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Targeting EZH2 oncogenic splicing:
decoding the regulatory network and
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Recurrent mutations in splicing factors (SFs) have been established as crucial drivers of tumorigenesis in several
types of blood cancer and are also common in a variety of solid tumors. Mutations change the RNA-binding pref-
erences of SFs, promote global splicing alterations, and often generate erroneous mRNAs that are then degraded by
nonsense-mediated mRNA decay (NMD). Consequently, several critical genes linked to hematopoiesis are dysre-
gulated, leading to blood cancer. Although the field has progressed considerably in identifying aberrant genes and
affected pathways, effective therapies have not yet emerged. To address this key gap, we instigated a gene-specific
targeted strategy by unlocking the regulatory network. As a proof of concept, we scrutinized a tumor suppressor
gene, EZH2, which is a bona fide target in SRSF2 mutated cancer. We precisely defined splicing cis-elements in
EZH2 transcripts and illustrated the dynamic choreography of regulatory proteins in the entire splicing and NMD
catalytic pathways. We then designed antisense oligonucleotides (ASOs) targeting important regulatory sites. Our
lead ASO successfully corrects aberrant splicing and NMD, restores the expression and function of EZH2, and
partially rescues hematopoietic defects and cellular properties. Our study demonstrates that ASO pharmacology is
an actionable strategy for clinical development, challenging the existing paradigms in SF mutated cancers.
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Recurrent oncogenic heterozygous mutations in RNA
splicing factors are frequent in patients with myelodys-
plastic syndromes (MDS), and occur in clonal hematopoi-
esis, acutemyeloid leukemia (AML), chronic lymphocytic
leukemia (CLL), and a variety of solid tumors (Yoshida
et al. 2011; Bradley and Anczuków 2023). The most fre-
quent mutations occur in SF3B1, SRSF2, U2AF1, or
ZRSR2 in highly restricted residues (except for ZRSR2).
Since the discovery of splicing factor mutations, consider-
able progress has been made in identifying aberrantly
spliced mRNAs, thanks to advancements in next-genera-
tion sequencing. Mutations in splicing factors usually
change their RNA-binding properties and cause genome-
wide splicing alterations (Bradley and Anczuków 2023;

Zhang et al. 2024). Some of these splicing changes are
directly associated with tumorigenesis (cancer driver),
while others are not linkedwith cancer (nondriver) (Zhang
et al. 2015; Rahman et al. 2020a; Bradley and Anczuków
2023). Cancer driver aberrant splicing events serve as im-
portant biomarkers and potential therapeutic targets.
Although initially it was predicted that mutations in

different splicing factors may have common downstream
effects (Yoshida et al. 2011), research in the past decade re-
vealed that different mutations have different down-
stream targets. This appeared to be a critical roadblock
to developing a generalized therapeutic approach to treat
all splicing factor mutated cancer patients commonly. In-
deed, a generalized strategy to therapeutically target RNA
splicing in cancers remainsmostly ineffective to date (Lee
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and Abdel-Wahab 2016; Seiler et al. 2018; Liu et al. 2024).
Although there has been noteworthy progress in the last 5
years, with several new US FDA-approved therapies for
AML (unrelated to splicing), the 5 year survival for most
AML patients remains <20%, and there are limited effec-
tive therapies forMDS (Daver et al. 2020; Kim et al. 2025).
Thus, there remains an unmet medical need to develop
more effective targeted therapeutic approaches, based on
a precise understanding of molecular regulation.

Eukaryotic gene expression involves a series of highly
regulated and interconnected pathways and surveil-
lance systems to ensure its fidelity. Nonsense-mediated
mRNA decay (NMD) is a posttranscriptional surveillance
mechanism to selectively identify and degrade erroneous
mRNAs comprising a premature termination codon
(PTC). PTCs are usually generated by nonsense or frame-
shift mutations. Alternative RNA splicing (AS) can also
generate erroneousmRNAswith a premature termination
codon (PTC), which are degraded byNMD. This is termed
as splicing-coupled-NMD or shortly AS-NMD. Studies in
recent decades identified AS-NMD as a crucial regulator
of gene expression (Colombo et al. 2017; Rahman et al.
2020b; Nagar et al. 2023). Tumor cells often differentially
exploit AS-NMD for their survival benefit, such as induc-
ing AS-NMD to downregulate tumor suppressor(s) or in-
hibiting AS-NMD to stabilize oncoprotein(s) (Popp and
Maquat 2014, 2018; Park et al. 2019; Rahman et al.
2020b; Nagar et al. 2023). AS-NMD has been identified
as a commonmediator of tumorigenesis in all splicing fac-
tor mutated cancers (Graubert et al. 2011; Darman et al.
2015; Ilagan et al. 2015; Kim et al. 2015; Inoue et al.
2019; Yoshimi et al. 2019; Rahman et al. 2020b).

Understanding the molecular mechanisms and conse-
quences of individual splicing-factor mutations is crucial
for developing novel targeted splicing-based therapies.
Here, we focus on SRSF2, which is a member of the ser-
ine-arginine-rich (SR) protein family. SR proteins are re-
ported to play important roles in both constitutive and
alternative splicing, NMD, mRNA transport, transcrip-
tional and translational regulations (Zhang et al. 2015;
Rahman et al. 2020a; Bradley and Anczuków 2023).
Here, we developed experimental approaches to dissect
the detailed molecular mechanisms of a bona fide cancer
driver AS-NMD event in EZH2 in SRSF2 mutated cancer.
Exploiting minigene reporters, model cell lines, and bio-
chemical and functional approaches, we dissected the un-
derlying mechanisms of aberrant inclusion of a poison
exon in EZH2. We defined critical binding motifs of mu-
tant SRSF2 in EZH2 and characterized transcript-specific
interacting protein assembly in the entire RNA process-
ing pathway from splicing to NMD. We then developed
antisense oligonucleotides (ASO) that efficiently correct-
ed the aberrant splicing and restored the expression of
EZH2 protein, evading AS-NMD. Furthermore, the ASO
enhanced histone methylation (H3K27me3), improved
cell viability, modulated cell cycle kinetics, reduced apo-
ptosis, and showed promising effects in rescuing defective
hematopoiesis. Our approach is promising and will pave
the way for future targeted therapeutic development in
splicing factor mutated cancer.

Results

Aberrant splicing of the EZH2 poison exon
is a crucial tumorigenic target in SRSF2 mutated
blood cancer

We previously investigated AML patient RNA-sequenc-
ing data set from the Cancer Genome Atlas (TCGA-
LAML) for SRSF2 Pro95 mutant versus SRSF2 wild-type
(Rahman et al. 2020b). We have reanalyzed the data to
detect a potential tumorigenic target to push our study
forward toward therapeutic development dependent on
mechanistic insights. Among 843 differential splicing
events, about half of the events are cassette exon splicing
(ES), and the remaining half include alternative splice site
selection (ASS) and intron retention (IR) events in similar
proportions (Supplemental Fig. S1A). One striking obser-
vation is that 135 mRNA isoforms (∼16%) among these
events are NMD targets (AS-NMD), which are distribu-
ted among all types of splicing events, but with higher
representation in the ES group (Fig. 1A; Supplemental
Fig. S1B). Aberrant AS-NMD has also been identified as
a major mechanism of tumorigenesis in SF3B1 and
U2AF1 mutated patients (Darman et al. 2015; Ilagan
et al. 2015; Inoue et al. 2019). Analysis of cassette exons
(SRSF2Mut vs. SRSF2WT) to quantify enriched motifs us-
ing the MEME (Bailey et al. 2009) shows preferential en-
richment of (G/C)C(A/T)G motifs in promoted exons,
and GG(A/T)G motifs in repressed exons (Fig. 1B,C).
These consensus motifs retrieved from RNA-sequencing
are consistent with previous studies, including samples
from cancer patients, animal models, and cell lines
(Kim et al. 2015; Komeno et al. 2015; Zhang et al.
2015). A recent study determined motif enrichment
from in vivo HITS-CLIP (high-throughput sequencing of
RNA isolated by crosslinking immunoprecipitation)
and identified similar motifs (Liang et al. 2018). Taken to-
gether, these analyses show that CCWG is the consensus
motif preferred for SRSF2Mut (W=A/T), whereas GGWG
is the motif for SRSF2WT. The change in RNA binding
preferences causes a gain of function in SRSF2Mut and
triggers aberrant splicing of a set of target genes, some
of which are strongly associated with defective hemato-
poietic differentiation (Kim et al. 2015; Zhang et al.
2015; Yoshimi et al. 2019). Among consistently identi-
fied genes in multiple studies, a few validated and note-
worthy cancer-relevant aberrant splicing targets include
EZH2, INTS3, and CLK3 (Kim et al. 2015, 2025; Yoshimi
et al. 2019; Rahman et al. 2020b). EZH2 encodes the en-
hancer of zeste homolog 2 protein (EZH2), which catalyz-
es methylation of histone H3 at lysine 27 (H3K27me3),
and therefore functions in chromatin remodeling (Fig.
1D; Tan et al. 2014). EZH2, as a component of the poly-
comb repressive complex 2 (PRC2), was reported to sup-
press gene expression and regulate cell fate (Tan et al.
2014). A poison exon (PE) in EZH2 is exclusively includ-
ed in SRSF2Mut patients (Fig. 1E), which generates a PTC
and triggers the degradation of EZH2 transcripts by AS-
NMD (Kim et al. 2015; Yoshimi et al. 2019; Rahman
et al. 2020b). Downregulation of EZH2 protein
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expression through AS-NMD consequently leads to de-
fective hematopoietic differentiation in SRSF2Mut cancer
(Kim et al. 2015; Yoshimi et al. 2019; Rahman et al.
2020b).
We confirmed aberrant poison exon inclusion in EZH2

in an independent pool of AMLpatient RNA sampleswith
SRSF2Mut compared to SRSF2WT (Fig. 1F). This was also
consistently shown in several other studies (Kim et al.
2015; Masaki et al. 2019; Yoshimi et al. 2019; Grimm
et al. 2021).We analyzed several cell lines originating from
leukemia patients, with inherently harboring wild-type
(SRSF2WT/WT) or heterozygous mutant (SRSF2Mut/WT)
genotypes. These included MOLM13 (SRSF2WT/WT),
SET2 (SRSF2WT/WT), K562 (SRSF2WT/WT), and K052
(SRSF2P95H/WT), where SRSF2 genotypes are mentioned
in brackets. RT-PCR and western blotting showed exclu-
sive poison exon inclusion into EZH2 mRNA and
concomitant protein downregulation only in K052
(SRSF2P95H/WT) but not in the other cell lines (Fig. 1G,

H). We additionally included an engineered K562 cell
line, termedK562Mut, in which the SRSF2 P95Hmutation
was introduced into the endogenous locus as a heterozy-
gous mutation (SRSF2P95H/WT). As expected, K562Mut

showed enhanced poison exon inclusion into EZH2
mRNA compared to K562 (Fig. 1G). This was also reflect-
ed at the protein level, with downregulation of EZH2 pro-
tein expression (Fig. 1H). Finally, we included another
engineered K052 cell line, termed K052WT, in which the
SRSF2 P95H mutation was reverted to SRSF2 WT in the
endogenous gene locus (SRSF2WT/WT). Indeed, K052WT

showed a reduction of poison exon inclusion into EZH2
mRNA, and upregulated EZH2 protein expression com-
pared to K052 (SRSF2P95H/WT) (Fig. 1G,H). These rigorous
experimental results clearly confirmed the SRSF2Mut-de-
pendent poison exon inclusion activity in EZH2. We
therefore selected EZH2 as a bona fide target for down-
streammechanistic analyses aimed at developing a poten-
tial therapeutic strategy.

A

C

E F

G H

D

B Figure 1. Tumorigenic aberrant splicing tar-
gets in SRSF2 mutated blood cancer. (A) The
top 10 AS-NMD events are listed in promoted
and repressed alternative splicing events, re-
spectively. ΔPSI: changes in percent spliced-in
(SRSF2Mut vs. SRSF2WT). Multiple AS-NMD
events are observed for the same gene on several
occasions. (B) Schematic of motif enrichment
analysis in promoted or repressed cassette exons
(SRSF2Mut vs. SRSF2WT) using MEME. (C) Pro-
portionof differentmotifs enriched in promoted
or repressed cassette exons. Consensus se-
quences of enriched motifs are shown above in
enclosed boxes. (D) Schematic of EZH2 protein
function in histone methylation (H3K27me3)
and chromatin regulation. (PRC2) Polycomb re-
pressing complex. (E, left) Representative
Sashimi plots showingEZH2 poison exon inclu-
sion in acute myeloid leukemia (AML) samples
from the genotypes indicated. (Right) Quantifi-
cation of EZH2 poison exon inclusion as per-
cent spliced-in (PSI) in AML samples from the
genotypes indicated (mean±SD, n=3). (∗∗) P<
0.01, t-test. (F, left) RT-PCR gel showing EZH2
poison exon inclusion (inc) and skipping (skp)
in an independent set of AML samples with
SRSF2WT and SRSF2Mut. (Right) Quantification
of EZH2 poison exon inclusion as PSI is shown
by a bar graph (mean±SD, n=3). (∗∗∗) P<0.001,
t-test. (G) Representative RT-PCR gel showing
EZH2 poisonexon inclusionand skipping in dif-
ferent human leukemia cell lines fromthe geno-
types indicated below. Quantification of EZH2
poison exon inclusion as PSI is shown by a bar
graph below the gel (mean±SD, n=3). (∗∗∗) P<
0.001, t-test. (H) Western blotting of EZH2 pro-
tein expression in different human leukemia
cell lines fromG. GAPDHwas used as an inter-
nal control. Relative quantification of EZH2
protein expression (EZH2/GAPDH) is shown
by a bar graph below the gel (mean±SD, n=3).
(∗∗∗) P<0.001, t-test.
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Experimental models to characterize mechanisms of
regulation by mutant SRSF2

To study the precise mechanisms of action that link mu-
tant SRSF2 to tumorigenesis, we engineered K562 cells
and stably integrated a doxycycline (DOX)-inducible con-
struct to express cDNA encoding FLAG-tagged SRSF2WT

or SRSF2P95H conditionally (Fig. 2A). These cell lines are
termed K562(DOX)SRSF2WT and K562(DOX)SRSF2P95H,
respectively. We also engineered a nonhematopoietic
HeLa cell line expressing DOX-inducible FLAG-tagged
SRSF2WT or SRSF2P95H to examine any tissue-specific reg-
ulation (Supplemental Fig. S2). These cell lines allow the
study of SRSF2WT- or SRSF2P95H-specific regulatory
mechanisms in splicing andNMD, following DOX-induc-
ible expression. Although SRSF2 is involved in multiple
biological pathways, conditional expression over a short

period is intended to exclude indirect or feedback effects
from other pathways, and/or long-term cellular effects ex-
erted by the mutant factor.

EZH2 PE splicing is regulated by the presence or absence
of a specific exonic splicing enhancer

Inclusion of an alternative exon is usually regulated by an
exonic splicing enhancer (ESE), and often by an intronic
splicing enhancer (ISE) (Black 2003; Licatalosi andDarnell
2006). As noted earlier, Pro95 mutations in SRSF2 change
its RNA-binding preference from GGWG to CCWG. Tab-
ulating these motifs revealed that EZH2 poison exon har-
bors three preferred binding motifs (CCWG) of SRSF2Mut,
but no binding motif (GGWG) of SRSF2WT (Supplemental
Fig. S3). Splicing regulatory ESE in an alternative exon

A

C

D

B

Figure 2. Alternative splicing of the EZH2 poison exon is regulated by the presence or absence of specific ESE elements. (A) Diagram of
DOX-inducible FLAG-tagged cDNA constructs to generate K562(DOX) stable cell lines expressing either SRSF2WT or SRSF2P95H in the
presence of DOX. (B) Diagram (not to scale) of EZH2 minigene reporters harboring different combinations of SRSF2 (Mut or WT) motifs
within the poison exon. EZH2CCWG (C) contains native gene sequences with three SRSF2Mut-binding motifs (CCWG), whereas
EZH2GGWG (G) contains three SRSF2WT-binding motifs (GGWG) replacing CCWG motifs (W=A/T). (C, left) Western blotting (WB)
of the indicated K562(DOX) cells cotransfected with the indicated EZH2 minigene reporters with the indicated antibodies. α-Tubulin
was used as an internal control. (Right) Quantification of SRSF2 (WT or P95H) protein expression (normalized against α-tubulin) is shown
by a bar graph (mean± SD, n =3). (ns) Not significant, t-test. (D, left) Representative RT-PCR gel showing EZH2minigene reporter-specific
poison exon inclusion (inc) and skipping (skp) in the indicated K562(DOX) cells cotransfected with the indicated EZH2minigene report-
ers. (Right) Quantification of EZH2 minigene reporter-specific poison exon inclusion as percent spliced-in (PSI) is shown by a bar graph
(mean±SD, n =3). (∗∗∗) P <0.001, (ns) not significant, t-test.
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often harbors multiple cis-elements or binding motifs,
and these motifs coordinately regulate the binding of
splicing factor(s) and subsequent splicing modulation
(Nasrin et al. 2014, 2025; Feng et al. 2019). To systemati-
cally identify splicing regulatory elements in EZH2 poi-
son exon ESE, we employed an EZH2 minigene reporter
(EZH2CCWG) with native gene sequences (Kim et al.
2015), consisting of three binding motifs of SRSF2Mut in
the PE (Fig. 2B). We also employed anothermodifiedmini-
gene (EZH2GGWG), where all of the three binding motifs
of mutant SRSF2 were changed to preferred motifs for
SRSF2WT (Fig. 2B). We then transfected these minigene
reporters into DOX-inducible K562 cells for splicing anal-
yses. We first confirmed the comparable levels of expres-
sion of SRSF2WT and SRSF2Mut upon DOX treatment by
western blotting (Fig. 2C). We then performed RT-PCR
to study minigene reporter-specific splicing profiles by
employing a reporter-specific primer during cDNA syn-
thesis. In the absence of DOX, we found no changes in
EZH2 PE splicing between SRSF2P95H and SRSF2WT ex-
pressing cells (Fig. 2D). To our expectation, DOX treat-
ment could clearly enhance PE inclusion in
EZH2CCWG reporter in SRSF2P95H expressing cells, but
not in SRSF2WT expressing cells (Fig. 2D). These data
clearly demonstrated CCWG-dependent ESE-activity of
SRSF2Mut in native EZH2 reporter (EZH2CCWG). Sur-
prisingly, DOX treatment could also enhance PE inclu-
sion in the EZH2GGWG reporter in SRSF2WT expressing
cells, but not in SRSF2P95H expressing cells. These data
suggest that the lack of the SRSF2WT-binding motif in
EZH2 PE disables exon inclusion in normal cells express-
ing SRSF2WT, whereas the presence of the SRSF2Mutmotif
promotes EZH2 PE inclusion in SRSF2 mutated blood
cancer cells. We also performed the experiment in DOX-
inducible HeLa cells. Our data in HeLa cells (Supplemen-
tal Fig. S2A,B) showed consistent results with that of K562
cells (Fig. 2), thereby ruling out any tissue-specific differ-
ential regulation. Taken together, we can conclude that
the presence or absence of preferred RNA-binding motif
(s) in the EZH2 PE ESE can dictate the splicing conse-
quences promoted by SRSF2Mut or SRSF2WT.

Systematic identification of the crucial functional
motif in the ESE of EZH2 PE

Amongmultiplemotifs in a splicing regulatory ESE, a spe-
cificmotif often plays a crucial role in cooperative binding
or stable association of splicing factor(s) with RNA (Nas-
rin et al. 2014, 2025; Feng et al. 2019). Therefore, identifi-
cation of a crucial functional motif could provide the
opportunity to develop a splicing modulation strategy by
targeting a specific region of RNA either by generating
steric hindrance, affecting RNA structure, or interfering
with the binding of splicing factor(s). To this end, we
wanted to define the contribution of individual binding
motifs on SRSF2Mut-mediated EZH2 PE inclusion. We
employed systematic inactivation of individual binding
motifs in the minigene reporter, followed by analyzing
splicing consequences. To inactivate the SRSF2Mut bind-
ing motif, we changed the CCWG motif to the AAWG

motif, which is preferred neither by SRSF2Mut nor by
SRSF2WT, as we showed previously (Rahman et al.
2020b). Note that among the three binding motifs of
SRSF2Mut in the EZH2 poison exon,motifs 2 and 3 overlap
(Supplemental Fig. S3). Therefore, we employed threemu-
tant versions of EZH2 reporter: EZH2MUT1 harbors inac-
tivated motif 1; EZH2MUT2 harbors inactivated motifs 2
and 3; and EZH2MUT3 harbors inactivated motifs 1, 2,
and 3 (Fig. 3A). We then performedminigene reporter-spe-
cific splicing assay using RT-PCR. In K562(DOX)
SRSF2WT or K562(DOX)SRSF2P95H, in the absence of
DOX, we observed no considerable changes in EZH2 PE
inclusion (Fig. 3B). However, upon DOX treatment in
K562(DOX)SRSF2P95H, we found significant loss of
EZH2 PE inclusion in EZH2MUT1 and EZH2MUT3,
compared to EZH2CCWG (native) (Fig. 3B). Note thatmo-
tif 1 was inactivated in both EZH2MUT1 and EZH2-
MUT3. Therefore, the results highlight the importance
of motif 1 for SRSF2Mut and also suggest that motifs 2
and 3 are not enough in the absence ofmotif 1. In contrast,
we observed a slight loss of EZH2 PE inclusion in EZH2-
MUT2 compared to EZH2CCWG (native) (Fig. 3B). This
observation indicates that motif 1 is functional even in
the absence of motifs 2 and 3; however, motifs 2 and 3
have additive effects, which may function in cooperation
with motif 1. It is important to note that the above chang-
es were not evident upon DOX induction in K562(DOX)
SRSF2WT, as expected due to the lack of SRSF2WT binding
motif (Fig. 3B). Taken together, these data clearly suggest
the essentiality and critical importance of motif 1 in reg-
ulating SRSF2Mut-mediated EZH2 PE inclusion.

MS2-mediated tethering of SRSF2 to a specific binding
motif in EZH2 PE is sufficient to promote exon inclusion

Having identified the functional motifs for ESE activity in
EZH2 poison exon, we next sought to identify whether
site-specific tethering of SRSF2Mut to the motif site could
reproduce ESE-activity (Fig. 3C). To this end,we generated
two additional versions of EZH2 reporter: EZH2MUT4,
where we replaced motif 1 with the MS2 coat protein-
binding hairpin sequences (Rahman et al. 2020b), and in-
activated bothmotifs 2 and 3 to AAWG; and EZH2MUT5,
where we replaced both motifs 2 and 3 with the MS2 coat
protein-binding hairpin sequences, and inactivated motif
1 to AAWG (Fig. 3C). These reporters, therefore, allow
to evaluate the effect of MS2-mediated artificial tethering
of SRSF2 for only one site at a time. We generated MS2-
tagged-T7-SRSF2WT (MS2-SRSF2WT) and MS2-tagged-
T7-SRSF2Mut (MS2-SRSF2P95H) cDNA constructs and
confirmed their comparable expression in K562 (Fig.
3D). We then simultaneously transfected K562 cells
with an EZH2 reporter and MS2-tagged SRSF2 cDNA
(WT or Mut) and performed minigene reporter-specific
splicing assay using RT-PCR. Recruitment of MS2-
SRSF2Mut to only motif 1 site (EZH2MUT4) significantly
enhanced exon inclusion activity (Fig. 3E). In contrast, re-
cruitment of MS2-SRSF2Mut to the site spanning motifs 2
and 3 (EZH2MUT5) also enhanced exon inclusion activi-
ty, but to a lesser extent than only motif 1 site
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(EZH2MUT4) (Fig. 3E). We also observed exon inclusion
activity of MS2-SRSF2Mut in EZH2CCWG (native) report-
er without MS2 hairpin, because MS2-SRSF2Mut can still
bind to CCWGmotifs through its SRSF2Mut part of the fu-
sion protein. Note that MS2 alone showed no effects in
any of the reporters, ruling out any possible experimental
artifacts promoted by the MS2-tag. Interestingly, recruit-
ment of MS2-SRSF2WT to only motif 1 site also promoted
exon inclusion activity, because MS2-SRSF2WT was able
to bind the PE through MS2 hairpin even in the absence
of GGWG motif (Fig. 3E). These data again support that

the presence or absence of preferred RNA-binding motif
(s) in an ESE of a target exon could dictate the splicing con-
sequences promoted by SRSF2Mut or SRSF2WT.

Mutant SRSF2 enhances the deposition of several key
spliceosome components and NMD-associated factors
to augment AS-NMD of EZH2

AS-NMD is regulated at multiple levels of RNA metabo-
lism, including splicing of pre-mRNA, mRNA surveil-
lance to selectively identify erroneous mRNAs with a

A

B

C

E

D

Figure 3. Decoding crucial ESE motif in the
EZH2 poison exon regulated by SRSF2Mut. (A)
Diagram (not to scale) of EZH2CCWG (native)
and three mutant minigene reporters.
EZH2CCWG (native) contains native gene se-
quences with three SRSF2Mut-binding motifs
(CCWG): motifs 1, 2, and 3, respectively (W=
A/T). These CCWG motifs were mutated to
AAWG to inactivate the binding of SRSF2Mut

in different combinations in mutant reporters.
(B, top) Representative RT-PCR gels showing
EZH2 minigene reporter-specific poison exon
inclusion (inc) and skipping (skp) in K562
(DOX)SRSF2WT or K562(DOX)SRSF2P95H cells
cotransfected with the indicated EZH2 mini-
gene reporters. (Bottom) Quantification of
EZH2 minigene reporter-specific poison exon
inclusion as percent spliced-in (PSI) is shown
by a bar graph (mean±SD, n =3). (∗∗∗) P <
0.001, (ns) not significant, t-test, SRSF2P95H ver-
sus SRSF2WT. (C, top) Diagram (not to scale) of
EZH2CCWG (native) and twomutantminigene
reporters. In EZH2MUT4, motif 1 was replaced
by the MS2 coat protein-binding hairpin, and
motifs 2 and 3 were inactivated to AAWG. In
EZH2MUT5, motifs 2 and 3 were replaced by
theMS2 coat protein-binding hairpin, andmotif
1 was inactivated to AAWG. (Bottom) Schemat-
ic of targeted recruitment of MS2-tagged SRSF2
(WT orMut) to a specific site of a transcript har-
boring the MS2 coat protein-binding hairpin.
(D) Western blotting (WB) of K562 cells trans-
fected with the indicated cDNA vectors. Note
that the empty vector (CTRL) and only MS2
(MS2) have no T7-tag. (E, top) Representative
RT-PCR gels showing EZH2 minigene report-
er-specific poison exon inclusion (inc) and skip-
ping (skp) in K562 cells cotransfected with the
indicated EZH2 minigene reporters and
cDNAs. (Bottom) Quantification of EZH2 min-
igene reporter-specific poison exon inclusion as
percent spliced-in (PSI) is shown by a bar graph
(mean±SD, n= 3). (∗∗) P <0.01, (∗∗∗) P<0.001,
(ns) not significant, t-test, compared to corre-
sponding CTRL.
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premature termination codon, mRNA transport, and rap-
id degradation of faulty mRNAs. These metabolisms are
choreographed with dynamic interactions between RNA
and ribonucleoproteins (RNPs) at individual stages
(Lykke-Andersen and Jensen 2015; Woodward et al.
2017; Kurosaki et al. 2019; Nagar et al. 2023). To identify
how assembly of RNPs is regulated by SRSF2Mut in EZH2
transcripts, we exploited the MS2 coat protein-mediated
RNPs pull-down system that we described before (Rah-
man et al. 2020b). We constructed two additional modi-

fied versions of EZH2 reporters, EZH2CCWG-3×MS2,
and EZH2AAWG-3xMS2, where we introduced three
MS2-binding hairpin sequences at the 3′ end of the report-
ers (Fig. 4A). Transcripts (both pre-mRNA and mRNA)
originating from theseminigenes will generateMS2-bind-
ing hairpins. After transfecting these reporters in K562
(DOX)SRSF2WT or K562(DOX)SRSF2P95H cells, MS2 hair-
pins-containing transcripts and associated RNPs can be
selectively captured using a recombinant MS2-tagged
maltose binding protein (MS2-MBP) and amylose resin

B

A

C

D

Figure 4. Purification of ribonucleoproteins
(RNPs) from EZH2 minigene reporter-
specific transcripts. (A) Diagram (not to scale)
of EZH2-3xMS2 minigene reporters harbor-
ing three MS2 coat protein-binding hair-
pin sequences downstream from exon 9.
EZH2CCWG-3xMS2 (CM) contains native
gene sequences with three SRSF2Mut-binding
motifs (CCWG). EZH2AAWG-3xMS2 (AM)
contains three AAWG motifs (not a binding
site for SRSF2Mut or SRSF2WT) replacing re-
spective CCWG motifs. (B) Schematics of
MS2-mediated RNPs purification from
EZH2-3xMS2-specific transcripts (both pre-
mRNA and mRNA). Recombinant MS2-
tagged maltose-binding protein (MS2-MBP)
and amylose resin beads were used to purify
the MS2 hairpin-containing transcripts origi-
nating from EZH2-3xMS2 reporter transfect-
ed into K562(DOX)SRSFWT or K562(DOX)
SRSF2P95H cells. (C ) Representative western
blotting and RT-PCR of input or purified
RNA and RNPs from the indicated K562
(DOX) cells cotransfected with the indicated
reporters. (D) Quantification of the relative
enrichment (RE) of EJC components and
NMD factors into EZH2CCWG-3xMS2 tran-
scripts compared to EZH2AAWG-3xMS2
transcripts, normalized against RNA purified
from transfected K562(DOX) cells with the
indicated genotypes in the presence or ab-
sence of DOX (mean± SD, n=3). (∗∗∗) P<
0.001, (ns) not significant, t-test.
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beads (Fig. 4B). Purified RNPs can then be resolved and
quantified by western blotting. We performed the experi-
ments and quantified the assembly of major spliceosome
components and NMD-associated proteins, such as exon
junction complex (EJC) andNMD factors, into EZH2 tran-
scripts (Fig. 4C,D; Supplemental Fig. S4A,B). Our results
showed that SRSF2P95H expression (uponDOX treatment)
enhances the assembly of several key spliceosome compo-
nents in EZH2CCWG-3xMS2 transcripts compared to
EZH2AAWG-3xMS2, including U1snRNP 70K (U1-
70K), U1 snRNP A (U1A), U1 snRNP C (U1C), U2AF65,
and U2AF35 but not SF3B1 (Supplemental Fig. S4A,B).
Similarly, SRSF2P95H expression enhances deposition of
several EJC components, such as eIF4A3, Y14, MAGOH,
but not MLN51 (Fig. 4C,D). Among NMD factors,
SRSF2P95H expression enhances deposition of UPF1,
UPF2, UPF3B in EZH2CCWG-3xMS2 transcripts com-
pared to EZH2AAWG-3xMS2 (Fig. 4C,D). These enhance-
ments were not observed in K562(DOX)SRSF2P95H cells
without DOX treatment. These results clearly pointed
out that SRSF2Mut-regulated augmented AS-NMD activi-
ty is dependent on sequence-specific binding to EZH2 PE
RNA. Note that we previously showed that SRSF2Mut can
directly interact with several spliceosome components,
includingU1 snRNP andU2 snRNP, aswell as EJC factors
(Rahman et al. 2020b), which further support the observed
results here. In contrast, we did not observe any enhance-
ments of RNPs deposition for SRSF2WT expression (upon
DOX treatment) in EZH2CCWG-3xMS2 transcripts com-
pared to EZH2AAWG-3xMS2 (Fig. 4C,D; Supplemental
Fig. S4A,B). This is consistent with our expectation due
to the lack of preferred binding motifs of SRSF2WT in
EZH2CCWG-3xMS2. Note that from these experiments,
we cannot compare the relativeNMD-inducing efficiency
between SRSF2Mut and SRSF2WT, because PE included
AS-NMD mRNA of EZH2 is likely to be generated only
in cells expressing SRSF2Mut. However, previously using
a reporter of human β-globin (HBB) with three constitu-
tive exons and an NMD-inducing nonsense mutation,

we showed that SRSF2Mut has a stronger NMD-inducing
activity than SRSF2WT (Rahman et al. 2020b).

Taken together, our data propose that sequence-specific
binding of SRSF2Mut into EZH2 PE enhances spliceosome
assembly in the flanking splice sites to promote exon in-
clusion, which is followed by enhanced EJC deposition
and subsequent recruitment of NMD factors to facilitate
AS-NMD (Fig. 5).

Screening of antisense oligonucleotides to modulate
aberrant splicing of EZH2 poison exon using minigene
reporter model

In the past decade, several pharmacological small-mole-
cule compounds were employed to modulate aberrant
splicing in cancer (Lee and Abdel-Wahab 2016; Seiler
et al. 2018; Liu et al. 2024). Although a few progressed to
clinical trials, they were terminated due to off-target ef-
fects (Eskens et al. 2013; Hong et al. 2014) or appeared in-
effective (Steensma et al. 2021). Therefore, we undertook
a gene-specific targeted approach to correct aberrant splic-
ing of cancer-driver gene(s). We chose antisense pharma-
cology. Antisense oligonucleotides (ASO) are short
synthetic single-stranded nucleic acid molecules that are
usually designed to bind to complementary sequences
on a target RNA (Rigo et al. 2012; Havens and Hastings
2016). ASO may inhibit the binding of splicing factor(s)
or RNA-binding protein(s) or generate steric hindrance
to interfere with spliceosome assembly, resulting in dif-
ferential alternative splicing outcomes. The efficacy of
ASO depends onmultiple factors (Rigo et al. 2012; Havens
and Hastings 2016), such as target site or sequence, bind-
ing affinity, cellular delivery, potency, resistance to nucle-
ase, stability, etc. Based on our detail mechanistic
characterization of EZH2 splicing as described above
(Fig. 5), we designed four ASOs: ASO1 targeting the flank-
ing 3′ splice site of the PE; ASO2 targeting the SRSF2Mut

binding site spanning motif 1 in the PE; ASO3 targeting
the SRSF2Mut binding sites spanning both motifs 2 and 3

Figure 5. RNA metabolism of EZH2 in
normal and SRSF2 mutated cancer cells.
Diagram illustrating how oncogenic muta-
tion at Pro95 of SRSF2 (SRSF2Mut) pro-
motes aberrant AS-NMD of EZH2. In
normal cells, the lack of the binding motif
of the wild-type SRSF2 (SRSF2WT) in the
PE results in exon exclusion, producing a
productive mRNA that is translated into
a functional EZH2 protein. In SRSF2 mu-
tated cancer cells, SRSF2Mut binds to its
preferred motifs (CCWG) in the EZH2 PE,
interacts with key spliceosome compo-
nents, and promotes aberrant inclusion of
the PE comprising a PTC. In addition to al-
tering splicing, SRSF2Mut further elicits
degradation of EZH2 mRNA via NMD
through dynamic interactions with several

EJC proteins and NMD factors, leading to loss of EZH2 protein expression and function. (PE) Poison exon, (PTC) premature termi-
nation codon.
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in the PE; and ASO4 targeting the flanking 5′ splice site of
the PE, respectively (Fig. 6A). We designed ASOswith two
different types of base modifications. The first modifica-
tion was a uniform phosphorothioate backbone and
methoxyethyl at the 2′ ribose position (MOE). The second
modificationwas locked nucleic acid (LNA)modification,
where a methylene bridge was introduced linking the
2′ oxygen to the 4′ carbon of the pentose ring. These kinds
of modifications were previously described to enhance
RNA binding affinity and improve resistance to both nu-
cleases- and RNase H-mediated cleavage of the target
RNA (Rigo et al. 2012; Havens and Hastings 2016; Noma-
kuchi et al. 2016; Ma et al. 2022). We set out our initial
screening of ASOs for three different concentrations at
lower nanomolar ranges (50, 75, and 100 nM). We first
tested ASOs targeting the minigene model. We transfect-
ed EZH2CCWG (native) minigene reporter and MOE
ASOs (50, 75, and 100 nM) into K562(DOX)SRSF2P95H

cells treated with DOX. As a control, we used no ASO
treatment mock control (CTRL). We isolated RNA after
48 h of transfection and quantifiedEZH2CCWGminigene
reporter-specific poison exon inclusion using RT-PCR. In
our screening, among the four ASOs, we found ASO2 sig-
nificantly reduced the poison exon inclusion in
EZH2CCWG minigene in all tested concentrations,
with a better efficiency for a higher concentration (Fig.
6B; Supplemental Fig. S5A,C). We also used three addi-
tional control MOE ASOs targeting unrelated genes,
HBB, MECP2, and MUSK, respectively (Supplemental
Fig. S6). These ASOs showed no effect on EZH2 poison
exon inclusion at any of the tested concentrations (50,
75, and 100 nM); therefore, they rule out any experimental
artifacts. We then repeated the experiment with LNA
ASOs and observed similar results to those of MOE
ASOs (Fig. 6C; Supplemental Fig. S5B,D). We also per-
formed these experiments in HeLa(DOX)SRSF2P95H cells
treated with DOX (Supplemental Fig. S7). We observed
similar results to those of K562(DOX)SRSF2P95H. These
results suggest that ASOs designed with two different
types of chemical modifications possibly function via
the same mechanism of action and are not affected by
cell types.

Modulation of EZH2 poison exon splicing using antisense
oligonucleotides in the SRSF2MUT cancer model

We next tested the effects of ASOs to correct aberrant
splicing of endogenous EZH2 in SRSF2 mutated cancer
cells. Although aberrant poison exon inclusion of EZH2
was consistently identified in cancer patients withmutat-
ed SRSF2, both in RNA-seq data and RT-PCR validation,
the efficiency of poison exon inclusion was variable in
model cell lines across different studies (Kim et al. 2015;
Zhang et al. 2015; Liang et al. 2018; Yoshimi et al. 2019;
Rahman et al. 2020b). This disparity could be potentially
due to the heterogeneous genetic background in cancer
patients compared to engineered cell lines. Therefore,
we sought a cell line originating from a cancer patient
with an inherent SRSF2 mutation. We finally selected
the K052 cell line, originated from a leukemia patient

with an inherent SRSF2P95H mutation (as described in
Fig. 1). Similar to the minigene reporter, we observed
that ASO2 (both MOE and LNA) significantly suppressed
poison exon inclusion of endogenous EZH2 (Fig. 6D,E) and
restored EZH2 protein expression in K052 (Fig. 6F,G). To
determinewhether the extent of ASO2-mediated suppres-
sion of EZH2 poison exon inclusion and restoration of
EZH2 protein expression can be titrated, we tested
ASO2 (both MOE and LNA) for a dose-response experi-
ment. We transfected ASO2 at increasing concentrations
(10, 50, 100, 150, and 200 nM) and harvested cells for
both RNA and protein isolation after 48 h of the transfec-
tion. We indeed found a dose-dependent effect on splicing
correction (Fig. 6H,I) and concomitant EZH2 protein ex-
pression (Fig. 6J,K). These results show the reproducibility
and reliability of our experimental screenings (both mini-
gene and endogenous gene) and proof of concept.

Evaluating the on-target specificity of ASO2
in the SRSF2MUT cancer model

We next evaluated the on-target specificity of our lead
ASO (ASO2) in K052 cells. To this end, we checked the
splicing profile of several other reported altered splicing
events promoted by SRSF2Mut, which have been consis-
tently identified in multiple studies. We included addi-
tional 11 targets, including ARMC10, ATF2, CDC45,
CDK5RAP2, CRAT, DGUOK, WDR45, INTS3, MELK,
SLC25A26, and PFKM (Kim et al. 2015; Zhang et al.
2015; Yoshimi et al. 2019; Rahman et al. 2020b). We
also included K052WT (SRSF2WT) as a control to check
whether the effect of ASO2 is specific to cancer cells.
We found a consistent differential alternative splicing pat-
tern in K052 cells compared to K052WT cells in all 11 tar-
gets (Supplemental Fig. S8). Since MOE and LNA ASOs
showed consistent results, we included only LNA ASOs
for all downstream experiments. Upon treatment of
LNAASO2 in K052 cells, we could not observe any signif-
icant changes in alternative splicing in any of the targets,
except EZH2 (Supplemental Fig. S8). These data highlight
the on-target specificity of ASO2 for SRSF2 mutated can-
cer cells.

ASO2 enhancesmethylation of histone H3 at lysine 27 to
restore EZH2-mediated chromatin regulation in the
SRSF2MUT cancer model

We next seek to determine whether ASO2-mediated res-
toration of EZH2 protein expression rescues EZH2 func-
tion. As noted earlier, EZH2 catalyzes methylation of
histone H3 at lysine 27 (H3K27me3). We therefore ana-
lyzed protein levels of histone H3 and H3K27me3 in
K052 cells treated with or without LNA ASO2. We found
that the overall expression levels of histone H3 remained
similar; however, H3K27me3 levels increased signifi-
cantly upon ASO2 treatment (Fig. 7A), suggesting that
ASO2 could restore EZH2-mediated chromatin regula-
tion. Interestingly, treating K052 with an EZH2 inhibitor
(EZH2i) alone did not affect EZH2 expression or H3K27
methylation. However, simultaneous treatment with
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Figure 6. ASO-mediated correction of aberrant poison exon inclusion in EZH2 in SRSF2mutated blood cancer. (A) Diagram (not to scale)
of EZH2CCWG (native) minigene reporter and schematics of ASOs and their target binding sites. (B,C, left) Representative RT-PCR gel
showing EZH2minigene reporter-specific poison exon inclusion (inc) and skipping (skp) of transfected K562(DOX)SRSF2P95H cells in the
presence of DOX and treated with 100 nM MOE (B) or LNA (C ) ASOs targeting EZH2. (Right) Quantification of EZH2CCWG minigene
reporter-specific poison exon inclusion as percent spliced-in (PSI) is shown by a bar graph. (D,E, left) Representative RT-PCR gel showing
endogenous EZH2 poison exon splicing of K052 cells transfected with 100 nM MOE (D) or LNA ASOs (E). (Right) Quantification of en-
dogenous EZH2 poison exon inclusion as PSI is shown by a bar graph. (F,G, left) Representative western blotting of EZH2 protein expres-
sion of K052 cells transfected with 100 nMMOE (F ) or LNA ASOs (G). GAPDHwas used as an internal control. (Right) Quantification of
relative EZH2 protein expression is shown by a bar graph. (H,I, left) Representative RT-PCR gel showing endogenous EZH2 poison exon
splicing of K052 cells transfected with the indicated doses of MOE (H) or LNA ASO2 (I ). (Right) Quantification of endogenous EZH2 poi-
son exon inclusion as PSI is shown by a bar graph. (J,K, left) Representativewestern blotting of EZH2protein expression in K052 cells trans-
fected with the indicated doses of MOE (J) or LNA ASO2 (K ). GAPDH was used as an internal control. (Right) Quantification of relative
EZH2 protein expression is shown by a bar graph. CTRL: no ASO treatmentmock control. All bar graphs (mean±SD, n=3). (∗) P <0.05, (∗∗)
P< 0.01, (∗∗∗) P <0.001, (ns) not significant, t-test.
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both ASO2 and EZH2i, the ASO2-mediated increase in
H3K27me3 was attenuated, suggesting that enhanced
methylation of histone H3K27 was directly correlated
with the restored expression and catalytic function of
EZH2 protein.

ASO2 modulates cell viability, cell cycle kinetics,
and apoptosis in the SRSF2MUT cancer model

It was previously shown in a murine model that a hetero-
zygous Pro95 mutation in SRSF2 develops MDS with

A B

C

D

Figure 7. EZH2 targeting ASOmodulates Histone H3K27methylation, cell viability, cell cycle kinetics, and apoptosis. (A, left) Western
blotting of K052 cells treated with an EZH2 inhibitor (EZH2i), 100 nM LNA ASO2 targeting EZH2, or both simultaneously. CTRL indi-
cates no-treatment control. (Right) Quantification of relative protein expression of EZH2 (EZH2/GAPDH) and H3K27me3 (H3K27me3/
H3) is shown by bar graphs. (B) The XTT cell viability assay of K052 after 5 days with the indicated treatments. (C ) Cell cycle analysis (top)
and relative quantification (bottom) of K052with indicated treatments. (D) Apoptosis analysis (top) and relative quantification (bottom) of
K052 with indicated treatments. Bar graphs (mean±SD, n =3). (∗) P <0.05, (∗∗) P< 0.01, (∗∗∗) P<0.001, (ns) not significant, two-way
ANOVA.

Targeting EZH2 oncogenic splicing

GENES & DEVELOPMENT 11

 Cold Spring Harbor Laboratory Presson August 10, 2026 . Published by genesdev.cshlp.org Downloaded from 

https://genesdev.cshlp.org
http://www.cshlpress.com


impaired hematopoietic differentiation, altered cell cycle
kinetics, and increased apoptosis, resulting in peripheral
cytopenia and morphologic dysplasia (Kim et al. 2015). It
was further shown that restoring EZH2 expression using
a cDNA partially rescues hematopoiesis in Srsf2 mutant
cells (Kim et al. 2015). We therefore tested the effects of
LNA ASO2 in rescuing defective hematopoiesis in K052
cells. TheXTT cell viability assay revealed that K052 cells
treated with 100 nM of LNA ASO2 showed no significant
changes on cell viability up to 3 days compared to non-
treated cells. However, after 5 days, cell viability was in-
creased for LNA ASO2-treated cells (Fig. 7B). We next
followed up cell cycle kinetics using flow cytometry. We
found that LNA ASO2 treatment reduced the percentage
of cells in both G1 and G2 phases, with a concomitant in-
crease in S phase, showing a preferential progress to cell
proliferation (Fig. 7C). In addition, LNA ASO2 treatment
reduced early apoptosis and necrosis in K052 (Fig. 7D).
Again, addition of EZH2 inhibitor (EZH2i) alone had no
measurable effect on cell viability, cell cycle kinetics, or
apoptosis. It is important to note that mutations in
SRSF2 affect the splicing of several genes linked to tumor-
igenesis (such as EZH2, INTS3, andCLK3); therefore, cor-
recting the splicing error in EZH2 alone showed a partial
effect in cellular properties. However, correcting all of
the tumorigenic targets simultaneously will hopefully ex-
ert significant rescue of hematopoiesis and anticancer ef-
fects. Furthermore, compared to K052 cells, the effect of
ASO may be more effective in treating hematopoietic
stem cells over a longer period with combinatorial
treatments, and will be an important consideration for
therapeutic development. Taken together, antisense-me-
diated splicing correction shows promising potential as a
proof of concept for clinical development. Our future
studies will be focused on evaluating the efficacy of our
lead ASO in preclinical animal models in vivo and in pa-
tient-derived samples, as well as the combinatorial treat-
ment of multiple ASOs targeting multiple genes
simultaneously.

Discussion

Since the discovery of recurrent oncogenic mutations in
splicing factors, mutations in SRSF2 have been widely
studied in hematologic malignancies. Although sig-
nificant efforts have been employed to identify aberrantly
regulated genes, affected pathways, and mechanistic fea-
tures, the targeted therapeutic development to correct ab-
errant splicing in SRSF2 mutated cancer has remained
limited and ineffective to date. To push the boundary of
this underexplored area, we here develop a proof of princi-
ple to restore the expression of crucial proteins degraded
by AS-NMDand linked to tumorigenesis in SRSF2mutat-
ed cancer through an efficient and gene-specific targeted
strategy. We scrutinized the poison exon-mediated AS-
NMD event in EZH2, a crucial epigenetic regulator fre-
quently altered in AML and other cancers (Guglielmelli
et al. 2011; Tan et al. 2014; Kim et al. 2015; Masaki
et al. 2019; Sakhdari et al. 2019; Yoshimi et al. 2019;

Rahman et al. 2020b; Grimm et al. 2021). Our strategy us-
ing antisense oligonucleotide pharmacology efficiently
corrects aberrant AS-NMD, restores the expression of
EZH2 protein, rescues EZH2-mediated chromatin regula-
tion, and partially improves hematopoiesis and cellular
properties.

Although screening of ASOs often exploits random
ASOs walking through an entire alternative exon or
flanking intronic sequences, we chose to target splicing
regulatory regions following precise mechanistic charac-
terization, so that we can develop ASOs with a clear un-
derstanding of their mode of action and on-target
specificity. Our mechanistic characterization identified
three potential regulatory regions for designing ASOs:
ESE motifs in the PE to block the binding of SRSF2Mut;
flanking 3′ splice site to interfere with the binding of
U2AF proteins (U2AF35 and U2AF65); and flanking 5′

splice site to interfere with the binding of U1 snRNP.
Therefore, we designed four ASOs targeting these three re-
gions. Among the four, the ASO2 targeting motif 1 site ef-
ficiently suppressed PE inclusion and restored EZH2
protein expression. This is in agreement with our mecha-
nistic observation, where motif 1 appeared as a crucial
determinant of PE inclusion. To our expectation, ASO3
likely failed as we found that binding motifs 2 and 3 are
not sufficient and haveminimal additive effects. We spec-
ulate that 15-mer ASO1was not enough to block the bind-
ing of U2AF65 and U2AF35 or lacked base-pairing affinity
to the 3′ splice site. Similarly, ASO4 might fail due to a
lack of base-pairing affinity. Designing more ASOs sur-
rounding 3′ and 5′ splice sites may identify efficient
ASOs. We exploited two different types of base modifica-
tions (MOE-PS and LNA) to enhance binding affinity and
stability, but both appeared similarly efficient. Therefore,
to improve binding affinity, we probably have to consider
the base composition and melting temperature (Tm), rath-
er than chemistries.

As noted earlier, in SRSF2mutated cancer, only a hand-
ful of aberrantly spliced targets were identified and vali-
dated with a proven link to tumorigenesis (such as
EZH2, INTS3, and CLK3). ASO correcting one gene will
show partial rescue and improvement and therefore a lim-
itation for cancer therapy compared tomonogenic genetic
diseases. To address this shortcoming, the combinatorial
treatment of ASOs correcting multiple genes will be
more beneficial. Although the focus of this study was to
develop a therapeutic proof of concept based onmechanis-
tic characterization, our future research will develop
ASOs for combinatorial therapy targeting multiple genes
and will test them in preclinical animal models in vivo
and hopefully progress to clinical development.

Materials and methods

Patient samples

All human-related studies were approved by the Institu-
tional Review Boards and conducted in accordance with
the Declaration of Helsinki protocol. AML patient
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samples were obtained from de-identified patients at
Memorial Sloan Kettering Cancer Center.

Minigene reporters

The native EZH2 minigene reporter (EZH2CCWG) was
kindly shared by Dr. Robert Bradley (Fred Hutchinson
Cancer Center) (Kim et al. 2015). We generated different
versions of the EZH2 minigene reporter using site-direct-
ed mutagenesis. We confirmed the accuracy of the report-
ers by sequencing the entire inserts.

cDNA constructs

T7-SRSF2WT, T7-SRSF2P95H,MS2,MS2-T7-SRSF2WT, and
MS2-T7-SRSF2P95H cDNA constructs were previously
described (Rahman et al. 2020b). We generated DOX-in-
ducible FLAG-tagged SRSF2WT and SRSF2P95H cDNA
constructs in pInducer20 (Addgene) (Meerbrey et al. 2011).

Cell culture

The sources and information of different cell lines are
summarized in Supplemental Table S1. K562, K562Mut,
MOLM-13, SET2, K052, and K052WT cells were cultured
in RPMI-1640 medium, whereas HeLa and 293T cells
were cultured in DMEM media. All cells were grown
with respectivemedium supplementedwith 10% fetal bo-
vine serum (FBS) and maintained in an incubator at 37°C
with 5% CO2. K562(DOX)SRSF2WT or P95H or HeLa(DOX)
SRSF2WT or P95H cells were stimulated by 1 µg/mL doxycy-
cline (DOX).

Cell transfection

Cells were transfected with Lipofectamine 3000 reagent
(Invitrogen) according to the manufacturer’s instructions.

Splicing analysis using reverse transcription PCR
(RT-PCR)

Total RNA was extracted 48 h after transfection of mini-
gene reporter (unless otherwise mentioned) using TRIzol
reagent, followed by DNase treatment. Reverse transcrip-
tion reaction was performed with ImProm-II reverse tran-
scriptase (Promega). During cDNA synthesis, we used
oligo-dT reverse primer to check endogenous gene splic-
ing. In contrast, we used a minigene reporter-specific re-
verse primer during cDNA synthesis to check minigene
reporter-specific splicing events. PCR reaction was per-
formed by Phusion high-fidelity PCR master mix with
HF buffer (New England Biolabs M0531L). The sequences
of primers are listed in Supplemental Table S2.

Western blotting

Western blotting was conducted as described previously
(Rahman et al. 2020b). The list of antibodies used is in
Supplemental Table S3.

MS2-mediated purification of mRNA-protein complexes

K562(DOX)SRSF2WT or P95H cells were stimulated by
1 µg/mL doxycycline (DOX) in 15 cm plates. After over-
night culture, the cells were transfected with EZH2
CCWG-3xMS2 or EZH2AAWG-3xMS2 reporter using
Lipofectamine 3000. The MS2-mediated purification of
mRNA–protein complexes was conducted as described
previously (Rahman et al. 2020b). Purified proteins were
resolved by western blotting, and purified reporter-specif-
ic RNAs were amplified by RT-PCR using primers target-
ing a common region spanning all transcripts.

Antisense oligonucleotides (ASO)-mediated splicing
correction

We synthesized ASOs from IntegratedDNATechnologies
(IDT). The sequences of ASOs are listed in Supplemental
Table S4. We transfected ASOs using Lipofectamine
3000 reagent (Invitrogen).

EZH2 inhibitor

The EZH2 inhibitor, EPZ-6438 (Tazemetostat), was pur-
chased from SelleckChem (S7128) and used according to
the manufacturer’s instructions.

Analyses of cell viability and cellular phenotypes

We tested the effects of ASOs or EZH2 inhibitor on cell vi-
ability and cell cycle kinetics of K052. For cell viability,
we evaluated the percentage of K052 cell survival by the
XTT cell viability assay (Thermo Fisher Scientific
X12223) and counted cell numbers by QuadCount auto-
mated cell counter (E7500) after ASO treatment.

Flow cytometry analysis

K052 cells treated with ASO2 or EZH2 inhibitor or non-
treated cells were stained by propidium iodide (PI)
(V13242, Thermo Fisher Scientific) for cell cycle and by
Annexin V and PI for apoptosis, and then evaluated using
BD LSRFortessa-flow analyses according to the manufac-
turer’s instructions. The data were evaluated by FlowJo
software, and the results were compared to the control
group.

Quantification and statistical analysis

Densitometric analysis of RT-PCR or western blotting
was done by ImageJ software. Statistical analysis was per-
formed either by t-test or ANOVA. Data are presented as
mean and standard deviation, indicated by error bars,
and all plots were generated using GraphPad Prism
software.

Data availability

The data underlying this study are available here and in
the Supplemental Material.
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