase is shown as a fold-change relative to untreated cells. (C,D) Plot
represents the mean of four independent experiments and±SD. (∗) P<0.05; (∗∗) P<0.01.
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for its phospho-S265 (Abe et al. 2015). Our result shows that
KDM3A S265 is phosphorylated while the total amount of
KDM3A does not change following DNA damage (Fig. 2A).

We continued by asking which is the kinase that phos-
phorylates KDM3A. While the nuclear kinase ataxia telan-
giectasia mutated (ATM) is the main kinase activated
following double-strand breaks (Shiloh and Ziv 2013), the
motif in KDM3A S265 does not match ATM’s preference
(serine followed by glutamine, SQ). The motif in fact sug-
gests that the kinase is PKA (Abe et al. 2015). While PKA
is not a bona-fide DNAdamage kinase, it is known to phos-
phorylate ataxia telangiectasia and Rad3-related protein
(ATR) following single-strand breaks (Jarrett et al. 2014).
To check whether PKA phosphorylates KDM3A on S265
following double-strand breaks, we incubated MCF7 cells

with NCS with or without PKA inhibitor. Our results show
reduced phosphorylation of KDM3AS265 following inhibi-
tion of PKA, indicating that PKA, or another kinase phos-
phorylated by PKA, is KDM3A’s kinase (Fig. 2B).

More cells in S phase following silencing of KDM3A
or mutation at its phosphorylation site

To examine KDM3A’s role in cell-cycle checkpoints follow-
ing DNA damage, we silenced KDM3A using siRNA and in-
duced double-strand breaks with NCS. We found a mild
increase in percentage of cells in S-phase in cells silenced
for KDM3A relative to control (Supplemental Fig. S2A–C).
The slight change might result from redundancy of
KDM3A function with other demethylases such as KDM4C

(Huang et al. 2019).
To check if phosphorylation of

KDM3A S265 is important for S-phase
checkpoint, we stably expressed
KDM3A with S265 mutated to alanine
(S265A) or aspartic acid (S265D), mim-
icking respectively the nonphos-
phorylated and the phosphorylated
form (Supplemental Fig. S2D).
Comparing the cell-cycle recovery in
these cells to cells stably expressing
WT KDM3A, we found a higher per-
centage of cells in S-phase in S265A
but not in S265D, suggesting that
KDM3A phosphorylation plays a role
in cell-cycle regulation (Fig. 2C;
Supplemental Fig. S2E). In addition,
we monitored the cell cycle of MCF7
cells whose PKA was inhibited and
found a similar effect with a higher
percentage of cells in S-phase (Fig.
2D; Supplemental Fig. S2F). This sup-
ported the idea that PKA and KDM3A
are in the same pathway in the cellular
response to DNA damage. The per-
cent change when inhibiting PKA is
lower than that seen when KDM3A
S265A is overexpressed (Fig. 2C); we
speculate that this is an outcome of
the great extent of overexpression in
the stable cell line expressing
KDM3A S265A.

SAT1, a KDM3A target in
alternative splicing regulation

Our results show that KDM3A is phos-
phorylated following DNA damage
and is a regulator of cell cycle. Next
we studied the mechanism by which
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FIGURE 3. KDM3A regulates SAT1 alternative splicing independent of its demethylase enzy-
matic activity. (A) Schematic representation of SAT1 alternative splicing. Rectangles: exons,
black lines: introns. (B,C ) MCF7 cells were mock transfected or transfected with 1 µM SAT1
oligo for 72 h, total RNA was extracted and analyzed by real-time PCR for SAT1 exon X inclu-
sion. PSI was calculated by SAT1 exon X relative to SAT1 total mRNA amount (B), and the cells
were treated with 200 ng/mLNCS, and analyzed 8 h later using flow cytometry. The amount of
cells accumulated in S-phase is shown as a fold-change relative to untreated cells (C ). (D) MCF7
cells stably expressing either the empty vector, wild-type KDM3A or KDM3A mutated de-
methylase (mut). Total RNA was extracted and analyzed by real-time PCR for SAT1 exon X in-
clusion. PSI was calculated by SAT1 exonX relative to SAT1 totalmRNAamount. (E) MCF7 cells
were transfected with nontargeting siRNA (siNT) and siG9a or siGLP for 72 h. Total RNA was
extracted and analyzed by real-time PCR for SAT1 exon X inclusion. PSI was calculated by
SAT1 exon X relative to SAT1 total mRNA amount. Values represent averages of three inde-
pendent experiments±SD. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001.
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KDM3A regulates cell cycle.Wehypothesize thatKDM3A’s
role in cell cycle is via the alternative splicing of its targets.
To follow this hypothesis we chose to examine its target
gene SAT1 (Supplemental Fig. S1C,D). SAT1 belongs to
the acetyltransferase family and is a rate-limiting enzyme
in the catabolic pathway of polyamine metabolism. The
acetylation of spermidine and spermine by SAT1 regulates
the cellular levels of free spermidine/spermine and is criti-
cal since a decrease in their concentrations inhibits cell pro-
liferation while an excess appears to be toxic (Bae et al.
2018). Thus the exact amount of SAT1 is important and reg-
ulated by transcription, mRNA splicing, translation, and
protein stability (Hyvonen et al. 2006). SAT1 has seven ex-
ons, and recently it was reported that exon X (present be-
tween SAT1 exon 3 and 4) undergoes alternative splicing
(Fig. 3A; Hyvonen et al. 2006). Exon X codes for three
stop codons, and as a result the mRNA harboring exon X
is a target of the nonsense-mediatedmRNA decay process
(Hyvonen et al. 2006). This is an example of an alternative
splicing event that leads to a decrease in the total protein
amount. SAT1’s known role in cell cycle and the results of
detailed study of its isoforms made it a probable KDM3A
target for cell-cycle regulation.
Our RNA-seq followed by validation demonstrated that

silencing of KDM3A promoted SAT1 exon X inclusion
(Supplemental Figs. S1D, S3A–C), which decreases the
amount of stable SAT1 mRNA (Hyvonen et al. 2006).
Complementarily, overexpression of KDM3A inMCF7 cells
promoted SAT1 exon X exclusion (Supplemental Fig. S3D,
E), and in the sameway, followingNCSweobserveda slight
exclusion of SAT1 exon X that was abolished by inhibition
of PKA (Supplemental Fig. S3F,G). This result suggests
that KDM3Aphosphorylation is important for SAT1alterna-
tive splicing. To provide support for this, we monitored
SAT1 exon X inclusion in our cells that stably expressed ei-

ther S265A or S265D. We found that overexpression of
KDM3A in its constitutively phosphorylated form promot-
edSAT1 exonXexclusion, similar to the alternative splicing
seen following DNA damage (Supplemental Fig. S3H,I).
Next we investigated the importance of SAT1 alternative
splicing to cell cycle in MCF7. We silenced SAT1, mimick-
ing inclusion of exon X and found a higher percentage of
cells in S-phase resembling the effect of silencing
KDM3A (Supplemental Fig. S3J–L). In addition, we de-
signed an oligonucleotide (oligo) identical to the 5′ splice
site of SAT1 exon X (Fig. 3A) that promoted exon X inclu-
sion (Fig. 3B; Supplemental Fig. S3M–N2). We speculate
that exon inclusion is the result of the oligo mimicking
exon X’s splicing enhancer region. Inclusion of SAT1
exon X resulted in a higher percentage of cells in S-phase
resembling the effect of silencing KDM3A (Fig. 3C;
Supplemental Fig. S3O). This result suggests that KDM3A
and SAT1 are working in the same pathway in the cellular
response to DNA damage.

KDM3A serves as a scaffold to regulate SAT1
alternative splicing

To understand how KDM3A regulates SAT1 alternative
splicing, we used the vast literature on the connection be-
tween H3K9me2/3 and alternative splicing (Salton et al.
2014; Lev Maor et al. 2015; Yearim et al. 2015; Laurent
et al. 2015; Fiszbein and Kornblihtt 2016; Fiszbein et al.
2016). Collecting data on possible players as well as
KDM3A’s modes of action allowed us to make educated
guesses. We first asked whether the demethylase activity
of KDM3A is critical for its regulation of alternative splicing.
To this end, we stably expressed KDM3A with a mutated
demethylase domain and silenced endogenous KDM3A

BA

FIGURE 4. KDM3A allows for SRSF3 binding to SAT1 pre-mRNA. (A)
MCF7 cells were transfected with nontargeting siRNA (siNT) or
siSF3B1, siSRSF1/3/6 and sihnRNPF for 72 h. Total RNAwas extracted
and analyzed by real-time PCR for SAT1 exon X inclusion. PSI was cal-
culated by SAT1 exon X relative to SAT1 total mRNA amount. (B) RNA-
IP of SRSF3 in MCF7 cells that were transfected with nontargeting
siRNA (siNT) or siKDM3A for 72 h. Real-time PCR analysis of SAT1 in-
tron 3 (near exon X) relative to input. Values represent averages of
three independent experiments± SD. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗)
P<0.001; (∗∗∗∗) P<0.0001.

FIGURE 5. Schematic representation of the proposed mechanism.
Following DNA damage PKA phosphorylates KDM3A on S265.
KDM3A in turn regulates the binding of SRSF3 to pre-mRNA and in
this way regulates alternative splicing.
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in MCF7 cells. We found that overexpression of either WT
or the demethylase mutant KDM3A reduced SAT1 exon
X inclusion (Fig. 3D; Supplemental Fig. S3P–R3). This result
indicates that KDM3A’s demethylase activity is not essen-
tial for alternative splicing regulation and suggests that
KDM3A serves as a scaffold to regulate SAT1 alternative
splicing. We then silenced the H3K9 methyltransferases
G9a and GLP and the H3K9 methylations readers HP1α,
HP1β, and HP1γ and monitored SAT1 alternative splicing.
We observed SAT1 exon X inclusion when G9a or GLP
were silenced (Fig. 3E; Supplemental Fig. 3S–W2), similar
to the results seen when silencing KDM3A. No change in
SAT1 alternative splicing was observed following silencing
of H3K9 methylation readers (Supplemental Fig. S3X,Y).
This result suggests that the methylation state of H3K9
might recruit KDM3A, but that KDM3A does not serve as
an eraser of the modification but rather as a scaffold for
splicing factor binding.

KDM3A phosphorylation on S265 following β-adrener-
gic stimulation regulates gene expression via the SWI/
SNF complex (Abe et al. 2015). The SWI/SNF subunit
Brm was previously shown to promote exon inclusion of
several genes (Batscheet al. 2006). This led us to askwheth-
er the SWI/SNF complex has a role in SAT1 alternative
splicing. To check our hypothesis, we asked whether
ARID1A, a SWI/SNF subunit binding to phospho-KDM3A
(Abe et al. 2015), has a role in SAT1 alternative splicing.
To this end, we silenced ARID1A and found that it promot-
ed SAT1 exon X exclusion (Supplemental Fig. S4A–C).
Since ARID1A and KDM3A promote SAT1 exon X exclu-
sion, it is possible that they cooperate in the alternative
splicing of SAT1 exon X.

SRSF3 and hnRNPF promote exclusion
of SAT1 exon X

We hypothesize that KDM3A serves as a scaffold to recruit
a splicing factor to exclude SAT1 exon X. Such splicing fac-
tors could be those known to act as an adaptor system con-
necting DNA and histonemethylation to the spliceosomes
SRSF1, SRSF3, SRSF6 and SF3B1 (Yearim et al. 2015) and
hnRNPF, which was shown to bind KDM3A and regulate al-
ternative splicing of AR variant 7 (AR-V7) (Fan et al. 2018).
We silenced each of these splicing factors and found that
both SRSF3 and hnRNPF promote exclusion of SAT1 exon
X similar to KDM3A (Fig. 4A; Supplemental Fig. S4D–G5).
This suggests that SRSF3 and hnRNPFmight be working in
the same pathway as KDM3A in the regulation of SAT1 al-
ternative splicing.

KDM3A is important for SRSF3 binding
to SAT1 pre-mRNA

To check if KDM3A is needed for SRSF3 binding to SAT1
pre-mRNA, we performed RNA-IP for SRSF3 following si-

lencing of KDM3A in MCF7 cells (Supplemental Fig.
S4H,I). Monitoring SAT1 pre-mRNA relative to input, we
found silencing of KDM3A led to a reduction of approxi-
mately 75% in SRSF3 binding to SAT1 pre-mRNA (Fig.
4B). This result supports the hypothesis that the two pro-
teins functionally interact in the regulation of SAT1’s alter-
native splicing (Fig. 5).

DISCUSSION

Chromatin structure is constantly changing in response to
the cell’s environment. These dynamic alterations are the
basis of a changing cellular transcriptome that in turn en-
ables the cells to adapt to the new environment. Here
we suggest a transcriptome change by alternative splicing
giving rise to isoforms that are better able to respond to
the environment. To this endwe studied the role of the sig-
nal-sensing scaffold KDM3A. While KDM3A’s role in tem-
perature sensing is well established, we have now found
that it is phosphorylated following DNA damage to regu-
late alternative splicing, as well as the expression of cell-
cycle genes (Fig. 5).

DNA damage has been shown multiple times by us and
others to regulate the transcriptomeand specifically alterna-
tive splicing (Munoz et al. 2009; Salton et al. 2010, 2011;
Mikolaskova et al. 2018). Here we add that the mediator of
the alternative splicing regulation canbe chromatin proteins
that are a known part of the massive cellular response to
DNA damage. Splicing factors were also demonstrated to
be part of the signal transduction following DNA damage.
In particular SRSF3 was shown to serve as a regulator of ge-
nome integrity and cell cycle (Kurokawa et al. 2014; He and
Zhang 2015; Ajiro et al. 2016; Jimenez et al. 2019).Ourwork
demonstrates that chromatin alterations following DNA
damage could serve as a scaffold to recruit SRSF3 to specific
cell-cycle genes. This observation could add a level of regu-
lation to splicing factors’ preference for their targets follow-
ing a cellular environment change.

Histonemodifications over alternatively spliced gene re-
gions have previously been shown to act as recognition
sites for epigenetic adaptor proteins, which in turn recruit
splicing factors (Luco et al. 2011; Salton et al. 2014). Here
we demonstrate that phosphorylated S265 KDM3A itself
could serve as a scaffold for splicing factor recruitment
with the SWI/SNF subunit ARID1A. Another subunit of
the SWI/SNF complex, Brm, was indicated to regulate al-
ternative splicing by promoting inclusion of exons via slow-
ing down of RNA polymerase II elongation (Batsche et al.
2006). However, our results show that ARID1A promotes
exclusion of SAT1 exon X. This suggests that the mecha-
nism of the SWI/SNF complex on the SAT1 gene is differ-
ent to that described before (Batsche et al. 2006).

Our results demonstrate that the H3K9me2 methyltrans-
ferases, G9a and GLP, and its demethylase, KDM3A, all pro-
mote exclusion of SAT1 exon X. This result is of special
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interest and provides strong evidence that KDM3A serves as
the scaffold, and not the H3K9 modification, for recruiting
SRSF3. Our previous work found HP1γ to bind H3K9me2
and recruit the splicing factor SRSF1 (Salton et al. 2014).
Thismodel suggests thatKDM3Aenzymatic activitywill abol-
ish thisadaptor systemandwillpromote theoppositealterna-
tive splicing outcome. However, our SAT1 findings provide
proof that G9a and KDM3A can work in a similar way to reg-
ulate alternative splicing but through different mechanisms.
A deeper investigation is needed to learn more about the
fine tuning of each of these chromatin factors.
Demethylation of H3K9 by KDM3A was shown to pro-

mote alternative splicing of AR7 by recruiting hnRNPF (Fan
et al. 2018). That work delineated a mechanism that is dis-
tinct from the one we describe here as it requires
KDM3A’s enzymatic activity and our work shows that the
methylasemutant of KDM3Acan also serve as an alternative
splicing regulator. Our results shed light on themanymech-
anisms bywhich chromatin can regulate alternative splicing.

MATERIALS AND METHODS

Cell culture

MCF7 (ATCC number: HTB-22) and HEK293T (ATCC number:
CRL-3216) cells were grown in Dulbecco’smodified Eagle’s medi-
um (DMEM) supplemented with 10% fetal bovine serum; cell lines
were maintained at 37°C and 5% CO2 atmosphere.

Oligonucleotide

Oligo for the 5′ splice site of SAT1 Exon X, modified with phos-
phorothioate and 2′-O-methylation was designed (Oligo se-
quence: TGAGgtaaggtcctattatcacaca). MCF7 cell lines were
transfected with the oligo at a concentration of 1 µM using the
TransIT-X2 transfection reagent (Mirus Bio) following the manu-
facturer’s instructions.

RNA interference

A pool of four siRNA oligomers per gene against KDM3A, SRSF1,
SRSF3, SRSF6, HP1α, HP1β, HP1γ, and SF3B1 were purchased
from Dharmacon. SAT1, HNRNPF, and ARID1A esiRNAwere pur-
chased from Sigma. MCF7 cells were grown to 20%–30% conflu-
ence and transfected with siRNA using TransIT-X2 transfection
reagent (Mirus Bio) following the manufacturer’s instructions.
After 24 h of incubation, cell culture media was refreshed and
then incubated for an additional 48–72 h. Knockdown efficiencies
were verified by qPCR.

qRT-PCR

RNA was isolated from cells using the GENEzol TriRNA Pure Kit
(GeneAid). cDNA synthesis was carried out with the Quanta
cDNA Reverse Transcription Kit (Quantabio). Then, qPCR was
performed with the iTaq Supermix (Bio-Rad) on the Bio-Rad

iCycler. The comparative Ct method (ΔΔCT) was used to quantify
transcripts, and delta Ct was measured in triplicate. The amount
of target, normalized to the CycloA reference gene for total
mRNA and normalized to total mRNA for the splice variant, is giv-
en by the arithmetic formula: 2–ΔΔCT, where ΔΔCT=ΔCT test sam-
ple–ΔCT reference sample. PSI was calculated by the ratio of
SAT1 exon X and SAT1 total mRNA amount. Primers used to am-
plify the target genes are provided in Supplemental Table S1.

RNA-seq

The RNA ScreenTape kit (catalog #5067-5576; Agilent
Technologies), D1000 ScreenTape kit (catalog #5067-5582;
Agilent Technologies), Qubit RNA HS Assay kit (catalog #
Q32852; Invitrogen), and Qubit DNA HS Assay kit (catalog
#32854; Invitrogen) were used for each specific step for quality con-
trol and quantity determination of RNA and library preparation. For
mRNA librarypreparation: TruSeqRNALibrary PrepKit v2wasused
(Illumina). In brief, 1 µg was used for the library construction; library
was eluted in 20 µL of elution buffer. Libraries were adjusted to 10
mM, and then 10 µL (50%) from each sample was collected and
pooled in one tube. Multiplex sample pool (1.5 pM including
PhiX 1.5%) was loaded in NextSeq 500/550 High Output v2 kit
(75 cycles cartridge and 150 cycles cartridge; Illumina). Run condi-
tions were in paired end (43×43 bp and 80×80 bp, respectively)
and loaded on a NextSeq 500 System machine (Illumina). We
used rMATS (version 3.2.5) (Shen et al. 2014) to identify differential
alternative splicing events between the two sample groups corre-
sponding to all five basic types of alternative splicing patterns.
Briefly, rMATS uses a modified version of the generalized linear
mixed model to detect differential alternative splicing from RNA-
seq data with replicates, while controlling for changes in overall
gene expression levels. It accounts for exon-specific sequencing
coverage in individual samples as well as variation in exon splicing
levels among replicates. For each alternative splicing event, we
used the calculation on both the reads mapped to the splice junc-
tions and the reads mapped to the exon body. The results of
rMATS analysis gave low numbers of significant AS events with P-
value 0.05 and a cutoff at FDR<5%. Thus, one replicatewasexclud-
ed from the analysis, and then specific parameters were identified
manually; with inclusion level difference between groups=2, and
average count >10.

Viral infection

Retroviral or lentiviral particles were produced by expressing
KDM3A-P S265 WT or mutants (S265A, S265D) (Abe et al.
2015) or p-Lenti-V5-KDM3A-WT (addgene #82331) or demeth-
ylase MUT (addgene #82332) plasmids, respectively, in the
HEK293T packaging cell-line using TransIT-X2 transfection re-
agent. MCF7 cells were infected with viral particles and stable in-
tegrations were selected.

Immunoblotting

For immunoblotting, cells were harvested and lysed with RIPA ly-
sis buffer, and the extracts were run on a 4%–12% Bis-Tris gel and
transferred onto a polyvinylidene difluoride membrane.
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Antibodies

Antibodies used for immunoblotting were KDM3A-Ser265 (kindly
supplied by Dr. Juro Sakai, RCAST, University of Tokyo), KDM3A
(cat# ab106456, Abcam), Arid1A (cat# sc-32761, Santa Cruz Bio-
technology), SRSF3 (cat# sc-13510, Santa Cruz Biotechnology),
and SAT1 (D1T7M, cat# 61586, Cell Signaling Technology).

Flow cytometry

Cells were trypsinized, washed with PBS, fixed overnight at−20°C
with 70% ethanol in PBS, washed with PBS, and left for 30 min at
4°C. The cell suspension was then incubated with PBS containing
5 µg/mL DNase-free RNase and stained with propidium iodide
(PI). Data were acquired using the LSRII Fortessa Analyzer ma-
chine at 10,000 events/sample. The percentage of cells in each
cell-cycle phase was determined using Flow Jo software.

Chemical reagents

Neocarzinostatin (NCS) was obtained from Sigma (cat#
067M4060V). PKA inhibitor was obtained from Sigma (cat#
P6062).

RNA-immunoprecipitation (RNA-IP)

Cells were washed with ice-cold PBS, harvested, and lysed for 30
min on ice in a buffer containing 1% NP40 150 mM NaCl, 50 mM
Tris pH=7.5, and 1 mM EDTA supplemented with protease and
RNasin inhibitors followed by sonication in an ultrasonic bath
(Qsonica, Q800R2 Sonicator) for six cycles of 5 sec ON and 30
sec OFF. Supernatants were collected after centrifugation at
21,000g for 20 min. Antibody was added for 2 h at 4°C. Protein
A and G sepharose beads were added for an additional 1
h. Beads were washed four times and GeneZol added for RNA ex-
traction. Serial dilutions of the 10% input cDNA (1:5, 1:25, 1:125)
were analyzed by SYBR-Green real-time qPCR. The oligonucleo-
tide sequences used are listed in Supplemental Table S1.

DATA DEPOSITION

The RNA-seq data have been deposited to the Gene Expression
Omnibus (GEO) with the data set identifier GSE141948.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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