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Nuclear Aurora kinase A switches m°A reader YTHDCI to
enhance an oncogenic RNA splicing of tumor suppressor

RBM4
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Aberrant RNA splicing produces alternative isoforms of genes to facilitate tumor progression, yet how this process is regulated by
oncogenic signal remains largely unknown. Here, we unveil that non-canonical activation of nuclear AURKA promotes an oncogenic
RNA splicing of tumor suppressor RBM4 directed by m®A reader YTHDC1 in lung cancer. Nuclear translocation of AURKA is a
prerequisite for RNA aberrant splicing, specifically triggering RBM4 splicing from the full isoform (RBM4-FL) to the short isoform
(RBM4-S) in a kinase-independent manner. RBM4-S functions as a tumor promoter by abolishing RBM4-FL-mediated inhibition of
the activity of the SRSF1-mTORC1 signaling pathway. Mechanistically, AURKA disrupts the binding of SRSF3 to YTHDC1, resulting in
the inhibition of RBM4-FL production induced by the m®A-YTHDC1-SRSF3 complex. In turn, AURKA recruits hnRNP K to YTHDC1,
leading to an m®A-YTHDC1-hnRNP K-dependent exon skipping to produce RBM4-S. Importantly, the small molecules that block
AURKA nuclear translocation, reverse the oncogenic splicing of RBM4 and significantly suppress lung tumor progression. Together,
our study unveils a previously unappreciated role of nuclear AURKA in m°A reader YTHDC1-dependent oncogenic RNA splicing
switch, providing a novel therapeutic route to target nuclear oncogenic events.
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INTRODUCTION

Splicing of mRNA precursors (pre-mRNA) that enables multiple
transcripts from a single gene is the main reason for maintaining
proteomic diversity.' Alternative splicing (AS) is generally executed
by trans-acting splicing factors, which bind to cis-elements that lie
in both exons and introns to affect the usage of adjacent splice
sites. Classical splicing factors include serine/arginine-rich proteins
and heterogeneous nuclear ribonucleoproteins (hnRNPs) that
promote or suppress splicing via binding to splicing enhancers
or silencers in a context-dependent manner> Accumulating
evidence demonstrates that splicing disorders are implicated in
multiple human cancers, and contribute to tumorigenesis and
tumor progression through the production of abnormal protein
and gene isoforms.* For example, downregulation of splicing
regulator MBNL1 facilitates the splicing of exon 2 of cancer
stemness related gene MAP2K7 to generate stemness promoting
subtype MAP2K7Aexon 2, thereby enhancing tumorigenic and
stem/progenitor-like properties.” Reduction of hnRNP E1 promotes
the production of the INcRNA-PNUTS subtype of PNUTS, mediating
epithelial-mesenchymal transformation (EMT) associated tumor
progression.’ Therefore, the discovery of novel tumor-related
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abnormal splicing events and the exploration of the detailed
mechanisms underlying deregulated splicing will provide effective
strategies for treating tumors by correcting RNA aberrant splicing.
Recent studies demonstrate that RNA splicing is frequently
under the control of N°-methyladenosine (m®A) modification of
RNA™® m®A methyltransferase complex consisting of METTL3,
METTL14, and WTAP plays a critical role in regulating alternative
splicing of genes involved in transcription and RNA processing via
catalyzing m°A formation.'® The m®A demethylating enzyme FTO,
however, changes the RNA-binding ability of splicing regulator
SRSF2 to influence RNA splicing via removing m®A modification.'’
Of note, the m®A reader YTHDC1 directly promotes exon inclusion
through recruiting distinct splicing factors to m°A sites, thus
playing an essential role in bridging interactions of trans- and cis-
regulatory.”® YTHDC1-deficient oocytes exhibit extensive RNA
splicing defects, which are rescued by introducing YTHDC1 wild-
type rather than m®A-binding region mutant.'* Yet, how RNA
splicing, especially tumor-related aberrant RNA splicing, is
controlled by m®A and its readers remains to be elucidated.
Aurora kinase A (AURKA) plays an important oncogenic role in
promoting tumor initiation and progression.'* We have previously
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identified that nuclear AURKA trans-activates MYC and Forkhead
box subclass M1 (FOXM1) target genes expression, which is crucial
for breast cancer stem cells (BCSCs) self-renewal.'®'® Almost
recently, our study shows that AURKA increases DROSHA mRNA
stability and subsequently enhances BCSCs phenotype.'”” Now we
discover that nuclear translocation of AURKA regulates m°A reader
YTHDC1-mediated RNA splicing in a kinase-independent way,
leading to an oncogenic splicing switch of tumor suppressor RBM4
in lung cancer. AURKA interferes with the YTHDC1-SRSF3 complex,
thus inhibiting the production of tumor-suppressing isoform
RBM4-FL. In turn, AURKA links the interaction between hnRNP K
and YTHDC1, thereby enhancing the production of tumor-
promoting isoform RBM4-S. AURKA nuclear translocation inhibi-
tors reverse the oncogenic splicing of RBM4 and significantly
suppress lung tumor progression. Together, our findings reveal
that the m°®A reader YTHDC1-directed RBM4 aberrant splicing is
triggered by nuclear AURKA, providing novel opportunities for
targeted therapy of lung cancer by blocking nuclear oncogenic
signaling.

RESULTS

A non-canonical function of nuclear AURKA in driving RBM4
aberrant RNA splicing

To further investigate the tumor-promoting mechanism of AURKA,
we firstly examined the localization and expression of AURKA
protein in lung cancer and adjacent normal tissues. Immunohis-
tochemistry (IHC) staining showed that AURKA was highly
accumulated in the nuclei of cancer tissues compared to adjacent
tissues (Fig. 1a). Consistently, AURKA expression in lung cancer cell
lines was significantly higher than that in non-transformed HBE
cells, and showed stronger nuclear localization characteristics
(Supplementary Fig. S1a). We next explored the novel function of
the abnormal expression of AURKA in tumor nuclei. Functional
cluster analysis of the previously published AURKA-interacting
proteins obtained by SILAC method'® showed that RNA alter-
native splicing regulation ranked first (Supplementary Fig. S1b-c,
Supplementary Table 1), suggesting that nuclear AURKA may
promote tumor progression by regulating RNA splicing.

In order to test this conjecture, we performed RNA-seq to
identify the mRNA splicing events affected by AURKA knockdown
in NCI-H460 cells. A total of 490 events were influenced by AURKA
depletion (The intersection of two shAURKA groups; P-value <
0.05), including skipped exon (SE), alternative 3’ ss exon (A3E),
alternative 5’ ss exon (A5E), mutually exclusive exons (MXE), and
retained intron (RI) (Supplementary Fig. S2a, Supplementary Table
2). Skipped exon, the most common type of alternative splicing,
accounts for 76.3% of total events. UniProt Keywords analysis was
conducted to evaluate the functional classification of AURKA-
regulated splicing events of SE type, revealing a significant
enrichment of terms related to alternative splicing (Fig. 1b,
Supplementary Table 3). To further identify targets specifically
regulated by AURKA with RNA splicing regulatory functions, we
overlapped AURKA-regulated SE events with AURKA-RIP-seq
results and then compared these targets with RNA splicing-
related genes'® (AURKA-RIP-seq database, Supplementary Table
4). Two RNA splicing-related candidates, SRRM1 and RBM4, were
identified to be modulated by AURKA downregulation (Supple-
mentary Fig. 1c). RBM4 is a splicing inhibitor that functions as a
tumor suppressor through controlling cancer-related splicing,'®
however, whether RBM4 itself is regulated by alternative splicing
remains unknown. Surprisingly, here we found that RBM4 pre-
MRNA could be spliced into a short isoform (RBM4-S), which
contains only an N-terminal RNA-binding domain compared to the
full-length isoform (RBM4-FL) (Fig. 1d). To determine the role of
AURKA in the regulation of RBM4 splicing in lung cancer cells, we
utilized Doxycycline (DOX)-induced Tet-On-shAURKA to deplete
the expression of endogenous AURKA. Both RT-PCR and RT-gPCR
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analysis revealed that RBM4-S was substantially decreased and
RBM4-FL was obviously increased following AURKA depletion in
NCI-H460 and A549 cells (Fig. 1e—f, Supplementary Fig. S2b-c).
Consistently, western blot analysis also corroborated that AURKA
downregulation promoted RBM4 exon inclusion with or without
RBM4 minigene reporter in NCI-H460 cells (Fig. 1g, Supplementary
Fig. S2d).

We further investigated whether nuclear AURKA is required for
RBM4 splicing regulation. To this end, we reconstituted AURKA-WT
(wild-type), AURKA-NLS (nuclear-localized sequence), and AURKA-
NES (nuclear export sequence) in endogenous AURKA depleted
NCI-H460 and A549 cells. We found that nuclear relocalized
AURKA could effectively inhibit AURKA knockdown-mediated
RBM4 exon inclusion, whereas cytoplasmic accumulation of
AURKA could not affect it, suggesting that nuclear translocation
of AURKA plays an essential role in regulating RBM4 splicing
switch (Fig. Th—i, Supplementary Fig. S2e-f). In addition, inhibition
of AURKA kinase activity with two different AURKA kinase
inhibitors had no effect on RBM4 splicing switch, indicating
AURKA modulates RBM4 splicing independent of its kinase activity
(Supplementary Fig. S2g). Moreover, we conducted an RNA
immunoprecipitation (RIP) assay to verify whether AURKA can
bind to RBM4 pre-mRNA, and discovered that AURKA protein was
able to bind both the exon and intron sequences of RBM4 pre-
MRNAs in NCI-H460 and A549 cells (Fig. 1j, Supplementary Fig.
S2h). Consistently, RNA fluorescent in situ hybridization (FISH)
results revealed that AURKA protein co-localized with RBM4 pre-
mMRNAs in the nucleus (Fig. 1k). Taken together, these data indicate
that nuclear AURKA drives RBM4 RNA splicing switch from RBM4-
FL to RBM4-S by a kinase-independent mechanism in lung cancer.

RBM4-S functions as a tumor promoter by abolishing RBM4-FL-
mediated inhibition of SRSF1-mTORC1 activity
Since the mouse RBM4 gene has 95% homology with the human
orthologue,®® we firstly explored whether RBM4-S isoform is
widely expressed in mouse tissues. RT-PCR results showed that
RBM4-S expresses in a tissue-specific manner (Supplementary Fig.
S3a). To further investigate the function of the newly discovered
RBM4-S isoform, we exogenously overexpressed Flag tag labeled
RBM4-S and RBM4-FL plasmids into A549 cells (Supplementary
Fig. S3b). Intriguingly, the two RBM4 isoforms have distinct
subcellular localizations: RBM4-FL is primarily located in the
nuclear speckles, whereas RBM4-S is preferentially expressed in
the cytoplasm (Fig. 2a). Similar results were observed in H1299
cells (Supplementary Fig. S3c). Subsequently, we examined the
effects of these two RBM4 isoforms on the proliferation of a variety
of human cancer cells, including A549 and NCI-H460 (lung cancer),
MDA-MB-231 (breast cancer), and HepG2 (liver cancer). Colony
formation and CCK8 assays evidently demonstrated that over-
expressing RBM4-FL suppressed, whereas RBM4-S promoted, cell
proliferation in all cancer cells tested (Fig. 2b-c, Supplementary
Fig. S4a—c). Consistently, we further verified the opposite functions
of the two RBM4 isoforms on tumor growth in vivo. Mice
inoculated with A549-RBM4-FL cells showed a significant reduc-
tion in the tumor growth as indicated by the decreased tumor
volume when compared with mice bearing A549-Vector control
cells. In contrast, tumors derived from A549-RBM4-S cells grew at a
significantly increased rate compared to those from A549-Vector
cells (Fig. 2d-e). In addition, both depletion of RBM4-FL and
overexpression of RBM4-S in AURKA knockdown cells could at
least partially reverse the decreased cell proliferative activity
caused by AURKA suppression (Fig. 2f-k, Supplementary Fig.
S4d-e). Altogether, these results demonstrate that RBM4-S plays
an opposite role as compared to the canonical tumor suppressor
RBM4-FL, therefore, the splicing switch towards RBM4-S is partially
responsible for AURKA-regulated tumor growth.

We next investigated the underlying molecular mechanisms of
how RBM4-S promotes cancer cell proliferation. As RBM4-S
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preserved N-terminal RNA-binding domain compared with RBM4-
FL, we first examined if RBM4-S could interfere with the classical
splicing regulatory function of RBM4-FL. We co-expressed RBM4-
FL and increased amounts of RBM4-S with splicing reporters
containing RBM4 binding site,' and found that RBMA4-S
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expression had no effect on the splicing inhibitory activity of
RBM4-FL (Supplementary Fig. S5a-b). Our previous studies have
demonstrated that the anticancer activity of RBM4 depends not
only on its splicing regulatory function but also on its antagonized
effect on the expression of oncogenic SRSF1 protein.'” SRSF1
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Fig. 1 A non-canonical function of nuclear AURKA in driving RBM4 aberrant RNA splicing. a Representative immunohistochemistry (IHC)
staining showing AURKA expression in non-small cell lung cancer (NSCLC) specimens and adjacent normal tissues. Right images show x20
and x40 magnification of region indicated by the black box in the corresponding image. Scale bar, 50 um. b UniProt Keywords analysis of
AURKA-regulated splicing events of SE type. —log;o P-values were plotted for each enriched functional classification. ¢ Comparison of AURKA-
regulated splicing events of SE type with AURKA RNA-immunoprecipitation sequencing (RIP-seq) data and one RNA splicing-related gene set.
Two candidates, SRRM1 and RBM4. d Schematics of human RBM4 pre-mRNA and protein. The full-length RBM4 (RBM4-FL) contains 1-4 exons,
whereas exon 3 of RBM4 can be skipped to generate a new short isoform RBM4-S. RBM4-S only contains an N-terminal RNA-binding domain. e
Validation of RBM4 splicing change by semi-quantitative RT-PCR in DOX-induced AURKA knockdown NCI-H460 cells. PSI (Percent Spliced In) =
RBM4-FL/RBM4-FL + RBM4-S. DOX, 2 pg/ml. f RT-qPCR assay was conducted to detect RBM4-FL and RBM4-S mRNA expression levels in DOX-
induced AURKA knockdown NCI-H460 cells. g RBM4 splicing reporter was overexpressed in control and AURKA knockdown NCI-H460 cells.
Western blot was conducted to assay for the splicing change of RBM4. h Empty vector (VEC), AURKA-WT (wild-type), AURKA-NLS (nuclear-
localized sequence), and AURKA-NES (nuclear export sequence) were transfected into endogenous AURKA depleted NCI-H460 cells. The
localization of AURKA (green) was detected by immunofluorescence (IF) assay with anti-AURKA antibody. The nuclei were stained with DAPI
(blue). Scale bar, 10 pm. i RBM4 splicing change in VEC, AURKA-WT, AURKA-NLS, and AURKA-NES reconstitution NCI-H460-shAURKA cells was
measured by RT-PCR. j Binding of RBM4 pre-mRNA with AURKA protein was detected by RIP assay in NCI-H460 cells. k Colocalization of RBM4
pre-mRNA (red) with AURKA protein (green) was detected by RNA fluorescence in situ hybridization (FISH) assay in NCI-H460 cells. The nucleus
was stained with DAPI (blue). Scale bar, 10 pm. Data are shown as means + SD. P-values were calculated with two-tailed unpaired Student'’s t-

test and P < 0.05 is considered statistically significant

plays a critical oncogenic role by activating the mTORC1 pathway
in both alternative splicing-dependent and -independent manner,
as measured by S6K1 and 4E-BP1 phosphorylation.?'** Therefore,
we sought to determine if RBM4-S could influence SRSF1 protein
expression. Intriguingly, overexpressing RBM4-S had an opposite
effect on SRSF1 protein expression as compared to RBM4-FL
overexpressed cells (Supplementary Fig. S5c). Moreover, both
RBM4-FL overexpression mediated mTORC1 signaling inhibition
and RBM4-S overexpression mediated mTORC1 signaling activa-
tion was dependent on the protein level of SRSF1 (Fig. 2I). Co-
expression of RBM4-FL with increased amounts of RBM4-S
substantially reversed RBM4-FL-induced downregulation of the
oncogenic SRSF1 protein, further activating SRSF1-mediated
mTORC1 signaling pathway in a dose-dependent manner, as
judged by the significantly increased phosphorylation levels of
S6K1 and 4E-BP1 (Fig. 2m). In addition, overexpression of RBM4-S
in DOX-induced AURKA knockdown cells reverted the AURKA
depletion-induced downregulation of SRSF1 (Supplementary Fig.
S5d). Collectively, these results indicate that RBM4-S functions as a
tumor promoter by abolishing RBM4-FL-mediated inhibition of
SRSF1-mTORC1 signaling pathway activity.

Nuclear AURKA inhibits m®A-YTHDC1-SRSF3-mediated RBM4 exon
inclusion

To explore the mechanism of AURKA regulating RBM4 aberrant
RNA splicing, we first studied the potential AURKA binding region
on RBM4 pre-mRNA. RBM4 gene was truncated into four parts,
each of which was applied to an in vitro transcription assay with
Biotin-labeled at N-terminus (Fig. 3a). RNA pull-down results
demonstrated that the region of sense 2 (—510/+403) was bound
by AURKA protein (Fig. 3b). To further analyze the characteristics
of the sense 2 region, we found that RNA methylation sites were
highly accumulated in this region by using SRAMP (a computa-
tional predictor of mammalian m°®A site) (Supplementary Fig. S6a).
Consistently, four potential RNA methylation sites were predicted
by RMBase v2.0 database®® (Fig. 3c). MeRIP-qPCR assay proved
that all the potential sites could be modified by methylation (Fig.
3d). We next investigated whether m°A and its readers were
involved in RBM4 splicing regulation. Among a variety of m°A
readers, YTHDC1, hnRNP A2B1, hnRNP C, and IGF2BP3 have been
reported to regulate RNA splicing.'®**72® In order to investigate
which m®A reader regulates the alternative splicing of RBM4, we
conducted RT-PCR screening and found that only YTHDC1
knockdown can inhibit RBM4 exon inclusion (Supplementary Fig.
S6b). Moreover, RNA pull-down assay revealed that the truncated
sense 2 region of RBM4 pre-mRNA was associated with m°A
reader YTHDC1 (Fig. 3e). RT-qPCR data showed that depletion of
YTHDC1 in A549 cells promoted RBM4 exon skipping, which was
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similar to the effect of METTL3 knockdown (Supplementary Fig.
S6c—d). Western blot analysis also showed that both YTHDC1 and
METTL3 reduction in A549 cells switched the splicing of
RBM4 minigene reporter towards the RBM4-S isoform (Supple-
mentary Fig. S6e—f). To further validate that YTHDC1 regulates
RBM4 splicing via recognizing m®A, on the one hand, we
reconstituted YTHDC1-WT (wild-type) and YTHDC1-DM (m°A
binding region mutant) in YTHDC1 depleted A549 cells, and
found that re-expression of YTHDC1 wild-type, but not mutant,
could rescue YTHDC1 knockdown-mediated RBM4 exon 3 skipping
(Fig. 3f). On the other hand, RIP data showed that the wild-type of
YTHDC1, but not the mutant, can bind to RBM4 mRNA (Fig. 3g).
These data suggest that YTHDC1 promotes RBM4 exon 3 inclusion
in an m®A-dependent manner.

However, recent studies have shown that YTHDC1 plays a
regulatory role in RNA alternative splicing via recruiting other
splicing factors.'>'® Xiao et al. demonstrated that YTHDCI
recruitment of SRSF3 facilitates SRSF3 to perform RNA splicing
function.''® To verify this, we first knocked down and over-
expressed SRSF3 in lung cancer cells and found that SRSF3
promoted RBM4 exon 3 inclusion (Supplementary Fig. S7a). RIP
data also showed that SRSF3 protein was able to bind RBM4 pre-
MRNA (Supplementary Fig. S7b). We then found that depletion of
YTHDC1 in SRSF3 overexpressed A549 cells could significantly
reverse SRSF3 upregulation-mediated RBM4 exon inclusion
(Fig. 3h, Supplementary Fig. S7c). Similarly, suppressing METTL3
expression in SRSF3 overexpressed A549 cells abolished SRSF3
upregulation-induced RBM4-FL production (Fig. 3i, Supplementary
Fig. S7d), suggesting that SRSF3 promotes RBM4 exon inclusion
dependent on m®A reader YTHDC1. These data indicate that
RBM4 splicing towards RBM4-FL depends on the m°A site's
recognition by the YTHDC1-SRSF3 complex.

To confirm whether the mSA-YTHDC1-SRSF3 complex is
involved in AURKA-regulated RBM4 splicing, we conducted
siRNA-mediated METTL3, YTHDC1 and SRSF3 depletion in DOX-
induced AURKA knockdown A549 cells. Importantly, downregula-
tion of METTL3 or YTHDC1 or SRSF3 abolished AURKA depletion-
induced splicing switch towards RBM4-FL in A549 cells by RT-PCR
and RT-gPCR analysis (Fig. 3j-I, Supplementary Fig. S8a-c),
suggesting that AURKA inhibits m®A-YTHDC1-SRSF3 complex-
mediated RBM4 exon inclusion.

Nuclear AURKA interacts with m®A reader YTHDC1 and disrupts
the binding of SRSF3 to YTHDC1

To further mechanistically study the AURKA-modulated YTHDC1-
SRSF3 complex-dependent RBM4 splicing, we sought to investi-
gate the relationship between AURKA and YTHDC1-SRSF3
complex. Nuclear extracts from A549 cells were treated with
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Fig. 2 RBM4-S functions as a tumor promoter by abolishing RBM4-FL-mediated inhibition of SRSF1-mTORC1 activity. a Flag-labeled RBM4-FL
and RBM4-S were transfected into A549 cells, respectively. The localization of Flag-RBM4-FL and Flag-RBM4-S was detected by IF assay with
anti-Flag antibody (green). The nuclei were stained with DAPI (blue). Scale bar, 10 um. The effects of RBM4-FL and RBM4-S on the proliferation
of A549 cells. Cells were stably transfected with Vector, RBM4-FL, RBM4-S plasmids, and the proliferative ability of cells was analyzed by b cell
counting kit-8 (CCK8) and ¢ colony formation assays. d, e Inmunodeficient mice were subcutaneously inoculated with equal number of
Vector, RBM4-FL, and RBM4-S stably expressing A549 cells (2 x 10° cells per mouse, n = 10). Photograph and tumor volume were shown. f
Validation of the expression of AURKA and two variants of RBM4 by RT-PCR. g, h Colony formation and CCK8 proliferative assays were
conducted to examine cell proliferation ability. i Validation of the expression of AURKA and exogenous Flag-RBM4-S by western blot. j, k
Colony formation and CCK8 proliferative assays were performed to examine cell proliferation ability. | SRSF1 was transiently expressed in
control and Flag-RBM4-FL overexpressed A549 cells, and SRSF1 was transiently depleted in control and Flag-RBM4-S overexpressed A549 cells.
The protein expression levels of Flag-RBM4-FL or Flag-RBM4-S, SRSF1, P-4E-BP1, 4E-BP1, P-S6K, and S6K were assessed by western blot assay
and normalized to GAPDH. m Increasing amounts of Flag-RBM4-S were co-expressed with Flag-RBM4-FL in HEK-293T cells. Flag-RBM4-FL/S,
SRSF1, P-4E-BP1, 4E-BP1, P-S6K, and S6K protein expression levels were assessed by western blot and normalized to GAPDH. Data are shown
as means * SD. P-values were calculated with two-tailed unpaired Student’s t-test and P < 0.05 is considered statistically significant
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Fig. 3 Nuclear AURKA inhibits m®A-YTHDC1-SRSF3-mediated RBM4 exon inclusion. a RBM4 gene was truncated into four parts, each of which was
applied to an in vitro transcription assay with Biotin-labeled as indicated. Sense 1: —412/+463, Sense 2: —510/+403, Sense 3: —280/-+499, Sense 4:
—496/+403. b The streptavidin beads-immobilized biotin-labeled RNA truncations were incubated with A549 cell lysates and an RNA pull-down
assay was performed. ¢ Four potential m°A sites located in the Sense 2 (—510/+403) region of RBM4 pre-mRNA. d RNA methylation modification
was detected by the methylated RNA-immunoprecipitation (MeRIP)-gPCR assay in A549 cells. e The PCR products of RBM4 truncated sense and
anti-sense regions were applied to an in vitro transcription assay with Biotin-labeled. Binding of these RNA truncations with YTHDC1/GAPDH
proteins was examined by an RNA pull-down assay in A549 cells. f RBM4 splicing change in YTHDC1-WT (wild-type) and YTHDC1-DM (m°®A binding
region mutant) reconstitution endogenous YTHDC1 depleted A549 cells was detected by RT-PCR. g Binding of RBM4 pre-mRNA with IgG or
exogenous Flag-VEC/Flag-YTHDC1-WT/Flag-YTHDC1-DM protein was detected by RIP-gPCR assay in A549 cells. h The level of YTHDC1 or i METTL3
was depleted in control and SRSF3 overexpressed A549 cells. Relative mRNA abundance of SRSF3, YTHDC1/METTL3, and RBM4 splicing was
examined by RT-PCR. j The level of METTL3 or k YTHDC1 or | SRSF3 was depleted in A549-Tet-On-shAURKA cells with or without DOX induction.
Relative mRNA abundance of AURKA, METTL3/YTHDC1/SRSF3, and RBM4 splicing was examined by RT-PCR. Data are shown as means + SD. P-
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values were calculated with two-tailed unpaired Student’s t-test and P < 0.05 is considered statistically significant
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RNase A to remove RNAs, thereby disrupting RNA-mediated
interactions. The subsequent Co-IP assay data showed that
YTHDC1 could be pulled down by AURKA in both the absence
and presence of RNase A (Fig. 4a), implying that the AURKA-
YTHDC1 interaction primarily involves protein-protein interaction.
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Consistently, the exogenously expressed HA-tagged AURKA was
able to be co-precipitated with Flag-tagged YTHDCI1, and vice
versa (Fig. 4b). In addition, Co-IP assays performed with nuclear
extraction demonstrated that the interaction between AURKA and
YTHDC1 was predominantly located in the nucleus (Fig. 4c). To
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Fig. 4 Nuclear AURKA interacts with m®A reader YTHDC1 and disrupts the binding of SRSF3 to YTHDC1. a The interaction between
endogenous AURKA and YTHDC1 in both the absence and presence of RNase was analyzed by a co-immunoprecipitation (Co-IP) assay. b The
interaction between exogenous HA-AURKA and Flag-YTHDC1 was measured by Co-IP assay in HEK-293T cells. ¢ Nuclear/cytoplasmic protein
fractions of A549 cells were subjected to immunoprecipitation (IP) and immunoblotting (IB) using antibodies as indicated. d GST-fused AURKA
full-length (1-403 aa) and truncations (333-403 aa, 1-333 aa, 1-283 aa, 1-233 aa, 1-183 aa, 1-131 aa) were co-expressed with Flag-YTHDC1 in
HEK-293T cells. Protein interaction was analyzed by the GST pull-down assay. e The protein interaction between AURKA and YTHDC1 was
analyzed by a Co-IP assay in A549 cells treated with DMSO and three kinds of AURKA kinase inhibitors (AKI603/MLN8237/VX680). AKI603,
1 pM; MLN8237, 0.2 uM; VX680, 0.5 uM. f GST-fused AURKA full-length (1-403 aa) was co-expressed with Flag-SRSF3 in HEK-293T cells. Protein
interaction was analyzed by the GST pull-down assay. g Co-IP analysis of the protein interaction between YTHDC1 and SRSF3 in NCI-H460 cells
transfected with increasing concentrations of plasmid encoding AURKA after MG132 treatment. MG132, 20 mM. h Co-IP analysis of the protein
interaction between SRSF3 and YTHDC1 in NCI-H460 cells transfected with different siRNAs to knockdown AURKA after MG132 treatment.

MG132, 20 mM

<

identify the essential domain of AURKA for interacting with
YTHDC1, full-length (1-403 aa) and truncated isoforms (333-403
aa, 1-333 aa, 1-283 aa, 1-233 aa, 1-183 aa, 1-131 aa) of AURKA
were fused to glutathione S-transferase (GST). The following GST
pull-down assay showed that only AURKA full-length (1-403 aa)
and 333-403 truncated isoform could bind to YTHDC1, whereas
other regions (1-333 aa, 1-283 aa, 1-233 aa, 1-183 aa, 1-131 aa)
were not capable of binding to YTHDC1, suggesting that YTHDC1
interacts with AURKA 333-403 region (Fig. 4d). Targeting AURKA
kinase activity with three different AURKA kinase inhibitors failed
to disrupt the binding of AURKA to YTHDC1, implying such
interaction is not in a kinase activity-dependent manner (Fig. 4e).
In addition, GST pull-down assay revealed that AURKA could not
bind to SRSF3 directly (Fig. 4f). Critically, we further found that
overexpression of AURKA could inhibit the protein interaction
between SRSF3 and YTHDC1 in a dose-dependent manner
(Fig. 4g). Inhibition of AURKA expression obviously promoted
the protein binding of SRSF3 to YTHDC1 (Fig. 4h). Taken together,
these data indicate that nuclear AURKA antagonizes the binding
of SRSF3 to YTHDC1.

Nuclear AURKA bridges the interaction between hnRNP K and
YTHDC1 and promotes m®A-YTHDC1-hnRNP K-dependent RBM4
exon skipping
To further explore the mechanism of AURKA-mediated
RBM4 splicing towards RBM4-S, we overlapped core spliceosomal
proteins®® with both the AURKA SILAC database and AURKA-
interacting proteins published in Biogrid.® We then combined two
groups of overlapping proteins together, and found that AURKA
could be potentially bound by multiple splicing factors, including
hnRNP A1, hnRNP L, hnRNP A2B1, hnRNP U, and hnRNP K (Fig. 5a).
To identify the hnRNPs involved in AURKA-regulated RBM4 splicing,
individual hnRNP members were transiently knocked down in A549-
Tet-On-shAURKA cells with or without DOX induction. Notably, only
depletion of hnRNP K significantly inhibited RBM4 exon 3 skipping
(Fig. 5b, Supplementary Fig. S9a). When knocking down both AURKA
and hnRNP K, the PSI value of RBM4 was much higher than that in
single silencing cells (Fig. 5b). RIP assay also showed that hnRNP K
protein could interact with RBM4 pre-mRNA (Fig. 5¢). To confirm the
scissor effect of splicing factor hnRNP K, we next sought to verify
two potential hnRNP K binding sites predicted by SpliceAid,>' which
located at the sense 2 (—510/4403) region of RBM4 pre-mRNA
(Fig. 5d). Using RBM4 minigene reporters containing distinct
mutations, we found that hnRNP K-mediated RBM4 splicing switch
was dependent on the second predicted splice site (TCCCTA), as
mutation of this site fully abolished RBM4 exon inclusion upon
hnRNP K depletion (Fig. 5e). Consistently, RNA pull-down data
demonstrated that the motif TCCCTA was responsible for the
interaction between hnRNP K and RBM4 pre-mRNA (Fig. 5f). These
data demonstrate that hnRNP K, acting as another pair of scissors,
directly promotes RBM4 exon skipping via recognizing the splice site
(TCCCTA) of RBM4 pre-mRNA.

To further mechanistically study how AURKA-hnRNP K complex
works, we need to explore the relationship between hnRNP K,
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AURKA and YTHDC1. We found that hnRNP K not only can interact
with AURKA,'® but also can co-precipitate with YTHDC1
(Fig. 5g-h). Importantly, overexpression of AURKA strikingly
enhanced the protein interaction between hnRNP K and YTHDC1
in a dose-dependent manner (Fig. 5g). While silencing AURKA
expression inhibited the protein binding of hnRNP K to YTHDC1
(Fig. 5h). Collectively, these data suggest that nuclear AURKA
recruits the splicing factor hnRNP K to YTHDC1 and promotes
m®A-YTHDC1-hnRNP K-dependent RBM4 exon skipping.

AURKA nuclear translocation inhibitors reverse RBM4 splicing
towards RBM4-S to restrain tumor growth

Since nuclear AURKA plays a vital role in cancer development, we
screened six drug libraries containing International drug collection
(320), US drug collection (1280), Natural product screening library
(120), Epigenetic library (43), Stemness library (303), and
Autophagy library (150) in the EGFP-AURKA stable expression
system to identify small molecules that could efficiently block
AURKA nuclear translocation (Fig. 6a). Intriguingly, we discovered
two chemicals that were capable of preventing AURKA from
translocating into the nucleus, including JNJ-26854165 (JNJ), an E3
ligase inhibitor, and PHA-680632 (PHA), an Aurora kinase inhibitor,
both of which came from the Autophagy library (Fig. 6a). To
further verify the effect of these two chemicals on endogenous
AURKA nuclear translocation, we performed IF assay and found
that both JNJ and PHA facilitated cytoplasm accumulation of
AURKA in A549 and NCI-H460 cells (Fig. 6b).

Subsequently, we investigated whether JNJ and PHA could
specifically modulate RBM4 splicing. We examined the expression
level and kinase activity of AURKA in response to these two
chemicals in A549 and NCI-H460 cells. Our results showed that JNJ
and PHA inhibited AURKA kinase activity, but had no effect on the
total expression level of AURKA (Supplementary Fig. S10a). We
have confirmed that AURKA kinase inhibitors had no effect on
RBM4 splicing in lung cancer cells (Supplementary Fig. S2g).
Further data revealed that both JNJ and PHA treatment enhanced
the exon 3 inclusion of RBM4 in A549 and NCI-H460 cells (Fig. 6c).
To validate whether nuclear AURKA plays a key role in JNJ and PHA
mediated RBM4 splicing switch, we overexpressed AURKA-NLS and
AURKA-NES in control and drug treatment groups, respectively.
The results demonstrated that nuclear accumulation of AURKA, but
not cytoplasmic accumulation, abolished JNJ and PHA treatment-
induced RBM4 exon inclusion (Fig. 6d). These data indicate that JNJ
and PHA promote RBM4 exon inclusion through blocking AURKA
nuclear translocation.

To determine the in vivo effects of JNJ and PHA on tumor growth,
an equal number of NCI-H460 cells (6 x 10%) were subcutaneously
injected into 4-6-weeks-old BALB/C (nu/nu) female nude mice, and
the mice were randomly divided into four groups after the tumor
volume reached more than 100 mm?>. DMSO, VX680, VX680 + PHA,
VX680 + JNJ were subsequently administered by gavage once a day
for 10 days. Remarkably, tumor growth, as indicated by tumor
volume and weight, was significantly suppressed with the combined
drugs as compared to VX680 alone and the control group

Signal Transduction and Targeted Therapy (2022)7:97
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(Fig. 6e-g). Moreover, the production of RBM4-FL isoform was
elevated in the combined drugs groups than that in VX680 alone
and the control group (Supplementary Fig. S10b). Together, these
data demonstrate that small-molecule AURKA nuclear translocation
inhibitors JNJ and PHA suppress RBM4 splicing towards RBM4-S,
thereby restraining tumor growth.
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Clinical relevance of AURKA-RBM4 aberrant splicing axis

To explore the clinical relevance of the AURKA-RBM4 aberrant
splicing axis, we collected 8 pairs of non-small cell lung cancer
(NSCLC) specimens and adjacent normal tissues to measure the
protein levels of AURKA and RBM4 two splicing isoforms.
Compared with adjacent normal tissues, the relative protein levels
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Fig. 5 Nuclear AURKA bridges the interaction between hnRNP K and YTHDC1 and promotes m°A-YTHDC1-hnRNP K-dependent RBM4 exon
skipping. a Combination of AURKA-interacting proteins from SILAC and Biogrid database were compared with core spliceosomal proteins. b
The level of hnRNP K, hnRNP A1 and hnRNP U was depleted respectively in A549-Tet-On-shAURKA cells with or without DOX induction.
Relative mRNA abundance of AURKA, hnRNPs, and RBM4 splicing was examined by RT-PCR. ¢ Binding of RBM4 pre-mRNA with IgG or hnRNP K
protein was detected by RIP-qPCR assay in A549 cells. d Two potential hnRNP K binding sites located in the Sense 2 (—510/+403) region of
RBM4 pre-mRNA. RBM4 splicing reporters with the indicated mutations (mutl and mut2) were generated. e RBM4 splicing reporters
containing wild-type (WT) and mutations (mut1 or mut2) were overexpressed in A549 cells with siNC or sihnRNP K. RT-PCR was conducted to
detect the splicing change of RBM4. f The PCR products of negative control GAPDH (NC) and hnRNP K binding sites (WT/mut1/mut2) were
applied to an in vitro transcription assay with Biotin-labeled. Binding of these RNAs with hnRNP K/GAPDH proteins was detected by an RNA
pull-down assay in A549 cells. g Co-IP analysis of the protein interaction between YTHDC1 and hnRNP K in NCI-H460 cells transfected with
increasing concentrations of plasmid encoding AURKA after MG132 treatment. MG132, 20 mM. h Co-IP analysis of the protein interaction
between hnRNP K and YTHDC1 in NCI-H460 cells transfected with different siRNAs to knockdown AURKA after MG132 treatment. MG132,
20 mM. Data are shown as means+SD. P-values were calculated with two-tailed unpaired Student’s t-test and P<0.05 is considered

statistically significant

of AURKA and RBM4-S were evidently increased in tumor tissues,
while the relative protein levels of RBM4-FL were evidently
decreased in tumor tissues (Fig. 7a). The subsequent linear
regression analysis demonstrated a negative correlation between
AURKA expression and the PSI value of RBM4 (R*=0.2960, P =
0.0360) in 8 pairs of clinical specimens (Fig. 7b). We then
performed IHC staining of AURKA, RBM4 (RBM4-FL) and SRSF1
to determine their correlations in lung tumor tissues. Nuclear
AURKA expression negatively correlated with the expression of
RBM4-FL and positively correlated with the expression of SRSF1
(Fig. 7¢c). Hence, our data indicate that high expression of AURKA
in the nucleus is positively associated with RBM4 aberrant splicing
in lung cancer.

DISCUSSION

It is well-established that aberrant RNA splicing can produce
abnormal proteins that contribute to cancer development. Till
now, how this process is triggered by oncogenic signaling,
however, has remained elusive. Here, we demonstrate a non-
canonical function of nuclear AURKA to trigger an oncogenic RNA
splicing of tumor suppressor RBM4 in a novel m°A reader YTHDC1-
dependent mechanism in lung cancer cells, thereby providing a
promising avenue for lung cancer therapeutics by targeting
nuclear oncogenic signals. Nuclear translocation of AURKA
acquires the kinase-independent function to promote RBM4
aberrant RNA splicing from the full isoform (RBM4-FL) to the
short isoform (RBM4-S). RBM4-S enhances lung cancer cell
proliferation by antagonizing RBM4-FL-meditated tumor suppres-
sion through eliminating the inhibition effect of RBM4-FL on the
SRSF1-mTORC1 signaling pathway. Mechanistically, nuclear
AURKA disrupts the binding of SRSF3 to YTHDC1 and bridges
the interaction between hnRNP K and YTHDC1, resulting in the
inhibition of m®A-YTHDC1-SRSF3-mediated RBM4 exon inclusion
and the promotion of m°®A-YTHDC1-hnRNP K-dependent RBM4
exon skipping. Furthermore, we show that AURKA nuclear
translocation inhibitors could significantly suppress lung tumor
progression by reversing the oncogenic splicing of RBM4.

Being an evolutionally highly conserved serine/threonine kinase
essential for mitosis, AURKA plays a critical oncogenic role in
promoting tumor initiation and development.'® Till now, a lot of
efforts have been made to develop inhibitors against its kinase
activity. However, the efficacy of AURKA kinase inhibitors such as
Alisertibb has been still very poor in clinical trials>*** The
oncogenic function of AURKA is not completely blocked by the
inhibition of its kinase activity, suggesting that AURKA may have
non-classical kinase-independent carcinogenicity. Recent studies
have shown that AURKA can function biologically in a kinase-
independent manner. For example, AURKA promotes replication
assembly during DNA replication initiation by kinase-independent
mechanism and participates in the regulation of G1-S cell cycle.>*
Defects in spindle assembly during mitosis induced by AURKA
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deletion can be rescued by the kinase-dead mutant> AURKA
binds to N-MYC3®*3” and C-MYC®® proteins in the MYC family,
protecting them from proteasome pathway degradation. Our
previous studies have shown that AURKA enhances breast cancer
stem-like properties via its kinase-independent mechanism by (1)
promoting the transcription of MYC and FOXM1 downstream
target genes, (2) stabilizing DROSHA mRNA level,">™"” suggesting
that the non-kinase-dependent function of AURKA is essential for
the development of tumors. In this project, two observations
suggest that AURKA may promote tumor progression by
regulating RNA alternative splicing. One is that AURKA expression
is highly associated with spliceosome activity by Pearson
correlation analysis of whole-genome gene expression profile
(clinical breast cancer samples from TCGA and METABRIC) with
spliceosome activity score (Supplementary Fig. S11a-b, Supple-
mentary Table 5). The other one is that RNA splicing regulation
ranks first by the function clustering analysis of AURKA-interacting
protein (Supplementary Fig. S1b-c). RNA-seq screening and
genetic studies reveal that AURKA, frequently overexpressed and
accumulated in nuclei during lung carcinogenesis, triggers RBM4
aberrant splicing from the full isoform (RBM4-FL) to the short
isoform (RBM4-S), unexpectedly, in a kinase-independent way.
These findings suggest that exploring the non-canonical activity of
AURKA, namely studying the action and mechanism of abnormal
RNA splicing mediated by AURKA, will provide new opportunities
for targeted therapy of lung cancer.

N°-methyladenosine (m°A) represents one of the most prevalent
internal RNA modifications in eukaryotes.>® m°®A is recognized by its
readers, such as YTH domain-containing proteins, to regulate mRNA
metabolic processes, including RNA splicing.'***** YTHDC1, as a
critical nuclear m®A reader, localizes in YT-bodies adjacent to nuclear
speckles. YTHDC1-deficient oocytes exhibit widespread splicing
defects, which could be mostly rescued by supplementing with
wild-type YTHDC1, but not m®A binding domain mutant.'® In our
project, we find that RBM4 pre-mRNA can be highly methylated and
bind to YTHDC1 protein (Fig. 3c—e). Reconstruction of YTHDC1 wild-
type, but not m°A binding site mutant, could rescue YTHDC1
knockdown-mediated RBM4 exon skipping (Fig. 3f). Furthermore, we
identify that YTHDC1 acts as the fulcrum to recruit the splicing factor
SRSF3 and facilitate the m®A-YTHDC1-SRSF3 complex-mediated
RBM4 exon inclusion (Figs. 4g-h and 3h-i, Supplementary Fig.
S7c-d). Whereas nuclear translocation of AURKA disrupts the
binding of SRSF3 to YTHDC1, thus inhibiting RBM4 splicing towards
RBM4-FL (Figs. 4g-h and 3j-I, Supplementary Fig. S8a—c). In turn,
YTHDC1 recruitment of hnRNP K is bridged by nuclear AURKA, finally
leading to an m®A-YTHDC1-hnRNP K-dependent exon skipping to
produce RBM4-S (Figs. 5g-h and 5b). Together, we unveil that m°A
recognition of YTHDC1 is required for oncogenic splicing of the
tumor suppressor RBM4 provoked by nuclear AURKA.

We demonstrate that the tumor suppressor RBM4 itself, one of
the critical splicing regulators, can be alternatively spliced too.
With exon 3 skipping, RBM4 is spliced from RBM4-FL to RBM4-S
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that is translated into a short protein isoform containing only two tumor growth both in vitro and in vivo (Fig. 2b-e, Supplementary
N-terminal RNA recognition motifs (RRM) (Fig. 1d, Supplementary Fig. S4a-c). Previous reports demonstrate that RBM4 facilitates
Fig. S12a). We find that RBM4-S is highly accumulated in primary tumor suppression via not only controlling target pre-mRNA
NSCLC specimens as compared to the adjacent normal tissues alternative splicing (e.g. Bcl-x and TEAD4) but also through
(Fig. 7a). Opposite to RBM4-FL, RBM4-S significantly promotes antagonizing oncogenic SRSF1 to inhibit mTOR activation.'*** Our
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Fig. 6 AURKA nuclear translocation inhibitors reverse RBM4 splicing towards RBM4-S to restrain tumor growth. a Establishment of small-
molecule chemical libraries and drug screening model. The localization of enhanced green fluorescent protein (EGFP)-fused AURKA was
analyzed via inverted fluorescence microscope. Scale bar, 10 um. PHA, 10 pM; JNJ, 10 uM. b The localization of endogenous AURKA protein
(green) was detected by IF assay in A549 and NCI-H460 cells treated with DMSO, JNJ, and PHA, respectively. The nuclei were stained with DAPI
(blue). Scale bar, 10 pm. ¢ The splicing change of RBM4 was validated by RT-PCR in A549 and NCI-H460 cells treated with DMSO, JNJ and PHA.
d Empty vector, AURKA-NLS, and AURKA-NES were overexpressed in NCI-H460 cells treated with DMSO, JNJ, and PHA. RT-PCR was conducted
to assay for the splicing change of RBM4. e-g Immunodeficient mice were subcutaneously inoculated with equal number of NCI-H460 cells
(6 x 10° cells per mouse). When tumor size reached 100 mm?>, animals were randomized into four groups (n = 5/group) and treated as follows:
PBS, VX680 (20 mg/kg/d), PHA (40 mg/kg/d) combined with VX680 (20 mg/kg/d), JNJ (20 mg/kg/d) combined with VX680 (20 mg/kg/d). The
agents were administered by gavage and the treatment continued for 10 days. Photograph of tumors was shown. Tumor weight and volume
were shown. Data are shown as means + SD. P-values were calculated with two-tailed unpaired Student’s t-test and P < 0.05 is considered

statistically significant

results reveal that RBM4-S competes with RBM4-FL to elevate
SRSF1 protein levels, thus activating mTOR signaling pathway in a
dose-dependent manner (Fig. 2m). In the preliminary exploration
of the mechanism, we find that RBM4-S overexpression signifi-
cantly inhibits the protein interaction between RBM4-FL and
SRSF1 (Supplementary Fig. S5d). These results suggest that RBM4-
S can reverse the antagonistic effect of RBM4-FL on SRSF1
expression, possibly because RBM4-S disrupts the binding of
RBM4-FL to SRSF1. Our previous studies have shown that RBM4
inhibits SRSF1 expression at a non-transcriptional level.' Since
these two proteins can bind to each other,' and both have the
ability of nucleo-cytoplasmic shuttle,***” we hypothesize that
RBM4 might affect the stability of SRSF1 protein. Therefore, RBM4-
S disrupts the binding of RBM4-FL to SRSF1, which may further
affect the regulation of SRSF1 protein stability by RBM4-FL.
Collectively, we identify a new cancer-specific splicing event and
discover that RBM4-S antagonizes the function of RBM4-FL to
promote tumor progression.

Therapeutically, we identify small molecules that block
AURKA nuclear translocation by screening 6 drug libraries with
2216 drugs. Two chemicals, JNJ and PHA, are verified to prevent
AURKA from entering the nucleus (Fig. 6a). Although PHA has
been identified as an Aurora kinase inhibitor with potential anti-
tumor activities,*® and our data also support that JNJ and PHA
inhibit AURKA kinase activity (Supplementary Fig. S10a). In fact,
we have confirmed that targeting AURKA kinase activity fails to
disrupt the binding of AURKA to YTHDC1 and has no effect on
the RBM4 splicing switch (Fig. 4e, Supplementary Fig. S2g).
These results suggest that we should focus on the novel
inhibition function of AURKA nuclear translocation by PHA and
JNJ. Additional data verify that both JNJ and PHA treatment
inhibit AURKA nuclear translocation and enhance the exon
inclusion of RBM4 in lung cancer cells (Fig. 6b-c). Furthermore,
nuclear AURKA accumulation abolishes RBM4 exon inclusion
induced by JNJ and PHA treatment, suggesting that JNJ and
PHA promote RBM4 exon inclusion through blocking AURKA
nuclear translocation (Fig. 6d). Not surprisingly, the combina-
tion of AURKA kinase inhibitor (VX680) and AURKA nuclear
localization inhibitors (JNJ or PHA) produces an additive tumor
growth-suppressing effect (Fig. 6e—-g). Overall, the discovery of
AURKA nuclear translocation inhibitors provides a novel
therapeutic route for future cancer treatment.

In summary, our work identifies m®A reader YTHDC1 as the
fulcrum of tumor suppressor RBM4 oncogenic switch and reveals a
previously unappreciated role of nuclear AURKA in regulating RNA
splicing. Importantly, YTHDC1-directed RBM4 splicing is governed
by AURKA accumulated in the nucleus of cancer cells, therefore
targeting AURKA with its nuclear translocation inhibitors effec-
tively suppresses the oncogenic switch of RBM4 and tumor
progression. Overall, our results elucidate a novel mechanism of
how nuclear AURKA regulates m°A reader YTHDC1-mediated
RBM4 aberrant splicing, and provide therapeutic opportunities for
lung cancer by targeting nuclear translocation of AURKA.
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MATERIALS AND METHODS

Cell culture and chemicals

The human lung cancer cell lines (A549, NCI-H460, H358, and
H1299), human normal bronchial epithelial cell line HBE, breast
cancer cell line MDA-MB-231, liver cancer cell line HepG2 and
human embryonic kidney HEK-293T cell line were obtained from
the American Type Culture Collection (ATCC). These cell lines were
authenticated at ATCC before purchase by standard short tandem
repeat DNA-typing methodology. Each cell line was cultured in a
standard medium as recommended by ATCC. All cells were
incubated at 37 °C in a humidified incubator containing 5% CO..

Doxycycline was purchased from Clonetech. MLN8237, VX680,
JNJ-26854165, and PHA-680632 were purchased from Selleck
Chemicals. AKI603 was designed and synthesized by our
laboratory.*® Nocodazole, puromycin and MG132 were purchased
from Selleck.

The natural product screening library and Autophagy library
were purchased from Selleck Chemicals. International drug
collection, US drug collection, Epigenetic library, and Stemness
library were purchased from Topscience.

Clinical samples

Eight pairs of lung cancer specimens and adjacent normal tissues
were obtained from patients undergoing surgery, following
informed consent from patients and approved by the Institutional
Ethics Review Board of the First Affiliated Hospital of Dalian
Medical University (PJ-KS-KY-2021-94). In addition, we also
obtained primary human lung tumor tissue microarrays
(HLugS120CS01) from Outdo Biotech (Shanghai, China), contain-
ing 60 lung cancer and 60 corresponding adjacent normal
samples.

Analysis of tumor growth

Female BALB/C-nu mice (6 weeks old) were subcutaneously
inoculated with equal amounts (2 x 105/100 pl in PBS) of A549-
Vector, RBM4-FL and RBM4-S cells. Tumor formation was
monitored for 34 days.

Female BALB/C-nu mice (6 weeks old) were subcutaneously
inoculated with equal amounts (6 x 10%/100 ul in PBS containing
50% Matrigel) of NCI-H460 cells. When tumor’s volume reached
more than 100 mm?3, the animals were randomized into four
treatment groups and treated as follows: PBS, VX680 (20 mg/kg/d),
PHA (40 mg/kg/d) combined with VX680 (20 mg/kg/d), JNJ
(20 mg/kg/d) combined with VX680 (20 mg/kg/d). The agents
used in this study were administered by gavage and the treatment
continued for 10 days. The tumor volumes were determined using
calipers to measure the longest (length) and shortest (diameter)
every three days and were calculated according to the standard
formula (length x diameter? x 0.5).

All animal studies were approved by the Institute Animal Care
and Use Committee of Dalian Medical University (No. AAE18017),
and carried out in accordance with established institutional
guidelines and approved protocols.
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RNA-seq analysis

Total RNA was extracted from DOX-induced AURKA knockdown
NCI-H460 cells by using Trizol reagent (Life technologies,
15596026). cDNA library preparation for total RNA was performed
with the Illumina TruSeq Stranded Total RNA with Ribo-Zero
Globin kit (lllumina, Inc., San Diego, CA). The paired-end reads
were generated by the lllumina Hi-Seq 2000 platform and mapped
to the human genome. Changes in splicing isoforms were
analyzed by MISO pipeline.

Plasmid construction and transfection

The shRNA fragment targeting AURKA was inserted into inducible
pLKO-Tet-On vector.>® To construct the RBM4 minigene reporter, we
used PCR reactions to amplify a fragment containing exon 2, part of
intron 2, exon 3, part of intron 3 and exon 4 of RBM4, and ligated
this fragment to the pCDNA3.1(+) and pLVX-DsRed-Monomer-N1
vectors. RBM4 minigene reporters containing mutations were
obtained from wild-type RBM4 minigene reporter by performing
PCR reactions and Dpn | enzyme digestion. Full-length and
truncated RBM4 fragments were cloned from human genome
cDNA and ligated into pLVX-DsRed-Monomer-N1 vector (Clontech)
in a frame with Flag tag. The pLVX-AURKA-HA plasmid, GST-fused
AURKA full-length (1-403 aa) and truncations (1-333 aa, 1-283 aa,
1-233 aa, 1-183 aa, 1-131 aa), pLVX-AURKA-EGFP plasmid, pLVX-
AURKA-NLS plasmid and pLVX-AURKA-NES plasmid were kindly
provided by Dr. Fei-Meng Zheng (Sun Yat-Sen University Cancer
Center, Guangzhou, China).'*> Additional AURKA truncation 333-403
aa was cloned from AURKA full-length and ligated into GST vector.
pb533a-flag-YTHDC1 and pCMV-myc-YTHDC1-DM plasmids were
kindly provided by Professor Yun-Gui Yang (Beijing Institute of
Genomics, Chinese Academy of Sciences, Beijing, China).'> PCDH-
Flag-YTHDC1-WT and PCDH-Flag-YTHDC1-DM plasmids were cloned
from pb533a-flag-YTHDC1 and pCMV-myc-YTHDC1-DM, respec-
tively. PZW2C-CGG1 and PGZ3-CGG1 were kindly provided by
Professor Yang Wang (Dalian Medical University, Dalian, China).'*"
SRSF1 with HA tag was generated by PCR amplification and
subcloned into PCDH-CMV-MCS-EF1-Puro vector using Nhel/Notl
restriction enzyme sites. SRSF3 with an N-terminal Flag epitope was
generated by PCR amplification and subcloned into PCDH-CMV-
MCS-EF1-Puro vector using Nhel/Notl restriction enzyme sites. The
shRNA targeting SRSF3 was inserted into pLKO.1-puro by Agel and
EcoRlI restriction sites. The Fidelity of all vectors was confirmed by
DNA sequencing. Expression plasmids were transfected into cells
using lipofectamine 2000 or lipofectamine 3000 (Invitrogen)
according to the manufacturer’s instructions. All primers used in
this study were listed in Supplementary Table 6.

RNA interference

All the RNA interference fragments were synthesized and
purchased from GenePharma. The target sequences of AURKA,
RBM4-FL, hnRNP A1, hnRNP L, hnRNP A2B1, hnRNP U, hnRNP K,
METTL3, YTHDC1, SRSF3, hnRNP C, IGF2BP3, and control siRNAs
were listed in Supplementary Table 7.

Lentivirus preparation

HEK-293T cells were used for packaging lentivirus with the 2nd
generation packaging system plasmid psPAX2 (Addgene) and
pMD2.G (Addgene). Lentiviruses were concentrated by ultracen-
trifugation, and viral titer determined by serial dilutions. For
infection with the lentivirus, infected cells were selected with
Puromycin (2 pg/ml).

RNA extraction and reverse transcription-PCR (RT-PCR)

Total RNA was extracted by using TRIzol reagent (Life technolo-
gies, 15596026). cDNA was generated by using EasyScript One-
Step gDNA Removal and ¢cDNA Synthesis SuperMix Kit (TransGen
Biotech, #AE311-03) according to the manufacturer’s instructions.
PCR amplification was performed in a 20 pl reaction system by
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using 2xEasyTaq PCR SuperMix (TransGen Biotech, AS111). ACTB
was used as the internal control. All primers used in RT-PCR were
listed in Supplementary Table 8.

Real-time quantitative PCR (RT-qPCR)
Quantitative PCR was performed with SYBR green (HiScript® Il RT
SuperMix for qPCR, Vazyme) at Agilent Mx3005P real-time PCR
system (Agilent Technologies). Expression analysis in different cell
types was performed using specific primers for each gene. All
primers used in RT-gPCR were listed in Supplementary Table 8.
Analysis of RNA immunoprecipitation (RIP), RNA fluorescent
in situ hybridization (FISH), RNA pull-down, methylated RNA-
Immunoprecipitation (MeRIP), immunofluorescence (IF) analysis,
western blot analysis, co-immunoprecipitation (Co-IP) analysis,
cytoplasmic/nuclear protein extraction, immunohistochemistry
(IHQ) assay and H-score analysis, colony formation assay, CCK8
proliferative assay, and statistical analysis

DATA AVAILABILITY

All data are available within the article and its Supplementary Information.

ACKNOWLEDGEMENTS

We thank Quentin Liu’s lab members for their critical comments and technical support.
We thank Eric W-F. Lam for his critical reading of the manuscript and insightful
suggestions. This research work was supported by the National Natural Science
Foundation of China (No. 81820108024 to Q.L., No. 81630005 to Q.L,, No. 81830088 to Y.
W, No. 81873441 to B-LJ, No. 82103659 to S-SL., No. 8210113819 to Y-F.Q, No.
81972786 to JX., No. 82003141 to F.P., No. 82002960 to B.C,, No. 31801100 to X.-.D.D.),
National Key R&D Program of China (2019YFA0110300 to Q.L. and 2017YFA0505600-04
to Q.L), Program for Changjiang Scholars and Innovative Research Team in University of
Ministry of Education of China (No. IRT_17R15), Innovative Research Team in University
of Liaoning (No. LT2017001 to Q.L.), Heilongjiang Postdoctoral Fund (No. LBH-Z20074 to
S.-S.L.), Harbin Medical University Doctor Green Seedling Ground-breaking Project (No.
QMPT-1909 to S.-S.L.), the Natural Science Foundation of Liaoning (No. 2019-BS-081 to F.
P.), the “Seedling cultivation” program for young scientific and technological talents of
Liaoning (No. LZ2020044 to F.P., No. LZ2019067 to B.C.), Dalian Science and Technology
program-The central government guiding local funding projects for scientific and
technological development (2021 to F.P.), Dalian High-level Talents Innovation Support
Program-Young Science and Technology Star (2021RQ004 to B.C), the program for
climbing Scholars of Liaoning, the Science and Technology Innovation Foundation of
Dalian (N0.2020JJ25CY008 to Q.L.), International Scientific and Technological Coopera-
tion of Dalian (2015F11GH095 to Q.L.), the Natural Science Foundation of Guangdong
(2016A030311038 and 2017A030313608 to Q.L.), the Science and Technology Planning
Project of Guangzhou (No. 201804020044 to Q.L), the Scientific Research Project of
Guangzhou (No. 201904010492 to B-LJ)).

AUTHOR CONTRIBUTIONS

S.S.L, QL. YW, B.LJ., and B.H. conceived the project. SS.L, Y.F.Q, J.CY., Y.CH, MJ.Z,
ZW.D., and S.Y.L. performed most of the molecular biology and animal experiments.
THJ, JW, MY.Y,, ZQ.D,, F.H, and N.C. were responsible for plasmid construction, cell
culture, and lentivirus preparation. D.P.L,, F.A,, and C.LW. analyzed the RNA-seq, RIP-
seq, and SILAC data. J.Y.Z, Y.Y.L, and T.G. collected the clinical lung cancer specimens
and performed IHC assay. W.J.F., YJ.P., and ZJH. screened and identified AURKA
nuclear translocation inhibitors. F.P. and J.X. provided guidance about RNA pull-down
and methylated RNA immunoprecipitation (MeRIP) assays. F.M.Z, L.ZX,, and Q.P.W.
revised and embellished the text of the article. All authors have read and approved
the article.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41392-022-00905-3.

Competing interests: The authors declare no competing interests.

REFERENCES

1. Baralle, F. & Giudice, J. Alternative splicing as a regulator of development and
tissue identity. Nat. Rev. Mol. Cell Biol. 18, 437-451 (2017).

Signal Transduction and Targeted Therapy (2022)7:97


https://doi.org/10.1038/s41392-022-00905-3

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Fu, X. D. & Ares, M. Jr Context-dependent control of alternative splicing by RNA-

binding proteins. Nat. Rev. Genet. 15, 689-701 (2014).

. Wang, E. & Aifantis, I. RNA splicing and cancer. Trends Cancer 6, 631-644 (2020).
. Bonnal, S., Lépez-Oreja, I. & Valcércel, J. Roles and mechanisms of alternative

splicing in cancer—implications for care. Nat. Rev. Clin. Oncol. 17, 457-474 (2020).

. Ray, D. et al. MAP2K7A tumor-associated splice-isoform of drives dedifferentia-

tion in MBNL1-low cancers via JNK activation. Proc. Natl Acad. Sci. USA 117,
16391-16400 (2020).

. Grelet, S. et al. A regulated PNUTS mRNA to IncRNA splice switch mediates EMT

and tumour progression. Nat. Cell Biol. 19, 1105-1115 (2017).

. Mendel, M. et al. Splice site mA methylation prevents binding of U2AF35 to

inhibit RNA splicing. Cell 184, 3125-3142 (2021).

. Goh, Y., Koh, C, Sim, D., Roca, X. & Goh, W. METTL4 catalyzes mCAm methylation

in U2 snRNA to regulate pre-mRNA splicing. Nucleic Acids Res. 48, 9250-9261
(2020).

. Adhikari, S., Xiao, W., Zhao, Y. & Yang, Y. m(6)A: Signaling for mRNA splicing. RNA

Biol. 13, 756-759 (2016).

. Ping, X. L. et al. Mammalian WTAP is a regulatory subunit of the RNA N6-

methyladenosine methyltransferase. Cell Res. 24, 177-189 (2014).

. Zhao, X. et al. FTO-dependent demethylation of N6-methyladenosine regulates

mRNA splicing and is required for adipogenesis. Cell Res. 24, 1403-1419 (2014).

. Xiao, W. et al. Nuclear m(6)A reader YTHDC1 regulates mRNA splicing. Mol. Cell

61, 507-519 (2016).

. Kasowitz, S. D. et al. Nuclear m®A reader YTHDC1 regulates alternative poly-

adenylation and splicing during mouse oocyte development. PLoS Genet. 14,
1007412 (2018).

. Yan, M. et al. Aurora-A kinase: a potent oncogene and target for cancer therapy.

Med. Res. Rev. 36, 1036-1079 (2016).

. Zheng, F. et al. Nuclear AURKA acquires kinase-independent transactivating

function to enhance breast cancer stem cell phenotype. Nat. Commun. 7, 10180
(2016).

. Yang, N. et al. FOXM1 recruits nuclear Aurora kinase A to participate in a positive

feedback loop essential for the self-renewal of breast cancer stem cells. Oncogene
36, 3428-3440 (2017).

. Peng, F. et al. Oncogenic AURKA-enhanced N-methyladenosine modification

increases DROSHA mRNA stability to transactivate STC1 in breast cancer stem-like
cells. Cell Res. 31, 345-361 (2020).

. Sveen, A, Kilpinen, S., Ruusulehto, A,, Lothe, R. A. & Skotheim, R. |. Aberrant RNA

splicing in cancer; expression changes and driver mutations of splicing factor
genes. Oncogene 35, 2413-2427 (2016).

. Wang, Y. et al. The splicing factor RBM4 controls apoptosis, proliferation, and

migration to suppress tumor progression. Cancer Cell 26, 374-389 (2014).
Markus, M. A. & Morris, B. J. RBM4: a multifunctional RNA-binding protein. Int. J.
Biochem. Cell Biol. 41, 740-743 (2009).

Ben-Hur, V. et al. S6K1 alternative splicing modulates its oncogenic activity and
regulates mTORC1. Cell Rep. 3, 103-115 (2013).

Karni, R. et al. The gene encoding the splicing factor SF2/ASF is a proto-
oncogene. Nat. Struct. Mol. Biol. 14, 185-193 (2007).

Karni, R, Hippo, Y., Lowe, S. & Krainer, A. The splicing-factor oncoprotein SF2/ASF
activates mTORC1. Proc. Natl Acad. Sci. USA 105, 15323-15327 (2008).
Michlewski, G., Sanford, J. & Caceres, J. The splicing factor SF2/ASF regulates
translation initiation by enhancing phosphorylation of 4E-BP1. Mol. Cell 30,
179-189 (2008).

Xuan, J. J. et al. RMBase v2.0: deciphering the map of RNA modifications from
epitranscriptome sequencing data. Nucleic Acids Res. 46, D327-d334 (2018).
Huang, X. et al. HNRNPC impedes mA-dependent anti-metastatic alternative splicing
events in pancreatic ductal adenocarcinoma. Cancer Lett. 518, 196-206 (2021).
Tang, J. et al. hnRNPA2B1 promotes colon cancer progression via the MAPK
pathway. Front. Genet. 12, 666451 (2021).

Xueqing, H. et al. IGF2BP3 may contributes to lung tumorigenesis by regulating
the alternative splicing of PKM. Front. Bioeng. Biotechnol. 8, 679 (2020).

Hsu, T. Y. et al. The spliceosome is a therapeutic vulnerability in MYC-driven
cancer. Nature 525, 384-388 (2015).

Fogeron, M. L. et al. LGALS3BP regulates centriole biogenesis and centrosome
hypertrophy in cancer cells. Nat. Commun. 4, 1531 (2013).

Signal Transduction and Targeted Therapy (2022)7:97

Nuclear Aurora kinase A switches m°A reader. ..
Li et al.

31
32.
33.
34.
35.

36.
37.

38.

40.
41,
4.
43.
44,
45,
46.
47.
48.

49.
50.

51.

Piva, F., Giulietti, M., Nocchi, L. & Principato, G. SpliceAid: a database of experi-
mental RNA target motifs bound by splicing proteins in humans. Bioinformatics
25, 1211-1213 (2009).

Brunner, A. et al. Alisertib plus induction chemotherapy in previously untreated
patients with high-risk, acute myeloid leukaemia: a single-arm, phase 2 trial.
Lancet Haematol. 7, e122-e133 (2020).

Mossé, Y. et al. A phase Il study of alisertib in children with recurrent/refractory
solid tumors or leukemia: Children’s Oncology Group Phase | and Pilot Con-
sortium (ADVL0921). Clin. Cancer Res. 25, 3229-3238 (2019).

Guarino Almeida, E.,, Renaudin, X. & Venkitaraman, A. A kinase-independent
function for AURORA-A in replisome assembly during DNA replication initiation.
Nucleic Acids Res. 48, 7844-7855 (2020).

Toya, M., Terasawa, M., Nagata, K., lida, Y. & Sugimoto, A. A kinase-independent
role for Aurora A in the assembly of mitotic spindle microtubules in Cae-
norhabditis elegans embryos. Nat. Cell Biol. 13, 708-714 (2011).

Otto, T. et al. Stabilization of N-Myc is a critical function of Aurora A in human
neuroblastoma. Cancer Cell 15, 67-78 (2009).

Brockmann, M. et al. Small molecule inhibitors of aurora-a induce proteasomal
degradation of N-myc in childhood neuroblastoma. Cancer Cell 24, 75-89 (2013).
Dauch, D. et al. A MYC-aurora kinase A protein complex represents an actionable
drug target in p53-altered liver cancer. Nat. Med. 22, 744-753 (2016).

. Zhao, B., Roundtree, I. & He, C. Post-transcriptional gene regulation by mRNA

modifications. Nat. Rev. Mol. Cell Biol. 18, 31-42 (2017).

Wang, X. et al. N6-methyladenosine-dependent regulation of messenger RNA
stability. Nature 505, 117-120 (2014).

Shi, H. et al. YTHDF3 facilitates translation and decay of N(6)-methyladenosine-
modified RNA. Cell Res. 27, 315-328 (2017).

Hsu, P. J. et al. Ythdc2 is an N(6)-methyladenosine binding protein that regulates
mammalian spermatogenesis. Cell Res. 27, 1115-1127 (2017).

Fu, Y., Dominissini, D., Rechavi, G. & He, C. Gene expression regulation mediated
through reversible m(6)A RNA methylation. Nat. Rev. Genet. 15, 293-306 (2014).
Wang, X. et al. N(6)-methyladenosine modulates messenger RNA translation
efficiency. Cell 161, 1388-1399 (2015).

Qi, Y. et al. A splicing isoform of TEAD4 attenuates the Hippo-YAP signalling to
inhibit tumour proliferation. Nat. Commun. 7, ncomms11840 (2016).

Lai, M., Kuo, H., Chang, W. & Tarn, W. A novel splicing regulator shares a nuclear
import pathway with SR proteins. EMBO J. 22, 1359-1369 (2003).

Haward, F. et al. Nucleo-cytoplasmic shuttling of splicing factor SRSF1 is required
for development and cilia function. eLife 10, €65104 (2021).

Soncini, C. et al. PHA-680632, a novel Aurora kinase inhibitor with potent anti-
tumoral activity. Clin. Cancer Res. 12, 4080-4089 (2006).

Zheng, F. M. et al. A novel small molecule aurora kinase inhibitor attenuates
breast tumor-initiating cells and overcomes drug resistance. Mol. Cancer Ther. 13,
1991-2003 (2014).

Kamran, M. et al. Aurora kinase A regulates Survivin stability through targeting
FBXL7 in gastric cancer drug resistance and prognosis. Oncogenesis 6, €298
(2017).

Wang, Y., Cheong, C. G, Hall, T. M. & Wang, Z. Engineering splicing factors with
designed specificities. Nat. Methods 6, 825-830 (2009).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

SPRINGER NATURE

15


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nuclear Aurora kinase A switches m6A reader YTHDC1 to enhance an oncogenic RNA splicing of tumor suppressor RBM4
	Introduction
	Results
	A non-canonical function of nuclear AURKA in driving RBM4 aberrant RNA splicing
	RBM4-S functions as a tumor promoter by abolishing RBM4-FL-mediated inhibition of SRSF1-mTORC1 activity
	Nuclear AURKA inhibits m6A-YTHDC1-SRSF3-mediated RBM4 exon inclusion
	Nuclear AURKA interacts with m6A reader YTHDC1 and disrupts the binding of SRSF3 to YTHDC1
	Nuclear AURKA bridges the interaction between hnRNP K and YTHDC1 and promotes m6A-YTHDC1-hnRNP K-nobreakdependent RBM4 exon skipping
	AURKA nuclear translocation inhibitors reverse RBM4�splicing towards RBM4-S to restrain tumor growth
	Clinical relevance of AURKA-RBM4 aberrant splicing axis

	Discussion
	Materials and methods
	Cell culture and chemicals
	Clinical samples
	Analysis of tumor growth
	RNA-seq analysis
	Plasmid construction and transfection
	RNA interference
	Lentivirus preparation
	RNA extraction and reverse transcription-PCR (RT-PCR)
	Real-time quantitative PCR (RT-qPCR)

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




