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ABSTRACT

Recent evidence points to a role of chromatin in
regulation of alternative pre-mRNA splicing (AS). In
order to identify novel chromatin regulators of AS,
we screened an RNAIi library of chromatin proteins
using a cell-based high-throughput in vivo assay.
We identified a set of chromatin proteins that reg-
ulate AS. Using simultaneous genome-wide expres-
sion and AS analysis, we demonstrate distinct and
non-overlapping functions of these chromatin mod-
ifiers on transcription and AS. Detailed mechanis-
tic characterization of one dual function chromatin
modifier, the H3K9 methyltransferase EHMT2 (G9a),
identified VEGFA as a major chromatin-mediated AS
target. Silencing of EHMT2, or its heterodimer partner
EHMT1, affects AS by promoting exclusion of VEGFA
exon 6a, but does not alter total VEGFA mRNA lev-
els. The epigenetic regulatory mechanism of AS by
EHMT2 involves an adaptor system consisting of the
chromatin modulator HP1vy, which binds methylated
H3K9 and recruits splicing regulator SRSF1. The epi-
genetic regulation of VEGFA is physiologically rele-
vant since EHMT2 is transcriptionally induced in re-
sponse to hypoxia and triggers concomitant changes
in AS of VEGFA. These results characterize a novel
epigenetic regulatory mechanism of AS and they
demonstrate separate roles of epigenetic modifiers
in transcription and alternative splicing.

INTRODUCTION

Newly synthesized precursor mRNAs (pre-mRNA) un-
dergo extensive co-transcriptional and post-transcriptional
processing. Of particular importance is pre-mRNA splic-
ing, during which non-coding intron sequences are removed
from the nascent RNA. Pre-mRNA splicing is thought to
occur largely co-transcriptionally and physical interaction

of the transcription and RNA splicing machinery has been
reported (1-3). While the main purpose of RNA splicing
is the removal of non-coding intron regions and the lin-
ear joining of coding exons, they may also be joined in a
combinatorial fashion in a process referred to as alternative
splicing (AS). This process is physiologically relevant as it
gives rise to multiple protein isoforms from one pre-mRNA
molecule, thereby contributing to proteomic diversity (4).
Novel high-throughput sequencing technology has recently
revealed that more than 90% of human genes undergo AS
(5) and AS is recognized as a key regulatory mechanism in
differentiation and tissue-specific gene expression (6). Al-
ternative splice site selection appears to be determined by a
complex interplay of RNA motifs and interacting proteins
(7,8).

Recent evidence also points to a contribution of epige-
netic marks and higher order chromatin structure to AS reg-
ulation (2). In support, genome-wide mapping has revealed
enrichment of nucleosomes in exons (9,10) and several his-
tone modifications are enriched in exons relative to intron
(11). A mechanistic role for chromatin in AS is suggested
by the finding that the histone acetyltransferase GenS in
yeast, and STAGA in humans, bind U2 snRNA, a com-
ponent of the spliceosome (12). Histone acetylation is gen-
erally associated with euchromatin and is thought to stim-
ulate RNA polymerase II (RNA pol II) elongation, which
has been suggested to affect AS outcome (2,13). In support,
switching promoters (14) and introduction of RNA pol II
pause sites alters AS of select genes (15). Furthermore, chro-
matin features may directly affect splicing outcome by phys-
ical coupling of chromatin and the transcription machin-
ery with the splicing apparatus via chromatin-binding adap-
tor proteins, which recognize alternatively spliced regions of
genes enriched in particular histone modifications, and in
turn recruit splicing regulators to the nascent RNA (2). A
paradigm for such adaptor systems is the FGFR2 gene in
which H3K36me3 is enriched over its alternatively spliced
region (16). The modification is recognized by the epige-
netic reader protein MRG15, which recruits the FGFR2
splicing regulator PTB to promote exon skipping (16). The
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level of H3K36me3 in the alternatively spliced region of
FGFR2 appears to be regulated by Akt signaling pathways,
suggesting that chromatin-mediated splicing regulation is a
controlled physiological event (17). Similarly, Psipl/Ledgf
binds H3K36me3 in various genes and alters AS outcome
by recruitment of regulatory splicing factor SRSF1 and U5
snRNA (18). Another example for an adaptor system is the
histone modification H3K4me3 in the cyclin DI gene, where
the chromatin remodeler CHD1 binds H3K4me3 and re-
cruits U2 snRNP (19). The interplay between chromatin
and splicing may be bi-directional since splicing factors
have been shown to recruit Setd2, the methyltransferase of
H3K36 (20). These observations point to a prominent, yet
poorly understood, regulatory role of chromatin features in
AS control.

In order to identify additional chromatin regulators of
AS, we used a cell-based in vivo assay for high-throughput
screening of an siRNA chromatin library of 395 chromatin
proteins. We identified 10 chromatin proteins with a role
in AS regulation. As expected, the majority of these pro-
teins have known roles in transcription. However, genome-
wide analysis of transcription and AS changes after knock-
down shows very limited overlap in affected genes, sug-
gesting independent roles for these chromatin proteins in
transcription and AS. To delineate the mechanistic basis of
the cross-talk of transcription and AS, we focused on the
H3K9 methyltransferase EHMT2. We show a distinct role
for EHMT2 in transcription and AS of the VEGFA gene
and we describe a novel chromatin-splicing adaptor sys-
tem comprised of the heterochromatin protein 1y (HP1vy),
which recognizes H3K9me and recruits the splicing factor
SRSF1. We identify H3K9me/HP1vy/SRSF1 as a major
regulatory system of AS of the VEGFA gene.

MATERIALS AND METHODS
Cell lines and plasmids

U20S (ATCC Number: HTB-96), HEK293 (ATCC Num-
ber: CRL-1573) and MCF7 (ATCC Number: HTB-22) cells
were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum; HUVEC (Hu-
man Umbilical Vein Endothelial Cells, ATCC Number:
CRL-1730) cells were grown in F-12K medium contain-
ing 0.1 mg/ml heparin and 0.03 mg/ml endothelial cell
growth supplement with 10% fetal bovine serum; all cell
lines were maintained at 37°C and 5% CO, atmosphere.
Cells were transfected with X-tremeGENE HP DNA Trans-
fection Reagent (Roche) following the manufacturer’s in-
structions. After 24 h in culture, transfected cells were used
for experimentation. BIX01294 (Sigma) was used in 1 pM
concentration for 24 h. Cells were exposed to hypoxic con-
ditions in a chamber with a gas mixture of 94.5% N», 5%
CO; and 0.5% O,. The Tau reporter (pFlareSAdP-TaulOb)
was provided by Dr P. Stoilov, School of Medicine, West
Virginia University, USA; GFP-HP1vy was described by us
before (21); and ZFP-EHMT?2 and ZFP-No were provided
by Sangamo BioSciences Inc (22).
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siRNA transfection

Cells were transfected in triplicate on different days with
siRNA oligos at a final concentration of 50 nM in a reverse
format using a Janus automated liquid handler (Perkin-
Elmer). First, 3.75 pl of OPTIMEM (Invitrogen) were
transferred into each well of an empty PE-Cell Carrier 384-
well imaging plate (Perkin-Elmer). Then, 1.25 plofa 1 uM
siRNA stock in OPTIMEM were added. Next, 5 pl of di-
luted Dharmafectl were added. Plates were incubated 20
min at room temperature (RT) and then 5000 cells/well
were seeded in the plate in a 15-pl volume of growing me-
dia, using a Multidrop Combi automated dispenser (Ther-
moFisher Scientific). Cells were analyzed after 72 h.

Automated imaging

Cells were fixed by adding 4% paraformaldehyde in phos-
phate buffered saline (PBS) directly into the culture medium
and incubated for 15 min at RT. Cells were then washed 3 x
in PBS and stained with DRAQS5 (Biostatus Limited) 1:5,
000 in PBS. The automated imaging steps were performed
using an Opera system (Perkin Elmer). Images were taken
using a 488/640 nm excitation laser (1st acquisition) and a
568 nm excitation laser (2nd acquisition). Images were ana-
lyzed using the Acapella software package (Perkin-Elmer).
The Green/Red ratio was calculated as the ratio between
the average nuclear intensity signal in the 488 nm channel
and the average nuclear signal in the 568 nm channel.

Statistical analysis

The Z'-score is routinely used in high-throughput screen-
ing to measure the power of an assay. Taking into account
all assay measurements in a dataset including positive and
negative controls, it measures the extent of distribution of
individual sample responses in the assay and compares sam-
ple distribution to random distribution (23). A Z’-score be-
tween 0.5 and 1 is considered a high-quality assay. The Z-
score defines the distance of a datapoint from the mean, tak-
ing into account all population parameters. Normalized Z-
score values for the Green/Red ratio and the siRNA rank
were calculated using the CellHTS2 package (24). siRNA
pools with Z-score <—3 were selected for secondary vali-
dation.

siRNA transfection of cells in a 96-well format

For the validation screen cells were transfected in dupli-
cate on independent days with siRNA oligos at a final con-
centration of 50 nM in a reverse format. First, 15 ul of
OPTIMEM (Invitrogen) were transferred into each well
of an empty PE-CellCarrier 96-well imaging plate (Perkin-
Elmer). Then, 5 pl of a 1-uM siRNA stock in OPTIMEM
were added. Finally, 20 wl of diluted Dharmafectl were
added. Plates were incubated for 20 min at RT and ~15,
000 cells/well were seeded in each well in a 60-pl volume
of growing media. Every experiment was done in dupli-
cate plates to allow for analysis after 72 h by both imaging
and quantitative reverse transcriptase-polymerase chain re-
action (QRT-PCR). RNA extraction, cDNA synthesis and
gRT-PCR were performed using the Cells-To-Ct kit (Am-
bion) according to the manufacturer’s instructions.
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siGenome pools and OnTargetPlus pools of four siRNA
oligos per gene and OnTarget Plus SMART pool against
EHMT1/2, EP300, PCAF, JunD, SAFB1, HPly and
SRSF1 were purchased from Dharmacon. In experiments
following the primary screen cells were grown to 20-50%
confluence and transfected with siRNA using the Dharma-
FECT 1 reagent.

qRT-PCR

RNA was isolated from cells using the RNeasy plus mini
kit (Qiagen). cDNA synthesis was carried out with the
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). qPCR was performed with the SsoFast Eva-
Green Supermix (BioRad) on the Biorad iCycler. The com-
parative Ct method was employed to quantify transcripts,
and delta Ct was measured in triplicate. Primers used in this
study are provided in Supplementary Table S5.

Chromatin immunoprecipitation

Approximately 2*10° cells per sample were cross-linked for
15 min in 1% formaldehyde at RT. Cells were washed twice
with cold PBS and lysed with lysis buffer (0.5% sodium do-
decyl sulphate (SDS), 10 mM ethylenediaminetetraacetic
acid (EDTA), 50 mM Tris—HCI pHS8 and 1xprotease in-
hibitor cocktail). DNA was sonicated in an ultrasonic bath
(Bioruptor Diagenode) to an average length of 200-1000
bp. Supernatants were immunoprecipitated o/n with 40 pl
of pre-coated anti-IgG magnetic beads (Dynabeads M-280
Invitrogen) previously incubated with the antibody of in-
terest for 6 h at 4°C. The antibodies used were: mouse anti-
HPIvy (3 pl, Chemicon MAB3450), mouse anti-H3K9me?2
(3 pl, Abcam ab1220), EP300 (5 wl, Bethyl A300-358A),
JunD (5 pl, Active Motif 39328), ER«a (5 wl, Santa Cruz
SC-543), SAFBI1 (4 wl, provided by Steffi Oesterreich, Uni-
versity of Pittsburgh), ARIDIB (3 wl, Abcam ab50958),
SUV39H2 (20 wl, Abcam ab5264), EHMT2 (5 nl, Mil-
lipore 07-551). Control immunoprecipitations were per-
formed with no antibody and H3K9me2 was normalized
to anti-histone H3 chromatin immunoprecipitation (ChIP)
(2 pl, Abcam ab1791). Beads were washed sequentially for
5 min each in Low-salt (20 mM Tris—HCI pH &, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), High-
Salt (20 mM Tris—-HCI pH 8, 500 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.1% SDS) and LiCl buffer (10 mM Tris
pH 8.0, I mM EDTA, 250 mM LiCl, 1% NP-40, 1% Na-
deoxycholate) and in Tris-EDTA (TE). Beads were eluted
in 1% SDS and 100 mM NaHCOj buffer for 15 min at 65°C
and cross-linking was reversed for 6 h after addition of NaCl
to a final concentration of 200 mM and sequentially treated
with 20 g proteinase K. DNA was extracted using phe-
nol chloroform. Immunoprecipitated DNA (2 out of 50 wl)
and serial dilutions of the 10% input DNA (1:5, 1:25, 1:125
and 1:625) were analyzed by SYBR-Green real-time qPCR.
ChIP-gPCR data were analyzed relative to input to include
normalization for both background levels and the amount
of input chromatin to be used in ChIP. The oligonucleotide
sequences used are listed in Supplementary Table S5.

RNA-ChIP

RNA-ChIP was performed using the RNA-ChIP IT kit
(Active Motif) according to the manufacturer’s instructions
with a few modifications. Protein G magnetic beads were
pre-coated with anti-SRSF1 (50 ul, Santa Cruz SC-10254)
for 2 h in RT. DNA was sonicated in an ultrasonic bath
(Bioruptor Diagenode) for 11 cycles of 15 s ON and 30
s OFF. Serial dilutions of the 10% input DNA (1:5, 1:25,
1:125) were analyzed by SYBR-Green real-time qPCR. The
oligonucleotide sequences used are listed in Supplementary
Table S5.

Immunoblotting and immunoprecipitation

For immunoblotting cells were harvested and lysed with
RIPA lysis buffer, and the extracts were run on a 4-12%
Bis-Tris gel and transferred onto a polyvinylidene difluo-
ride membrane. For immunoprecipitation cells were washed
twice with ice-cold PBS, harvested and lysed for 30 min
on ice in 0.5% NP40, 150 mM NaCl, 50 Mm Tris pH7.5,
and 2 mM MgCl, supplemented with protease inhibitor
and Benzonase Nuclease (Sigma). Supernatants were col-
lected after centrifugation at 21, 000 g for 20 min. Super-
natants were immunoprecipitated for 2 h with 40 wl of pre-
coated anti-IgG magnetic beads (Dynabeads M-280, Invit-
rogen) and the SRSF1 antibody (Invitrogen 32-4500) for 6
h at 4°C. Beads were washed sequentially for 5 min each
in Low-salt, High-Salt and LiCl buffer (as described for
ChIP). Beads were boiled in sample buffer and loaded onto
the gel for analysis. The samples were subjected to stan-
dard immunoblotting analysis using polyvinylidene difluo-
ride membranes and enhanced chemiluminescence.

Migration assay

Migration assay was performed in a 96-well format by seed-
ing approximately 50, 000 cells into wells that were pre-
inserted with stoppers to occlude the center of the wells
(Platypus Technologies Oris™ Cell Migration Assay). HU-
VEC (CRL-1730) cells were seeded in migration wells, and
stoppers were removed after 4 h. Cells were allowed to mi-
grate overnight in conditioned MCF7 cells media from ei-
ther siNT or siEHMT?2-treated cells. Cells were stained with
Calcein-AM (Invitrogen) for 30 min prior to quantitative
fluorescence reading using a BioTek Synergy HT microplate
reader with excitation/emission wavelengths set at 485/525
nm, respectively.

PacBio sequencing

Taking advantage of the single molecule long reads of
the PacBio sequencing system (Pacific Biosciences), we se-
quenced more than 60, 000 single molecules of cDNA from
both siRNA control and siEHMT2-treated cells. Circular-
consensus (CCS) reads of single molecules were aligned to
the VEGFA genomic DNA with BLAT and alternatively
spliced isoforms were identified and quantified using a cus-
tom Perl script.



Microarray analysis

Total RNA was reverse transcribed, labeled and hybridized
to the Affymetrix Glue Grant human transcriptome (GG-
H) array following the GeneChip Eukaryotic Double
Strand Whole Transcript Protocol. Array was scanned us-
ing Affymetrix GeneChip scanner 7G.

RESULTS

A targeted high-throughput RNAi screen to identify chro-
matin regulators of AS

We set out to identify chromatin proteins with a role in pre-
mRNA AS. In order to measure pre-mRNA splicing in a
living cell, we used an established dual color AS reporter
consisting of TAU exon 10, flanked by two constitutive ex-
ons, introduced into a U20S human osteosarcoma cell line
(25). The level of inclusion of the alternatively spliced TAU
exon 10 is indicated by the ratio of the fluorescent reporter
proteins GFP and StrawberryRed (Figure 1a). To validate
the system, we silenced TRA2B, a known TAU exon 10
splicing regulator (26) (Supplementary Figure Sla). As ex-
pected, knockdown of TRA2B (Supplementary Figure Sla)
promoted exclusion of TAU exon 10 as indicated by qgPCR
(Supplementary Figure S1b) and an increase in GFP signal
(Figure 1b). Note that a concomitant reduction in Straw-
berryRed fluorescence signal is not expected due to the very
long half-life (4.6 days) of the StrawberryRed protein (27),
which was primarily used as an indicator of cell viability in
the screen (see ‘Materials and Methods’).

In order to identify novel chromatin proteins involving in
AS regulation, we generated an siRNA library containing
pools of four siRNA oligonucleotides to 395 human genes
with known chromatin annotation based on Gene Ontology
(28) (Supplementary Table S1). The screen was conducted
in triplicate in a 384-well format by reverse-transfecting cells
with siRNA oligos for 72 h, followed by fixation of cells, and
imaging to determine the cellular GFP/StrawberryRed sig-
nal ratio for each RNAIi pool (see ‘Materials and Methods’
for details). The approach was validated using the positive
siTRA2B control and a negative siNon-targeting control,
yielding a Z’-score of 0.91. Of the 395 siRNA pools, 20 had
a Z-score <—3, a standard cut-off in optical screens, and
were considered positive hits (Figure 1¢). Two of the 20 hits
were cytotoxic and caused cell death and were eliminated
(Supplementary Table S1). Hits were validated using pools
of chemically distinct siRNAs and splicing outcome was
measured by both imaging and qPCR using specific primers
(Supplementary Table S2). Two genes (BRDT and RAN)
resulted in low viability of cells following silencing and were
eliminated (Supplementary Table S2). Ten of 16 original hits
were validated in this secondary screen (ARIDS5A, EP300,
PCAF, EHMT2, SUV39H2, SAFBI, JunD, HMGN4, SM-
CHDI1 and SCMHI1). ChIP experiments using available an-
tibodies against six of these proteins confirmed four candi-
dates (SAFBI, JunD, EHMT2, EP300) to directly bind the
TAU reporter (Figure 1d). All proteins bound both to the
transcription start site (TSS) and, albeit consistently more
weakly, to the constitutively spliced exon 3 in the body of
the TAU reporter gene (Figure 1d). Although all identified
hits promote exclusion of TAU exon 10 and no hits were
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Figure 1. High-throughput imaging screen to identify chromatin proteins
involved in AS regulation. (a) Schematic representation of the TAU re-
porter gene (25). Gray rectangles: exons, black lines: introns. The reporter
consists of two external constitutive exons and a middle alternative exon
10 of the TAU gene. The translation initiation codon is split between the
two constitutive exons resulting in GFP translation only following exclu-
sion of the middle exon. In case of inclusion, a second initiation codon will
be used to translate StrawberryRed. (b) U20S cells stably expressing the
TAU reporter gene were transfected with either siNon-Targeting (siNT) or
siTRA2B and were grown in 384 well plates for 72 h. DRAQS stains the
DNA and is used to identify the nuclei. Cells were fixed in paraformalde-
hyde and imaged sequentially at 488, 568 and 640 nm (20 x magnification,
1 imaging field). Scale bar: 40 pm. (¢) U20S cells stably expressing the
TAU reporter gene were screened in triplicate using a library contain-
ing 395 siRNA pools targeting human genes with a chromatin GO an-
notation. siRNA pools were ranked according to their Z-score in the
GFP/StrawberryRed ratio when compared to the median value of the pop-
ulation. Positive control wells (red) were silenced for TRA2B. The horizon-
tal broken line represents the threshold (Z < —3) used for selection of hits.
(d) ChIP of the indicated protein along the TAU reporter in U20S cells
stably expressing the reporter. Transcription start site (TSS) was probed as
was the GFP region of the reporter. ERa was used as a negative control
based on its screen score. Horizontal broken line represents the threshold
set by the beads only sample and ERa. Values represent averages of three
independent experiments +SD.
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found to promote inclusion, this may be a technical bias in
the assay due to the long half-life of StrawberryRed, making
exclusion easier to detect.

Independent roles of chromatin factors in transcription and
AS

The majority of hits identified as splicing regulators in the
screen had previously been implicated in transcriptional
control. To rule out that the observed effects on AS were a
secondary consequence of transcriptional changes, we com-
pared the effect of knockdown of candidate chromatin pro-
teins on genome-wide transcription and AS. For this anal-
ysis we chose four chromatin proteins (EP300, EHMT?2,
JunD and SAFBI1) that were positive in our screen and di-
rectly bind the TAU reporter (Figure 1d). PCAF was added
to the analysis as a known interactor of EP300 (29). We used
the Affymetrix Glue Grant human transcriptome (GG-H)
array, which contains probes spanning exon-exon junctions
to detect AS isoforms, as well as exon probes for general
mRNA transcription levels, allowing for simultaneous map-
ping of transcripts and AS patterns on the same array using
the same RNA samples (30). We analyzed the results using
the Partek Genomics Suite (31) and JETTA (32) for tran-
scripts and AS, respectively. Individual genes were silenced
in MCF7 cells and analyzed in triplicates. Non-targeting
oligos were used as control (Supplementary Figure S2a—e).

Knockdown of individual chromatin proteins affected
the transcription level of between 62 (JunD) and 335
(EP300) genes (Figure 2). Correspondingly, between 81
(SAFBI1) and 662 (PCAF) AS were affected. However, no
correlation between the number of changes in transcript
level and the number of AS changes was observed and while
loss of some chromatin factors, such as EP300 and SAFBI,
resulted in more transcript level changes than AS events,
others such as JunD and PCAF affected AS more than tran-
scription (Figure 2). Of note, with the exception of EHMT?2,
all factors showed an at least ~2-fold preference for either
affected transcript levels or AS, suggesting a preferential im-
pact of each protein on either process (Figure 2). Remark-
ably, the number of genes in which both transcription and
splicing were affected was minimal ranging from 2 (PCAF
and JunD) to 10 (EP300) events (Figure 2a—e and Sup-
plementary Table S3). Knockdown of the chromatin pro-
teins did not affect expression of pre-mRNA splicing fac-
tors based on microarray analysis (Supplementary Figure
S2f). These results suggest independent functions of chro-
matin proteins in transcription and AS regulation.

The histone methyltransferase EHMT2 regulates VEGFA
AS

In order to understand the separate roles of chromatin mod-
ifiers in regulating transcription or AS in more detail, we
sought to elucidate the mechanism of AS regulation for
one of these chromatin proteins. We focused on EHMT?2,
a SET domain-containing histone lysine methyltransferase,
predominantly found in a heterodimer with EHMTI1 (33),
which mono- and dimethylate Lys 9 in histone H3 (33,34).
H3K9 methylation is associated with heterochromatin (35)
and EHMT?2 is considered a mediator of epigenetic gene si-
lencing (36).

Knockdown analysis of EHMT2 identified VEGFA, a
prominent cellular growth factor with major roles in vari-
ous physiological processes including cell migration and an-
giogenesis, as an AS target of EHMT?2 (Supplementary Ta-
ble S3). In support of a regulatory role in AS of VEGFA,
EHMT?2 bound to the intragenic region of VEGFA (Sup-
plementary Figure S3a). As such we used VEGFA as a
model system to delineate its mechanism of action. VEGFA
is a signaling protein produced mainly by endothelial
cells and is involved in stimulating angiogenesis (37). Nu-
merous VEGFA isoforms have been described, although
their functional roles are poorly characterized (38-41). The
major splicing isoforms are VEGFA,;, VEGFA 45 and
VEGFA g9, each expressed as an a- and b-isoform gener-
ated in a combinatorial fashion by usage of alternate exons
8a or 8b (Figure 3a). As previously reported (42), MCF7
cells have comparable levels of VEGFA |, and VEGFA 45,
and lower amounts of VEGFA g9 (Supplementary Figure
S3b). As observed in our microarray analysis, knockdown
of EHMT?2 by siRNA did not alter the total transcript level
of VEGFA when measured by qPCR (Figure 3b). In order
to get a full picture of the VEGFA splicing isoform abun-
dance following EHMT?2 silencing, we enriched for VEGFA
isoforms using primers in exon 3 and the 3’ UTR and se-
quenced VEGFA isoforms using PacBio sequencing (Sup-
plementary Table S4; see ‘Materials and Methods’). Com-
pared to a siNT sample, the number of sequencing reads in
the SsiEHMT?2 sample was the same for VEGFA |, but was
reduced by~20% for VEGFA g9, and the VEGFA 45 iso-
form was only detected in the s EHMT?2 sample, indicating
activation of a new AS event upon EHMT?2 silencing (Sup-
plementary Table S4). Read numbers were skewed toward
VEGFA |, due to a bias in the template-to-product ratio
toward the shorter isoform generated during multitemplate
PCR amplification prior to sequencing. Using junction
primers to identify specific VEGFA isoforms, we did not
find any effect of EHMT?2 loss on isoforms VEGFA ,a/b,
whereas VEGFA gs5a/b increased and VEGFAg9a/b de-
creased (Supplementary Figure S3c). This pattern of splic-
ing suggests that EHMT?2 promotes inclusion of exon 6a
(Figure 3a). The effect of EHMT?2 silencing on VEGFA
exon 6a exclusion was confirmed since similar results were
observed using the EHMT?2 inhibitor BIX01294 (43) and
after silencing of EHMT1 (Supplementary Figure S3d), the
heterodimer partner of EHMT?2 (33) (Figure 3b and c). We
conclude that loss of EHMT1/2 does not alter VEGFA
transcription but affects its AS.

Recruitment of EHMT?2 to its target gene mediates AS reg-
ulation

To demonstrate that EHMT2 recruitment and methyla-
tion of H3K9 were functionally important for VEGFA
splicing, we created H3K9me2 marks on VEGFA in a
controlled fashion by taking advantage of a fusion pro-
tein between a Zn-Finger protein (ZFP), recognizing the
promoter of VEGFA, and the minimal catalytic domain
of EHMT2 (22). This construct tethers EHMT2 to the
VEGFA promoter and has previously been shown to in-
crease H3K9me?2 locally and to repress transcription of
VEGFA in HEK293 cells (22). As expected, when teth-
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Figure 2. Independent role of chromatin factors in transcription and AS. MCF7 cells were transfected with siNT, siEHMT?2 (a), siPCAF (b), siEP300 (c),
siSAFBI (d) or siJunD (e) for 72 h. Total RNA was extracted and analyzed on a GG-H array. Venn diagram representing total RNA levels (blue) and AS
events (yellow) is presented for each of the genes. The detailed gene list is in Supplementary Table S4.

ered to VEGFA in HEK293 cells, EHMT?2 reduced VEGFA
mRNA levels (Figure 3d). Regardless, at the same time
VEGFA exon 6a inclusion was enhanced (Figure 3e). In
contrast, no effect was seen on VEGFA,;, which is not
sensitive to EHMT2 levels (Figure 3e). ChIP for H3K9me2
following tethering of EHMT2 to VEGFA promoter con-
firmed enrichment of the modification in the promoter as
well as spreading to the intragenic region (Figure 3f). We
conclude that the local concentration of H3K9me2 at the
VEGFA promoter is sufficient to regulate AS of exon 6a in
VEGFA.

The HP1vy acts as a splicing adaptor

Histone modifications 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 (2). The H3K9me modification created by
EHMT?2 is a recognition site for HP1vy (44-46). ChIP anal-
ysis in MCF7 cells shows HP1y binding to the alterna-
tively spliced exon 6a region, intron 7 and the 3’ intragenic
region, but not the promoter of the VEGFA gene (Fig-
ure 4a). Binding to these sites was reduced following treat-
ment with BIX01294, an inhibitor of EHMT?2 (Figure 4a).

On the other hand, ChIP for HP1y following tethering of
EHMT2 to the VEGFA promoter revealed higher occu-
pancy of HP1y in the promoter region as well as the in-
tragenic regions (Figure 4b), demonstrating recruitment of
HP1vy to VEGFA upon binding of EHMT?2. To test whether
HP1vy has an effect on VEGFA splicing outcome, HP1vy
was silenced using siRNA. Loss of HP1lvy resulted in ex-
clusion of exon 6a (Figure 4c and Supplementary Figure
S4a), whereas overexpression of HP1y promoted its inclu-
sion (Figure 4c). These observations suggest a pivotal role
for HP1y in VEGFA AS. In contrast to a genome-wide
study showing that loss of HP1y promotes intron retention
(47), silencing of HP1+y did not promote retention of introns
5 and 7 in the alternatively spliced region of VEGFA (Sup-
plementary Figure S4b).

To test whether EHMT?2 and HP1vy act in the same reg-
ulatory pathway or exerted their effects independently, we
tethered EHMT2 to the VEGFA promoter and silenced
HPI1vy at the same time. While tethering of EHMT?2 in the
presence of HP1y promotes exon 6a inclusion (Figure 4d),
tethered EHMT?2 failed to activate VEGFA exon 6a splic-
ing in the absence of HP1+y (Figure 4d). In contrast, knock-
down of HP1+vy did not reverse the inhibitory effect of teth-
ering of EHMT?2 on VEGFA total mRNA levels, suggest-
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ing that HP1vy is not necessary for regulation of VEGFA
transcription by EHMTs (Supplementary Figure S4c), fur-
ther demonstrating the independent, and mechanistically
distinct, functions of EHMT?2 on transcription and splic-
ing.

Recruitment of SRSF1 by HP1vy modulates VEGFA splicing

The splicing factor SRSF1 is a known regulator of VEGFA
AS (48). Silencing of SRSF1 in MCF7 cells promotes ex-

clusion of exon 6a, mimicking the effect of EHMT1/2 and
HP1vy (Supplementary Figure S4d). One possibility is that
these proteins cooperate in AS regulation of VEGFA. In
order to test this hypothesis, we probed for physical inter-
action of HP1y and SRSF1 in HEK293 cells. Immunopre-
cipitation using specific antibodies against the endogenous
proteins demonstrated physical interaction of SRSF1 with
HP1vy (Supplementary Figure S4e), pointing to the pres-
ence of these two proteins in the same complex. To probe
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if HP1y contributes to the recruitment of SRSF1 to the
VEGFA pre-mRNA, we performed RNA-ChIP for SRSF1
following either silencing or overexpression of HP1+y. Over-
expressing HP1vy led to approximately three times more
SRSF1 binding to VEGFA mRNA (Figure 4¢), and silenc-
ing had the opposite effect (Supplementary Figure S4f).
Overexpression or silencing of HP1vy did not affect SRSF1
mRNA levels (Supplementary Figures S4g and S4h).

Since we had originally identified EHMT?2 as an AS reg-
ulator of the TAU reporter gene, we asked whether the
H3K9me/HP1vy/SRSF1 system also acts on the endoge-
nous TAU gene. Silencing of EHMT?2 in MCF7 cells had no
effect on total TAU mRNA levels (Supplementary Figure
S4i). However, silencing of EHMT2, HP1y or SRSF1 all
promoted exclusion of TAU exonl0 (Supplementary Fig-
ure S4j). The effect of EHMT2 was local since, TAU exon
10 AS was not affected when EHMT2 was tethered to the
VEGFA promoter (Supplementary Figure S4k).

Hypoxia-induced VEGFA AS regulation is mediated by
EHMT2

EHMT?2 protein levels increase in response to hypoxia
(49-53) and total VEGFA is strongly upregulated follow-
ing hypoxia to promote angiogenesis (54). To probe for
potential physiological relevance of the observed AS reg-
ulation via EHMT?2, we analyzed VEGFA splicing un-
der hypoxic conditions. As previously reported, exposure
of MCF7 cells to hypoxia for 6 h resulted in a moder-
ate increase in EHMT?2 and an about 2-3-fold increase in
VEGFA mRNAs (Supplementary Figure S5a). Concomi-
tantly, hypoxia resulted in increased inclusion of VEGFA
exon 6a (Figure 5a), similar to that observed upon tether-
ing of EHMT2 (Figure 3e). Importantly, hypoxia-induced
VEGFA exon 6a inclusion was sensitive to the EHMT?2
catalytic inhibitor BIX01294, demonstrating that this effect
was due to changes in H3K9me levels (Figure 5a). We con-
clude that hypoxia-induced changes in AS of VEGFA are
dependent on EHMT?2.

To finally demonstrate physiological relevance of
EHMT2-mediated AS of VEGFA, we investigated whether
silencing of EHMT2 affects endothelial migration via
altering the VEGFA splicing isoform repertoire. Since
VEGFA isoforms are secreted proteins, we collected media
from MCF7 cells silenced for EHMT2 and used it to
assess endothelial cell migration, which is dependent on
VEGFA isoforms (Supplementary Figure S5b). Silencing
of EHMT?2 resulted in an ~20% induction of VEGFA 45
and an almost 50% reduction of VEGFA g9 compared to
control cells (siNT). These changes in VEGFA splicing
isoforms were accompanied by an ~2.5-fold reduction of
migration of endothelial cells (Figure 5b). We conclude
that loss of EHMT2 affects VEGFA splicing to decrease
endothelial cell migration.

DISCUSSION

We have here used a high-throughput screen to iden-
tify chromatin modifiers of AS. We describe several novel
chromatin proteins that regulate AS. Not surprisingly, the
vast majority of chromatin-based splicing modulators are

known transcriptional regulators. RNA splicing is thought
to occur co-transcriptionally (55) and there is extensive evi-
dence for coupling of the two processes both kinetically and
via physical interaction of the RNA splicing machinery with
RNA polymerase (1). In particular, the C-terminal domain
(CTD) of RNA pol II has been implicated in splicing fac-
tor recruitment (3). However, using genome-wide compara-
tive expression and AS analysis, we show that the identified
chromatin proteins act independently on transcription and
AS. The differential effects on the two processes are likely
due to the location of the modifications. While promoter
modifications are likely to contribute to transcriptional con-
trol, intragenic methylated H3K9 may recruit splicing fac-
tors to alternatively spliced regions in the body of the gene,
as previously demonstrated by genome wide-mapping and
biochemical approaches (56-61). In line with this inter-
pretation, we identify the H3K9me-binding protein HP1vy
as an adaptor protein that promotes recruitment of the
VEGPFA splicing regulator SRSF1. Further support for this
interpretation is the observation that tethering of EHMT?2
to the VEGFA promoter reduces its transcriptional activ-
ity, but promotes exon 6a inclusion concomitantly with the
spreading of H3K9 methylation from the tethered region
upstream of the TSS to the 3’ intragenic region including
the alternatively spliced region of VEGFA. It is of note,
that the effect of EHMT?2 tethering is functionally distinct
from loss of EHMT2, which does not affect transcription,
but only modulates splicing. This observation suggests that
EHMT?2 is not necessary for the maintenance of the tran-
scriptional status of VEGFA, but is needed to maintain
the VEGFA splicing pattern. The observed requirement for
a histone modification in the maintenance of a particular
splicing pattern is similar to that observed for H3K36me3
in the FGFR2 gene (16). It is also of note, that silencing of
HP1vy, the adaptor for H3K9me?2, while tethering EHMT?2
to the VEGFA promoter abolishes the AS effect, but has
no effect on reduced transcription of VEGFA by EHMT2
(Figure 4d and Supplementary Figure S4c¢), suggesting that
the inhibitory effect of EHMT?2 on transcription does not
involve HP1v, but likely another epigenetic reader.

The identification of EHMT?2 in an AS screen points to
an unanticipated regulatory role for EHMT?2 in alternative
pre-mRNA splicing. Previous work has linked H3K9me3
to AS of CD44 (59) and NCAM (61). Consistent with
this observation, we also detected CD44 AS changes in re-
sponse to silencing of EHMT?2 in our genome-wide anal-
ysis (Supplementary Table S3), whereas NCAM was not
expressed in the MCF7 cells analyzed here. We identified
an adaptor complex consisting of H3K9me/HP1y /SRSF1
as a regulator of VEGFA exon 6a splicing. While previous
work provided evidence for regulation of AS of CD44 by
H3K9me3 via pausing of RNA pol I, the reported effects
of HP1y (59) and SRSF1 (62) on AS of CD44 may sug-
gest the involvement of a H3K9me/HP1+vy /SRSF1 adaptor
complex as a complementary mechanism in CD44 splic-
ing. Our results furthermore show that elevated levels of
methylated H3K9 in the body of the VEGFA gene promote
exon 6a inclusion, promoting formation of VEGFA g9 in
favor of VEGFA 45. Increased production of VEGFA j¢5 by
EHMT?2 was previously described in airway smooth muscle
cells in asthma (63) and attributed to transcription regula-



a
2.0 - _
B ormoxia
- e Hypoxia
E 154 &
=]
&
o 10
=
©
& 0.5

0.0

Control BlX01294
121 165

Cortrol BIx01294

Nucleic Acids Research, 2014, Vol. 42, No. 22 13671

b

+ 1000
|
-
+ 800
1 }]
&
® 600- .
| -
o
3
L 400
[ ]
=
" 200-
T
r
n-

Cantrol BIX01294

&
189 ,;}" ,gél
£

Figure 5. Hypoxia induced inclusion of VEGFA exon 6a in EHMT2-dependent manner. (a) Hypoxia was induced for 6 h in MCF7 cells treated with
BIX01294 for 24 h. mRNA levels were assessed using qPCR; VEGFA isoform values are normalized to total VEGFA mRNA. (b) MCF7 cells were
transfected with siNT or siEHMT2. Conditioned cell culture medium collected after 72 h was used in Oris™ Cell Migration Assay to monitor the
migration of endothelial HUVEC cells. Cells were stained with Calcein AM to determine the degree of cell migration using fluorescent units. (a and b)
Values represent averages of two independent experiments each with three repeats £SD (*P < 0.05, **P < 0.01, ¢-test).

tion. We suggest here a distinct mechanism for EHMT?2 in
promoting VEGFA 45 isoform.

EHMT2-mediated AS regulation appears to be of physi-
ological relevance. Previous work has demonstrated induc-
tion of EHMT?2 in response to environmental changes such
as lack of oxygen (49-53). Our results expand these find-
ings by demonstrating a direct role of EHMT?2 in AS regu-
lation of VEGFA via recruitment of SRSF1. We show that
altering the isoform abundance of VEGFA by EHMT?2 is
pro-angiogenic. In line with our results, SRSF1 has pre-
viously been shown to have a pro-angiogenic effect (64).
Thus, induction of EHMT?2 following hypoxia is expected
to change VEGFA isoform repertoire in line with promot-
ing angiogenesis. Taken together, our results provide further
evidence for a regulatory role of chromatin in RNA process-
ing. While transcription and RNA splicing are closely cou-
pled, our findings suggest that chromatin factors indepen-
dently affect transcription and RNA processing. Based on
the recent finding of regulation of AS of FGFR2 via AKT
signaling through a splicing adaptor system (17), and our
current observations on hypoxia, it seems likely that these
inter-related regulatory mechanisms will be of significant
relevance in physiological and pathological processes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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