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Introduction: Dysregulated alternative splicing is a prominent feature of cancer. The
inhibition and knockdown of the SR splice factor kinase SRPK1 reduces tumour growth in
vivo. As a result several SPRK1 inhibitors are in development including SPHINX, a 3-
(trifluoromethyl)anilide scaffold. The objective of this study was to treat two leukaemic cell
lines with SPHINX in combination with the established cancer drugs azacitidine and
imatinib.

Materials and Methods: We selected two representative cell lines; Kasumi-1, acute
myeloid leukaemia, and K562, BCR-ABL positive chronic myeloid leukaemia. Cells were
treated with SPHINX concentrations up to 10μM, and in combination with azacitidine (up to
1.5 μg/ml, Kasumi-1 cells) and imatinib (up to 20 μg/ml, K562 cells). Cell viability was
determined by counting the proportion of live cells and those undergoing apoptosis
through the detection of activated caspase 3/7. SRPK1 was knocked down with siRNA to
confirm SPHINX results.

Results: The effects of SPHINX were first confirmed by observing reduced levels of
phosphorylated SR proteins. SPHINX significantly reduced cell viability and increased
apoptosis in Kasumi-1 cells, but less prominently in K562 cells. Knockdown of SRPK1 by
RNA interference similarly reduced cell viability. Combining SPHINX with azacitidine
augmented the effect of azacitidine in Kasumi-1 cells. In conclusion, SPHINX reduces
cell viability and increases apoptosis in the acute myeloid leukaemia cell line Kasumi-1, but
less convincingly in the chronic myeloid leukaemia cell line K562.

Conclusion:We suggest that specific types of leukaemia may present an opportunity for
the development of SRPK1-targeted therapies to be used in combination with established
chemotherapeutic drugs.
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INTRODUCTION

Soon after the discovery of pre-mRNA splicing in the late 1970s it became apparent that pre-mRNAs
are alternatively spliced so that a multi-exon gene can produce multiple transcripts through exon
skipping, intron retention, and the use of alternative 5′ and 3′ splice sites. Over the years it became
clear that alternative splicing is a widespread process in eukaryotic cells and that it accounts, to a very
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large extent, for the complexity of the proteome (1, 2). The vast
majority of human multi-exon genes are alternatively spliced.
Population-scale transcriptomic analysis reveals the presence of
numerous genetic variants that affect splicing that influence
phenotype including disease susceptibility (3). Splice isoforms
can exhibit distinct biological properties (pro- or anti-apoptotic;
pro- or anti-angiogenic, etc.), and it is now evident that the
dysregulation of alternative splicing is implicated in all hallmarks
of cancer (4). This presents opportunities for the development of
novel cancer therapies. Oncogenic splice isoforms can be targeted
directly; alternatively, regulators of alternative splicing can also be
targeted.

Alternative splicing is principally regulated by splice factors
that bind to specific sequences in pre-mRNA modifying the
choice of specific splice sites. One important family of splice
factors are the SR proteins. They generally consist of one or more
RNA Recognition Motifs (RRMs) and a serine-arginine (SR) rich
domain, the latter involved in protein-protein interactions. One
of the most widely studied SR protein splice factors is SRSF1, a
splice factor with a well-established involvement in cancer (5).
The activity of splice factors is in turn, regulated by the activity of
splice factor protein kinases. SRSF1 is phosphorylated by the
SRPKs (SR protein kinases; SRPK1 and SRPK2 in humans) and
CLKs (CDC2-like protein kinases, CLK1-4 in humans (6)). The
SRPKs phosphorylate SRSF1 at multiple serines in the SR domain
(7). Phosphorylation of SRSF1 by SRPKs in the cytoplasm is
required for the accumulation of SR proteins in the nucleus,
whereas its phosphorylation by CLKs regulates their association
with nuclear speckles and their biochemical activity (8).

The broad developmental and physiological roles of splice
factor kinases are not yet fully understood. In the nematode
Caenorhabditis elegans, the SRPK splice factor kinase SPK-1 is
essential for embryogenesis and germline development (8) and
inhibits programmed cell death by modifying the alternative
splicing of ced-4, the C. elegans orthologue of human Apaf-1
(9). The substrates of SRPKs may not be limited to SR proteins,
and therefore their functions extend beyond the regulation of
alternative splicing. To illustrate their functional complexity, in
fertilised mammalian oocytes, SRPK1 catalyses the site-specific
phosphorylation of protamines, helping trigger the protamine to
histone exchange required for paternal genome
reprogramming (10).

Given their involvement in modulating splice factor activity,
and in other processes, it is not surprising that splice factor kinase
expression is dysregulated in cancer (11), even affecting
therapeutic responses to chemotherapy and radiotherapy (12).
The acetylation of SRPK1 by the histone acetyltransferase
Tip60 alters the activity of SRPK1 and modulates alternative
splicing. In cisplatin-resistant breast cancer cells, reduced
acetylation of SRPK1 by Tip60 increases its activity, favouring
the expression of anti-apoptotic splice variants (13). In breast
cancer, elevated SRPK1 activity reduces apoptosis through
RBM4-regulated splicing events (14). SRPK1’s role in cancer is
not limited to the regulation of apoptosis. A migration screen
based on a phagokinetic track assay identified SRPK1 as a
determinant factor in breast cancer metastasis (15); and a
separate study demonstrates that the LIM domain kinase 2

(LIMK2) promotes breast cancer metastasis through
SRPK1 activation (16). SRPK1 is implicated in other cancer
types, including colorectal cancer and leukaemia (17).
SRPK1 is a poor prognostic indicator in colorectal cancer (18)
in which it modulates SRSF1-mediated MKNK2 alternative
splicing (19) and is required for the expression of the cancer-
associated splice variant RAC1B (20). Of significant recent
interest is the work of Tzelepis and colleagues. A CRISPR-
Cas9 platform was used to screen for genetic vulnerabilities in
acute myeloid leukaemia (AML) and identified SRPK1 as a
potential therapeutic target (21). The authors demonstrated
that both genetic or pharmacological inhibition of
SRPK1 prolonged the survival of murine AML models by
altering the splicing of several leukemogenesis-associated genes
includingMYB,MED24 and BRD4 (22). Furthermore, SRPK1 has
been implicated in other leukaemias, including chronic myeloid
leukaemia (CML). Salesse et al. demonstrated that numerous pre-
mRNA splicing proteins are overexpressed in patient-derived cell
line models of CML, including SRPK1, suggesting that aberrant
pre-mRNA splicing may contribute to CML pathogenesis (23).
Together, these studies suggest the therapeutic potential of
targeting SRPK1 in a variety of cancers, including blood-borne
cancers.

To further underline the oncogenic activity of SRPK1, we
have previously identified SRPK1 as a key regulator of VEGFA
alternative splicing (24). SRPK1 promotes the expression of
pro-angiogenic VEGFA through the phosphorylation of
SRSF1. This causes nuclear accumulation of SRSF1 which
then promotes the use of a proximal 3′ splice site in exon 8,
favouring the expression of the pro-angiogenic VEGFA splice
isoform. Both the knockdown and pharmacological inhibition
of SRPK1 shifts the ratio of splice isoforms in favour of the
anti-angiogenic isoform of VEGFA165b (24), and we have
proposed that targeting SRPK1 could be a viable avenue in
prostate cancer (25).

There is considerable interest in developing novel and selective
SRPK1 inhibitors. To this end Gammons and colleagues
identified a 3-(trifluoromethyl)anilide scaffold named SPHINX
that exhibits an IC50 of 880 nM for SRPK1 (26). SPHINX has
been tested in vivo in the context of age-related macular
degeneration (AMD), where it convincingly reduces choroidal
neovascularization in rodents by promoting the expression of the
anti-angiogenic VEGFA splice isoform (27). SPHINX also has
potent effects on the growth and spread of orthotopic xenografts
of human PC3 prostate cancer cells (25). The aim of the present
research was to test the effect of SPHINX on two well-studied
leukaemic cell line models (Kasumi-1 and K562) both alone, and
in combination with established chemotherapeutic agents,
azacitidine and imatinib.

MATERIALS AND METHODS

Cell Culture and SPHINX Treatments
K562 and Kasumi-1 cell lines were purchased from the European
Collection of Authenticated Cell Cultures (ECACC) and cultured
using RPMI-1640 culture medium with L-glutamine (Sigma
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Aldrich, United Kingdom), further supplemented with 10% foetal
bovine serum (FBS; Sigma Aldrich) for K562 cells and 20% FBS
for Kasumi-1 cells. Cells were used between passages 6–19, seeded
at densities of 5 × 105–1 × 106 in T25 flasks and were sub-cultured
every 48 h. Cell lines were incubated in 5% CO2 at 37°C.

K562 and Kasumi-1 cells were treated with SRPK1 specific
small molecule inhibitors 5-methyl-N-(2-(morpholin-4-yl)-5-
(tri-fluoromethyl)phenyl) furan-2-carboxamide, commonly
known as SR Protein Inhibitor X (SPHINX) which was
purchased from Enamine (Kiev, Ukraine). SPHINX was
dissolved in DMSO (Sigma Aldrich) at a stock concentration
of 25 mM. Cells (1 × 106/ml) were seeded in a T25 flask for each
treatment which was performed in duplicate. Cells were
incubated with 10 nM-10 μM SPHINX for up to 72 h.

Cell Viability and Apoptosis Measurements
Cell counts and viability were determined using either trypan-
blue staining and manual counting or using the Luna FL
automated cell counter (Logos Biosystems, France). Percentage
cell viability was calculated by dividing live cells over the total cell
count.

Apoptosis was measured using the CellEvent Caspase-3/
7 green detection reagent (ThermoFisher Scientific,
United Kingdom) according to manufacturer’s instructions.
Pelleted cells (20,000) were suspended in reagent and
incubated for 45 min at room temperature. Counterstaining
was performed with Hoechst for 1 min after which cells were
transferred into a cytofunnel (ThermoFisher Scientific) and
spun onto a microscope slide using the Cytospin 4
(ThermoFisher Scientific) at 20,000 g for 8 min. Slides were
air-dried and mounted using Mowiol aqueous mounting
media. Images were taken with a Nikon Eclipse 80i
fluorescent microscope at ×40 magnification. For each
treatment, green fluorescent cells were considered positive
for activated caspase-3/7. For each slide, the total number
of caspase positive cells in ten representative fields of view were
recorded and calculated as a percentage of the total cells
(positive and negative).

SiRNA-Mediated SRPK1 Knockdown
For siRNA-mediated knockdowns, K562 and Kasumi-1 cells were
cultured to 80% confluence. Cells were harvested and spun down
to remove growth media. For each line, 5 × 105 cells were pelleted
and re-suspended in 800 µl of OptiMEM media (Gibco,
United Kingdom) and transferred into 6-well plates and
incubated in 5% CO2 at 37°C.

The SRPK1 siRNA (Eurofins, Genomics, United Kingdom)
sequence was 5′-UUAAUGACUUCAAUCACUCCAUUGC-3′
and the scrambled siRNA control was 5′GCAGCAGCAGCA
GCGGGACTT-3′. Lipofectamine/OptiMEM cocktail (100 μl)
(Thermo Fisher Scientific, United Kingdom) was added to
40 μl SRPK1 siRNA (2.5 mM) and incubated at room
temperature for 20 min. Following this, siRNA/Lipofectamine/
OptiMEMmixture was added to each well at a final concentration
of 100 nM and incubated for 4 h, after which 1 ml of culture
media was added to each well and cells were incubated for a
further 48 h from the time of transfection.

Cell Lysates and Western Blotting
Cell lysates were prepared using RIPA buffer (10 mM Tris-Cl
(pH 8.0), 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v)
sodium deoxycholate, 0.1% (w/v) SDS and 140 mM NaCl)
supplemented with protease inhibitor tablets (ThermoFisher
Scientific). Equal protein samples (20 µg protein), were
separated on 10% (v/v) SDS polyacrylamide gels and
transferred to PVDF membranes (Sigma Aldrich) which were
blocked in 2% (w/v) skimmed milk and probed overnight at 4°C
with primary antibodies: anti-SRPK1 (EE-13, Santa Cruz
Biotechnology; 1:1000) or anti-pan-SR-1H4 antibody (sc-
13509, Santa Cruz Biotechnology; 1:500), anti-β-actin (ab8226,
Abcam UK; 1:5000). Membranes were incubated in HRP-linked
anti-rabbit or anti-mouse IgG secondary antibody (Cell
Signalling; 1:1500) for 1 h at room temperature. Membranes
were incubated in Luminata Forte Western HRP substrate
(Millipore) for chemiluminescent detection prior to image
acquisition which was performed using the LI-COR Odyssey
FC imaging system (LI-COR, USA). Images acquired were
exported to Image Studio Lite (LI-COR, USA) software for
quantification. Experiments were performed in triplicate.

Molecular Characterisation of Kasumi-1
and K562 Cell Lines
Mutation status and protein expression data were downloaded for
all AML and CML cell lines available within the Cell Model
Passports project, including Kasumi-1 and K562 cells (https://
cellmodelpassports.sanger.ac.uk/) (28). Protein expression
Z-scores for AML and CML cell lines were plotted as waterfall
plots using GraphPad Prism (V9.0.0, GraphPad, United States).

Statistical Analysis
Statistical analyses using ANOVAs or unpaired two-tailed t-tests
were performed using GraphPad Prism. Significance levels are
indicated by asterisks where *p < 0.05, **p < 0.01, ***p < 0.001 and
****p < 0.0001. Data are reported as means and error bars show
standard error of the means.

RESULTS

Effect of SPHINX on SR Protein
Phosphorylation
Two leukaemic cell line models, Kasumi-1 and K562, were selected
to investigate the effects of SPHINX. The Kasumi-1 cell line was
derived from the peripheral blood of a patient with acute
myeloblastic leukaemia (AML); K562 cells were derived from the
pleural effusion of a patient with chronic myelogenous leukaemia
(CML) and are BCR-ABL positive. The mutation status of SRPKs
and SRSF splice factors in Kasumi-1 and K562 cell lines was initially
examined using a publicly available dataset (https://
cellmodelpassports.sanger.ac.uk/). This revealed no mutations in
SRPK1 or SRPK2 in either cell line but demonstrated copy
number changes for SRSF2 in Kasumi-1 and SRSF3 in K562.
Furthermore, for SRSF12 (in Kasumi-1), these analyses identified
a missense mutation (c.536G>A) which causes a replacement of
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arginine with glutamine at codon 179 at the protein level (p.R179Q;
Supplementary Figure S1A). Additionally, the expression of
SRPK1 and SRPK2 at the protein level in Kasumi-1 and
K562 cells was examined and compared with other AML and
CML cell lines available in the Cell Model Passports project (28).
This identified that Kasumi-1 cells have comparatively lower levels of
SRPK1 and SRPK2 versus K562 cells (Supplementary Figure S1B).
When comparing SRPK1 and SRPK2 levels across a panel of AML
cell lines, Kasumi-1 had the lowest SRPK1 expression and
intermediate levels of SRPK2 comparatively (Supplementary
Figure S1C). Across the CML cell line panel, K562 had
comparatively high SRPK1 and SRPK2 levels (Supplementary
Figure S1D), suggesting that Kasumi-1 and K562 might exhibit
differential responses to SRPK1 inhibition by SPHINX.

In order to assess the efficacy of SRPK1 inhibition by SPHINX on
substrate phosphorylation, we previously showed that the treatment
of PC3 prostate cancer cells with SPHINX led to reduced levels of
phosphorylated SR proteins coinciding with increased expression of
anti-angiogenic VEGFA (25, 29). SPHINX had the same effect on
the leukaemic cell line Kasumi-1 using the mouse monoclonal
antibody 1H4 which was specific to phosphorylated SR proteins
(Figure 1A). Levels of phosphorylated SRSF1, SRSF2, and SRSF5 in
Kasumi-1 cells were significantly reduced when cells were exposed to
1–10 μMof SPHINX for 24 h (Figure 1B). Conversely, in K562 cells,
no change in pSRSF2, pSRSF4 and pSRSF5 protein levels was

observed following SPHINX treatment for 24 h (Supplementary
Figure S2).

Effect of SPHINX on Cell Viability and
Apoptosis
Having confirmed the effect of SPHINX on SR protein
phosphorylation in Kasumi-1 cells, the effect of a range of
SPHINX concentrations on cell viability was next examined.
Concentrations ranged from 10 nM to 10 μM, and cell viability
was assessed at 24, 48, and 72 h following a single dose of
SPHINX (Figures 2A, C). In Kasumi-1 cells, 100 nM SPHINX
already resulted in significant reductions in cell viability, with
further dose-dependent effects on cell viability observed at 1 and
10 μM for 48 and 72 h (Figure 2A). However, K562 cells
appeared less sensitive to SPHINX, with only a modest
reduction in viability at 24 h with 10 μM dosing (Figure 2C).
To complement these viability analyses, cell death was measured
by activated caspase-3/7 staining following SPHINX treatment
(Figures 2B, D). In Kasumi-1 cells, 100 nM SPHINX increased
apoptosis significantly, with dose-dependent effects again
observed 72 h following 1 and 10 μM treatments (Figure 2B).
A significant increase in apoptotic cells was also observed in
K562 cells, but only at the higher concentration of 10 μM
SPHINX (Figure 2D). Together these results suggest that

FIGURE 1 | Reduction in phospho-SR protein levels in Kasumi-1 cells treated with SPHINX for 24 h. (A) Representative western blot image showing levels of SR
protein phosphorylation, and time-matched β-actin. (B) Quantification of western blot image normalized with control showing a significant decrease in phosphorylated
protein of SRSF5, SRSF2 and SRSF1 at higher concentration of SPHINX (*p < 0.05; **p < 0.01). One-way ANOVA (n = 3).
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Kasumi-1 (AML) cells may be more sensitive to SRPK1 inhibition
by SPHINX than K562 (CML) cells.

Effect of siRNA-Mediated
SRPK1 Knockdown on Cell Viability
To further examine the sensitivity of the cell lines to the loss of
SRPK1 activity, the effect on cell viability of SPHINX
treatment was compared with that of siRNA-mediated
SRPK1 knockdown. Significant SRPK1 knockdown in both
Kasumi-1 and K562 cells was first demonstrated by western
blotting (SRPK1-siRNA lanes, Figures 3A, B, D, E). In line
with our initial findings using SPHINX treatment,
SRPK1 knockdown in Kasumi-1 cells significantly reduced
cell viability (Figure 3C). Interestingly, in contrast to
SPHINX treatment, significant effects on K562 cell viability
following siRNA-mediated SRPK1 knockdown were also
observed (Figure 3F). Furthermore, in Kasumi-1 cells, a
decrease in pSRSF2, pSRSF4 and pSRSF5 following siRNA-

mediated SRPK1 knockdown were also observed
(Supplementary Figure S3A). Conversely, there appeared
to be little change in pSRSF levels in the K562 cells
following knockdown (Supplementary Figure S3B).

Effect of Combining SPHINX With
Azacitidine or Imatinib on Cell Viability and
Apoptosis
Previous reports have noted the sensitivity of Kasumi-1 cells
to the DNA methyltransferase inhibitor azacitidine (30, 31)
and that the tyrosine kinase inhibitor imatinib is effective
against BCR-ABL positive K562 cells (32, 33). Kasumi-1 cells
were exposed to 325 ng/ml–1.5 μg/ml azacitidine and
K562 cells to 3–20 μg/ml imatinib for 24, 48 and 72 h
followed by assessment of cell viability. As expected,
substantial decreases in cell viability for both cell lines at
these drug doses and for all timepoints were observed
(Figures 4A, B). Next, these treatments were combined

FIGURE 2 | (A) Effect of SPHINX inhibition on cell viability (24 h *p ≤ 0.05, ***p = 0.0001; 48 h **p = 0.0010, ****p < 0.0001 and 72 h *p = 0.029, ****p < 0.0001) in
Kasumi-1 cells. (B) Corresponding increase (*p = 0.01; **p < 0.001) in caspase-3/7 positive cells at 72 h post-treatment. Cell viability (C,D) caspase-3/7 positive cells,
K562 cells. Two-way ANOVA (n = 3).
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with 10 μM SPHINX to see if SPHINX potentiated the effects
of azacitidine and imatinib (Figures 4C, D). As previously
shown, Kasumi-1 cells exhibited reduced viability when
exposed to 10 μM SPHINX at 24–72 h (Figure 4C). When
combining 750 ng/ml azacitidine with 10 μM SPHINX in the
Kasumi-1 cells, a further decrease in cell viability versus
10 μM SPHINX or 750 ng/ml azacitidine alone was
observed (Figure 4C). Consistent with earlier findings, the
K562 cells did not appear to be sensitive to SPHINX alone and
combining 3 μg/ml imatinib with 10 μM SPHINX had no
apparent additional effect on cell viability (Figure 4D).
Finally, the effect of combining SPHINX with azacitidine
and imatinib on apoptosis was assessed (Figures 4E, F).
Consistent with our previous findings, SPHINX alone
significantly increased apoptosis in Kasumi-1 cells; this
was also observed with azacitidine alone (Figure 4E).
10μM SPHINX in combination with 750 ng/ml azacitidine
further increased apoptosis in the Kasumi-1 cells. For the
K562 cells, 3 μg/ml imatinib monotherapy substantially
increased the number of apoptotic cells, with no additive
effect on apoptosis when combined with 10 μM SPHINX
(Figure 4F).

DISCUSSION

In haematological malignancies, mutations have been reported in
genes that encode >30 splicing factors with proven or emerging roles
in pre-mRNA splicing and its regulation (34). Growing evidence
clearly points to the splice factor kinases playing key roles in cancer
biology thereby presenting novel and attractive targets for the
development of new therapies, potentially combining inhibitors of
these splice factor kinases with standard-of-care drug treatments.
The splice factor kinases that show promise as targets include the SR
protein kinases (SRPKs) andCDC2-like protein kinases (CLKs) (12).
Targeting CLKs with the small molecule inhibitor SM09419 in TP53
mutant AMLmodels results in downregulation of theWnt signalling
pathway and potent anti-tumour effects (35). It therefore seems
likely that targeting several splice factor kinases, perhaps with a
“cocktail” of inhibitors, could prove to be beneficial in the treatment
of AML and other leukaemias, particularly those in which the
expression of oncogenic splice isoforms is especially dependent
on the activity of splice factor kinases.

Despite the evident promise of targeting splice factor kinases,
Wang et al. emphasize an important caveat that applies to many
other cancer-associated proteins—namely, that SRPK1 can

FIGURE 3 | Effects of SPHINX inhibition and siRNA knockdown of SRPK1 in Kasumi-1 and K562 cells. (A,D) Representative western blots for Kasumi-1 and
K562 cells respectively. Verification of knockdown by western blotting for SRPK1 48 h after siRNA transfection in Kasumi-1 (B) and K562 cells (E). Statistical
comparisons here are versus control. Corresponding cell viability changes shown in (C,F) for Kasumi-1 and K562 cells respectively with statistically significant
comparisons indicated. One-way ANOVA (n = 3). **** = p < 0.0001.
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potentially act as both an oncogene or tumour suppressor depending
on the context. This functional complexity arises through its ability
to modulate the activation state of Akt through interaction with the
Akt phosphatase PHLPP1 (36). As such, under- or over-expression
of SRPK1, can lead to constitutive Akt activation, offering a potential
explanation for observations that SRPK1 levels can be
downregulated or upregulated in different cancers. Understanding
themechanisms that underpin both activities in human tumours will
be important for effective targeting of SRPK1 by cancer therapeutics.
To add further complexity, there is another member of the SRPK
family in humans, SRPK2, first cloned in 1998 (34). SRPK2 is very
similar to SRPK1 in terms of primary sequence, kinase activity and
substrate specificity (37). SRPK2 is less well studied, but there is
evidence that it is also involved in cancer including leukaemia. In
leukaemic cells SRPK2 binds and phosphorylates acinus, an SR
protein splice factor, resulting in the upregulation of cyclin
A1 expression and increased cell proliferation (38). Therefore,
dual therapeutic targeting of SRPK1 and SRPK2 may be

necessary to avoid any functional redundancy masking drug
effects. To this end, Hatcher and colleagues recently describe
SRPKIN-1, a covalent and potent inhibitor of both SRPK1 and
SRPK2. SRPKIN-1 efficiently promotes the upregulation of anti-
angiogenic VEGFA165b and blocks neovascularisation in a mouse
retinal model (39).

In the present studywe have focused on evaluating the effect of the
SRPK1 inhibitor SPHINX (26) on two well-studied and established
cell line models of leukaemia; Kasumi-1, representing acute myeloid
leukaemia (AML), andK562 representing chronicmyeloid leukaemia
(CML). We have observed differential responses in the two cell lines
to SRPK1 inhibition by SPHINX. The AML cell line Kasumi-1
appears to be more sensitive to either SRPK1 inhibition by
SPHINX or SRPK1 knockdown compared to the CML cell line
K562. We also observe that combining SPHINX with established
drugs does not augment effects in the case of K562 cells (SPHINX
plus imatinib) but appears to enhance the potency of azacitidine in
Kasumi-1 cells. Identifying this mechanism of action will form the

FIGURE 4 | (A) Effects of azacitidine and (B) imatinib on cell viability in Kasumi-1 and K562 cells respectively, at 24, 48 and 72 h. The effect on cell viability of
combining 10 µM SPHINX with 750 ng/ml azacitidine in Kasumi-1 cells (C) and 3 μg/ml imatinib in K562 cells (D) at 24, 48 and 72 h. Levels of caspase-3/7 staining 72 h
after combined SPHINX and drug treatment in Kasumi-1 cells (E) and K562 cells (F). One-way ANOVA (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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basis of future studies. Furthermore, our interesting observation that
relative levels of SRPK1 and SRPK2 are anti-correlated with SPHINX
sensitivity, i.e., low relative levels of SRPK1/2 equate to SPHINX
sensitivity in Kasumi-1, warrants further investigation. Whilst we
demonstrate that SPHINX is clearly acting through modulation of
SRPK1 and interacting SRSFs, SRPK1 levels themselves may not
serve as a robust biomarker of response to SRPK1. Related to our
findings in this context, a recent large-scale study examined the
sensitivity of hundreds of cancer cell lines to hundreds of drugs,
which was correlated with expression of drug targets within the cells.
Here, Roy et al. described inverse correlations between target
expression and drug sensitivity for 8% of targets, suggesting drug
efficacy may not only be determined by expression levels of the drug
target, but may also depend on other factors such as genetic
background and other molecules that could affect drug-target
interactions, including the expression of other gene family
members or interacting proteins (40).

There is evidence thatmutations that affect the pre-mRNA splicing
machinery are especially prominent in AML, and that they are
associated with drug resistance through altered splicing of cancer-
associated genes, including genes associated with apoptosis (41). We
observe a prominent increase in apoptosis in SPHINX-treated AML
and CML cells, suggesting that SRPK1 plays a central role in the
regulation of alternative splicing, presumably by favouring the
expression of anti-apoptotic splice isoforms. This has been
observed in breast cancer cells, in which elevated SRPK1 reduces
apoptosis through RBM4-regulated alternative splicing (14).
SRPK1 activity also appears to counteract apoptosis in colon
cancer cells (42) and might therefore be a general mechanism
through which SRPK1 is involved in cancer, including AML. The
avoidance of apoptosis is a key cancer hallmark, often associated with
resistance to chemotherapy. As such, there is significant interest in
developing drugs that promote apoptosis in AML, including for
example, drugs that target apoptosis regulators such as BCL2 and
MCL1 (43, 44).

In summary, we suggest that in the context of AML, and
potentially in other types of leukaemia, there may be
therapeutic potential in targeting SRPK1 and other splice factor
kinases. We envisage that in the future splice factor kinase
inhibitors could be used in combination with both well-
established and novel drugs for the eventual clinical
management of AML treatment.

CONCLUSION

The dysregulation of alternative splicing is a prominent feature of
cancer, presenting opportunities for the exploration of novel drug
targets. Alternative splicing is regulated by splice factors whose
activity is modulated by splice factor kinases. Elevated splice
factor kinase activity is observed in several cancer types,
including breast, lung and haematological malignancies. The
purpose of this study was to examine the effect of the
SRPK1 splice factor kinase inhibitor SPHINX on proliferation
and apoptosis in two leukaemic cell line models, Kasumi-1 and
K562, alone and in combination with the established drugs
azacitidine and imatinib.

SPHINX inhibition of SRPK1 reduced the proliferation of
and significantly increased rates of apoptosis in the acute
myeloid leukaemia cell line Kasumi-1. Kasumi-1 cells are
more sensitive to SPHINX than the chronic myeloid
leukaemia cell line K562. Combining SPHINX with the
clinically-used drug azacitidine potentiated these effects in
Kasumi-1 cells. These results highlight the need to continue
exploring targeting splice factor kinases such as SRPK1 in
leukaemias, particularly in combination with standard-of-care
therapies, as well as in other cancers where splice factor kinase
activity is elevated.

SUMMARY TABLE

What is Known About This Subject
• Aberrant alternative splicing is implicated in many cancers
and plays a prominent role in the development and
progression of different types of leukaemia.

• The activity of splice factors is enhanced through their
phosphorylation by splice factor kinases that include the
SRPKs and CLKs.

• SRPK1 inhibition by SPHINX, a potent and specific
inhibitor of SRPK1, modifies the alternative splicing of
key cancer associated genes such as VEGFA.

What This Paper Adds
• SPHINX reduces cell proliferation and increases apoptosis
in leukaemic cell lines.

• The effectiveness of SPHINX is cell-line dependent and
therefore some types of leukaemia such as AML may be
more sensitive to splice factor kinase inhibition.

• Combining an effective splice factor kinase inhibitor (e.g.,
SPHINX) with established chemotherapeutic drugs such as
azacitidine could potentially augment their clinical
effectiveness.

SUMMARY SENTENCE

This work further underlines the importance of targeting the
machinery of alternative splicing in leukaemias. There is a need
to develop potent and specific splice factor kinase inhibitors.
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Supplementary Figure S2 | Representative western blot image showing levels of
SR protein phosphorylation levels in K562 cells treated with SPHINX for 24 h at
indicated doses, and time-matched β-actin as loading control.

Supplementary Figure S3 | Effects of SPHINX inhibition and siRNA knockdown of
SRPK1 in Kasumi-1 and K562 cells on pSRSF protein levels. (A,B) Representative
western blots for Kasumi-1 and K562 cells respectively, with β-actin as loading
control.
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