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RBM15 condensates modulate m6A modification of STYK1
to promote tumorigenesis
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RBM15 expression is recurrently upregulated in several types of malignant tissues, and its high expres-
sion level is typically associated with poor prognosis. However, whether and how RBM15 is involved in
the tumor progression remains unclear. In this study, we found that overexpressing RBM15 in NIH3T3
cells was able to enhance proliferation rate in vitro and induced subcutaneous tumor formation in vivo.
Moreover, we imaged the subcellular localization of RBM15 with our home-built structured illumination
super-resolution microscopy, and revealed that RBM15 formed substantial condensates dispersed in the
nucleus, undergoing dynamic fusion and fission activities. These condensates were partially colocalized
with m6A-modified transcripts in the nucleus. In addition, we confirmed that RBM15 formed ‘‘liquid-
like” droplets in a protein/salt concentration-dependent manner in vitro, and the addition of RNA further
enhanced its phase-separation propensity. To identify downstream targets of RBM15, we performed
meRIP-seq and RNA-seq, revealing that RBM15 preferentially bound to and promoted the m6A modifica-
tion on the mRNA of Serine/threonine/tyrosine kinase 1 (STYK1), thereby enhancing its stability. The
upregulated STYK1 expression caused MAPK hyperactivation, thereby leading to oncogenic transforma-
tion of NIH3T3 cells.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

RNA-binding motif protein 15 (RBM15) was originally identified
in infants with acute megakaryocytic leukemia (AMKL). The infants
carried the (1;22) (p13;q13) translocation, which resulted in the
fusion of the RBM15 and MKL1 genes [1,2]. Several subsequent
studies reported cases of infantile AMKL with RBM15-MKL1 gene
fusion [3–11]. RBM15 is a ubiquitously expressed gene abundant
in the hematopoietic system, which comports with its hematopoi-
etic function [12]. The conserved functional domains of RBM15
include an RNA recognition motif (RRM) N-terminal and a C-
terminal Spen paralog and ortholog C-terminal (SPOC). The RRM
domain is critical for the binding of RNA molecules, whereas the
SPOC domain has been identified in multiple cancer- and
apoptosis-related proteins, but its function remains unclear [13].
RBM15 participates in several different aspects of RNAmetabolism.
For example, RBM15 facilitates the export of mRNA from the
nucleus to the cytoplasm [14]. In addition, RBM15 regulates alter-
native splicing of transcripts [15]. RBM15-knockout mice exhibits
embryonic lethality on approximately embryonic day 9.5, suggest-
ing that RMB15 is essential for mice embryonic development [16].

The N6-methyladenine (m6A) modification is a ubiquitous,
abundant, and reversible epigenetic modification in RNA mole-
cules. The dynamics and functions of m6A depend on m6A methyl-
transferases (‘‘writers”), demethylases (‘‘erasers”), and recognition
proteins (‘‘readers”). Specifically, the m6A methyltransferase com-
plex consists of a catalytic subunit methyltransferase-like 3
(METTL3) and a regulatory subunit, methyltransferase-like 14
(METTL14), as well as other regulatory subunits, which catalyze
the addition of a methyl group at the N6 position of adenosine
(A) to form m6A [17]. A recent study identified RBM15 as a regula-
tory subunit of the methyltransferase complex that was necessary
to recruit METTL3 onto its bound transcripts [18–20]. YTH family
members YTH domain-containing (YTHDC1/2) [21], YTH structure
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N6-methyladenine RNA-binding protein 1/2/3 (YTHDF1/2/3)
[22,23], heterogeneous nuclear ribonucleoprotein A2/B1
(HNRNPA2B1) [24], and insulin-like growth factor 2 mRNA-
binding protein 1–3 (IGF2BP1/2/3) [25] recognize m6A and partic-
ipate in downstream biological processes. The downstream biolog-
ical processes mediated by m6A include mRNA transport and
degradation [23,26], alternative splicing [27,28], and transcription
regulation [29]. Notably, one recent study suggested that
IGF2BP1/2/3 stabilize RNA transcripts by recognizing the m6A
modification, ensuring effective protein production from m6A-
marked transcripts [25]. Although previous works have extensively
studied the contributions of m6A ‘‘writers” and ‘‘erasers” to tumor
progression [30–33], the role of m6A regulatory subunits on car-
cinogenesis remained unknown.

In this study, we found that RBM15 over-expression signifi-
cantly promoted the proliferation of NIH3T3 cells both in vitro
and in vivo. Mechanistically, RBM15 formed ‘‘liquid-like” conden-
sates in the nucleus and in vitro. These condensates were partially
colocalized with m6A transcripts and promoted the deposition of
the m6A modification onto multiple transcripts, such as STYK1
mRNA, which in turn enhanced their stability. The upregulation
of STYK1 in turn activated the downstream MAPK signaling path-
way. In brief, this work revealed that upregulated RBM15 was able
to enhance cell proliferation by depositing m6A modification onto
related transcripts.
2. Materials and methods

2.1. Cell culture

HeLa (CCL2), 293 T (crl-3216), and NIH3T3 cells (crl-1658) were
purchased from ATCC. All cells were cultured in DMEM (Thermo
Fisher, Cat. No.: 11965–092) supplemented with 10 % fetal bovine
serum (FBS) and kept in a humid incubator at 37 �C and supple-
mented with 5 % CO2.
2.2. Plasmid construction

The RBM15 coding sequence was amplified from HeLa cDNA
and ligated to a mEmerald-C1 empty vector to generate
mEmerald-RBM15 expression vector. The coding sequences of
mEmerald-RBM15 and mEmerald were subcloned into a pCDH-
CMV-mcs-EF1a-puro vector (System Biosciences Cat. No.:
CD510B-1) to generate the lentiviral transfer plasmids pCDH-
EGFP and pCDH-EGFP-RBM15. For construction of different
RBM15 truncated mutations (DN, DRRM, and DSPOC), Gibson
Assembly� Master Mix was used. The primers for the RBM15 trun-
cated mutations were designed on NEBuilder (https://nebuilder.
neb.com/). The RBM15 coding sequence was cloned into a
pRSFDuet vector (Merk, 71341) to obtain the bacterial expression
plasmid. The sequences of all above vectors were verified by San-
ger sequencing.
2.3. Generation of stable cell lines

2 lg of the transfer plasmids (pCDH-EGFP or pCDH-EGFP-
RBM15), 1 lg of the envelope plasmid pMD2.G (Addgene, Cat.
No.: 12259), and 1.5 lg of the packaging plasmid psPAX2
(Addgene, Cat. No.: 12260) were cotransfected into 293 T cells.
Forty-eight hours post-transfection, the lentiviral particles in the
supernatant were collected and used to infect NIH3T3 cells. Stably
transduced NIH3T3 cells (i.e. RBM15 over-expressing or empty
vector over-expressing cells) were selected by fluorescence-
activated cell sorting (FACS) and selection antibiotics.
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2.4. Live-cell imaging

For live-cell imaging, 35-mm glass-bottom dishes (NEST, Cat.
No.: 801001) were coated with 200 lL of 0.05 mg/mL collagen
(Thermo Fisher, Cat. No.: A1048301) for 1 h in the incubator.
1 � 105 cells were plated on 35-mm glass-bottom dishes 24 h
before imaging. The live-cell 3D images were captured using the
home-built structured illumination microscopy (SIM), or lattice
light-sheet microscopy (LLSM). The detail of SIM and LLSM was
described in our previous studies [34–36].

2.5. Transwell assay

Transwell assay was performed according to the protocol
described in our previous report [36]. In brief, NIH3T3 cells were
resuspended in serum-free DMEM to obtain a final density of
1x105 cells/mL. 200 lL of the cell suspension were seeded in the
upper insert of a BioCoat Matrigel invasion chamber (Corning,
Cat. No.: 354480). The inserts were placed on 24-well plates con-
taining 520 lL of DMEM supplemented with 10 % FBS. The cells
were fixed with 3.7 % formaldehyde, permeabilized with methanol,
and stained with 0.1 % crystal violet 12 h post-seeding. The cells on
the upper side of the filter were swapped with cotton. The cells on
the lower side of the filter were counted by confocal microscopy
with a 20 � objective.

2.6. Proliferation curve

200 lL of cell suspension (104 cells/mL) was dispensed in a 96-
well plate and cultured for an appropriate length of time in the
incubator. The cell numbers of different groups were counted by
TC20 Automated Cell Counter (Bio-Rad).

2.7. RNA isolation and real-time PCR

Total RNA was isolated by TRIzol (Invitrogen, Cat. No.:
15596026). The procedures for total RNA extraction were per-
formed according to the manufacturer’s instructions. First-strand
cDNA synthesis was performed with a PrimeScriptTM RT reagent
kit (Takara, RR037B) according to the manufacturer’s instruction.
RT-qPCR was used to analyze the abundance of transcripts in the
cDNA using AceQ Universal SYBR qPCR Master Mix (Vazyme, Cat.
No.: Q712). The reactions were carried out on a Bio-Rad CFX96
Touch Real-Time PCR detection system. Relative expression values
were calculated from the 2-DDCT method. The express level was
normalized to the reference gene GAPDH.

2.8. Immunoblot and immunofluorescence

For immunoblotting, cells were lysed with RIPA buffer (Thermo
Scientific, Cat. No.: 89901) or Pierce IP lysis buffer (Thermo Scien-
tific, Cat. No.: 87788) supplemented with protease cocktail inhibi-
tors (TargetMol, Cat. No.: C0001), and the protein concentration in
the supernatant was determined by BCA assay (Thermo Scientific,
Cat. No.: 23225). 20 lg cell lysates were separated in a precast
NuPAGETM Bis-Tris gel (Thermo Fisher, Cat. No.: NP0321PK2) and
transferred onto a PVDF membrane. The PVDF membrane was
incubated with primary antibodies for 12 h at 4 �C and was washed
3 times in PBS + 0.1 % Triton X-100 (PBST). The corresponding
horseradish peroxidase (HRP)-linked secondary antibodies were
diluted 5000-fold in PBST and incubated with the PVDF membrane.
Pierce ECL Western blotting substrate was used to detect the
chemofluorescence signal. Chemoluminescence was captured
using a Tanon-5200 chemiluminescent imaging system (Tanon
Science & Technology).
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For immunofluorescence, cells were seeded on 35-mm glass-
bottom dishes and fixed in 4 % formaldehyde for 10 min. The cells
were then rinsed three times with PBS for 5 min each time and
blocked with blocking buffer (5 % normal donkey serum (Sigma,
Cat. No.: D9663) in PBST for 30 min at room temperature. The cells
were incubated with primary antibodies diluted in blocking buffer
at 4 �C overnight. The samples were rinsed three times with PBST
for 5 min each time, incubated with Alexa 488/560 fluorochrome-
conjugated secondary antibodies diluted in blocking buffer for 1 h
at room temperature in a dark room, and then rinsed three times
with PBST for 5 min each time.

2.9. meRIP and RNA-seq

The procedures for the meRIP and RNA-seq were described in
detail in our previous paper [36]. meRIP-seq and RNA-seq assays
were performed by Shanghai Jiayin Biotechnology Co., ltd.

2.10. TMT labeling of peptides and mass spectrometry

100 lg of desalted peptides were resuspended in 100 lL of
100 mM TEAB (pH = 8.0). Each 0.8-mg vial of TMT reagent was
reconstituted in 41 lL of acetonitrile. The resolved TMT reagents
were added to the corresponding peptide samples and incubated
for 1 h at 25 �C. The labeling reaction was quenched with 8 lL of
5 % hydroxylamine for 15 min at 25 �C. The TMT-labeled peptides
were then vacuum dried and desalted using C18 ZipTip columns.
The desalted peptides were resuspended in 5 lL of 2 % MeCH/0.1 %
FA and analyzed by online nanoflow liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using an Orbitrap Explor-
isTM 480 mass spectrometer (Thermo Scientific) coupled online to a
Proxeon Easy-nLC 1200 system (Thermo Scientific). The collected
data were analyzed using the SEQUEST HT search engine of Thermo
Proteome Discoverer software (2.4.1.15) and searched against the
UniProt database containing human reference proteome
sequences.

2.11. RBM15 protein purification

pRSFDuet-RBM15 was transformed into chemically competent
BL21 (DE3) E. coli cells (Transgene Cat. No.: CD601-02). To express
recombinant proteins, the transformed BL21 cells were grown to
an OD600 = 0.8 and then induced with 0.5 mM isopropyl-b-d-1-t
hiogalactoside (IPTG) for 16 h at 16 �C. One liter of bacteria was
collected and lysed with an EmulsiFlex-C5 cell homogenizer (Aves-
tin, Ottawa, Canada) in 100 mL of ice-cold lysis buffer (50 mM Tris,
pH 7.5; 500 mM NaCl; 10 % (v/v) glycerol; 20 mM imidazole,
freshly supplemented with protease inhibitor cocktail; and 1 mM
PMSF). The cell lysates were applied to nickel-nitrilotriacetic acid
(Ni-NTA) resin (Qiagen, Germany) at a flow rate of 1 mL/min. The
nickel column was washed with 3 volumes of lysis buffer and 3
volumes of 1 � SUMO Protease Buffer (50 mM Tris pH 8.0,
500 mM NaCl, 1 mM DTT). To remove SUMO tag on beads, 50 lL
of Ulp1 (2 mg/mL) was added to the column and incubated for
12 h at 4℃. The purified RBM15 protein was eluted and further
concentrated to 100 lM using an Amicon Ultra15 filter (Millipore,
UFC903024).

2.12. In vitro phase separation

To set up the in vitro phase separation assays, 100 lM
RBM15 was diluted into a series of salt and protein concentra-
tions in a glass-bottom 96-well plate (Corning, Cat. No.:
13539050). The plates were then incubated for the desired time,
and images were captured by an Olympus FV3000 confocal
microscope with a 60 � oil objective. To test how RNA affected
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the phase separation of RBM15, 10 lM purified RBM15 was
incubated with total or predigested RNA for two hours at
150 mM NaCl.

2.13. Bioinformatics analyses of clinical samples

A Kaplan-Meier curve was plotted (https://gepia2.cancer-
pku.cn/#survival) based on the RBM15 expression level in
patients. The Kaplan-Meier plot parameters were as follows:
Methods, overall survival; Cutoff, Median, High 50 %, Low
50 %; Hazards ratio: Yes; 95 % Confidence Interval dot line:
No; Axis Unit: Month; Datasets Selection: LGG, KICH, LAUD,
ACC, PAAD, and THCA. The quantitative criteria to consider
RBM15 abundance were medians in different types of cancers.
In another word, if the RBM15 abundance in a patient was
bigger than median of specific tumor, it was recognized as
high and vice versa.

RBM15 expression abundance was retrieved from an online
server Gepia 2.0. The RBM15 expression profiles in Fig. 1B were
plotted using the following parameters: Differential methods:
ANOVA; log2 fold of change cutoff: 1; q-value: 0.01; log scale:
No; Match Normal Data: Match TCGA normal and GTEx data;
Database selection: All tumor types. By using of the ANOVA sta-
tistical analysis, if RBM15 was identified as upregulated expres-
sion compared to paired normal tissues in specific tumor type,
then this tumor was labeled in red; in contrast, if RBM15 was
identified as downregulated expression in specific tumor, it was
labeled in green. However, downregulated expression of RBM15
was not identified in all tumor types. If RBM15 expression
remained relatively stable in specific tumor type, the tumor was
labeled in black.

2.14. Animal experiments setup

Five-week old male NOD-SCID mice were purchased from Bei-
jing Vital River Laboratory Animal Technology. Mouse experiments
were approved by the Animal Care and Use Committee of Institute
of Biophysics, Chinese Academy of Sciences (Approval No.
SYXK2021132). The mice were subcutaneously injected with
200 lL suspension of 2 � 106 cells/mL in DMED medium. The mice
were sacrificed 4 weeks after xenograft and the tumors were dis-
sected for Hematoxylin and Eosin staining and tumor size
measurement.

2.15. FRAP data acquisition and analysis

RBM15 condensates in HeLa cells were photobleached using a
60 � oil immersion objective mounted on an Olympus FV1200
inverted confocal microscopy to measure their dynamic proper-
ties. The droplets (n = 30) were bleached to measure the
exchange rate between the condensates and the surrounding
environment. A frame was collected before bleaching, and then
forty-eight frames were captured at 200 ms/frame after bleach-
ing. The interval between images was 1 s. The collected data were
imported in to Image J to obtain the mean intensities over time
from the following three areas: the bleached spots, regions out-
side of the cell, and the whole nucleus. The mean intensities were
uploaded to the web-based tool easyFRAP (https://easyfrap.vm-
net.upatras.gr/) to calculate the recovery time and the mobile
fraction. The FRAP curves were fitted with an exponential
equation.

2.16. siRNA procedures

2 � 105 cells were plated in a 6-well plate 12 h prior to trans-
fection. Cells were transfected with 10 nM siRNA duplexes against
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Fig. 1. The abundance and mutational signatures of RBM15 in clinical samples. (A) High abundance of RBM15 is associated with short overall survival (OS) in different types
of cancers. (B) The expression level of RBM15 in the indicated types of cancers. All data were from The Cancer Genome Atlas (TCGA). ACC, Adrenocortical carcinoma; BLCA,
Bladder Urothelial Carcinoma; BRCA, Breast invasive carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, Cholangio carcinoma;
COAD, Colon adenocarcinoma; DLBC, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head and
Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC Kidney renal clear cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LAML, Acute Myeloid
Leukemia; LGG, Brain Lower Grade Glioma; LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC Lung squamous cell carcinoma; MESO, Mesothelioma;
OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; READ, Rectum
adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA, Thyroid carcinoma; THYM,
Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma; UVM, Uveal Melanoma.
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STYK1 using Lipofectamine RNAiMax (Invitrogen, 13778150). The
siRNA sequences for STYK1 were designed and synthesized by
Ribobio (Guangzhou, China). The siRNA sequences were as follows:
si-STYK1-1: 50- agaaaggcuucuccugaga-dTdT-30; si-STYK1-2: 50-
caaggaaaggcuuugucuc-dTdT-30. The knockdown efficacies were
validated by RT-qPCR 72 h post transfection. The level of
phospho-ERK was detected 72 h post transfection.
4828
3. Results

3.1. RBM15 promotes the proliferation and invasion of cells

To study the correlation between RBM15 abundance and clini-
cal prognosis, we assessed the overall survival (OS) associated with
high RBM15 abundance in patients, and compared it to patients



A. Jiang, S. Zhang, X. Wang et al. Computational and Structural Biotechnology Journal 20 (2022) 4825–4836
with low RBM15 abundance based on the GEPIA2.0 database [37].
We found that the OS of patients with high RBM15 abundance was
significantly shorter than that of patients with low RBM15 abun-
dance in six different cancer types (Fig. 1A). In addition, we com-
pared the expression level of RMB15 in cancer tissues with
paired normal tissues, and found that the expression level of
RBM15 was significantly higher in the four types of cancer tissues
than that in the paired normal tissues, and there is no downregu-
lated expression of RBM15 among all of the 32 types of cancers
(Fig. 1B). By using the cBioPortal [38], we further revealed that
RBM15 gene was frequently amplified or mutated in multiple can-
cer samples (Fig. 1C). Thus, we speculated the high abundance of
RBM15 might associate with the progression of certain types of
cancers.

We chose the NIH3T3 murine embryonic fibroblast cell line to
test whether RBM15 promoted the proliferation and invasion, as
it had been widely used to identify and study novel oncogenes
in>26,000 publications [39,40]. We created the NIH3T3 cell lines
stably over-expressing RBM15 (RMB15 OE) or an empty vector
(control). The proliferation and Transwell assay revealed that
RBM15 over-expression significantly enhanced the proliferating
and migrating ability of NIH3T3 cells in vitro (Fig. 2A-C). Further-
Fig. 2. RBM15 promotes the proliferation and invasion of NIH3T3 cells both in vitro and in
RBM15 or empty vector (Ctrl). (C) Quantification of the number of migrated cells in (B)
mice. Tumors from the RBM15 group were dissected as indicated and shown in the insets
and eosin (H&E) stained tumor slides shown in (D). (F, G) Statistical analysis of the tumo
image shown in (E). ****, P < 0.001. N.D., not detected.
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more, subcutaneous injection of the NIH3T3 cells into NOD-SCID
mice revealed that RBM15 over-expression NIH3T3 cells could
grow into tumors (Fig. 2D & 2F-G). Moreover, we observed hyalin-
ized vessels in the H&E-stained slides dissected from the RBM15
OE group (Fig. 2E). These results demonstrated that RBM15 could
transform NIH3T3 cells, suggesting that RBM15 potentially played
the oncogenic role during the progression of certain cancers.

3.2. RBM15 forms ‘‘liquid-like” condensates both in vivo and in vitro

To gain insights into how escalated RBM15 resulted in onco-
genic effect, we analyzed the protein domain structure and disor-
dered regions of its amino acid composition. We found that
RBM15 was composed of very rich intrinsically disordered
sequences (IDRs) as predicted with FuzDrop[41], rather than
well-defined structured domains (Fig. 3A), suggesting that
RBM15 had a high potential to undergo phase separation. To check
if RBM15 formed phase separated condensates under endogenous
expression level, we created a knock-in cell line of mEmerald-
RBM15 using CRISPR method, and then imaged endogenous
RBM15 with super-resolution microscopy. The 3D-SIM live cell
image showed that RBM15 was able to form small but abundant
vivo. (A, B) Proliferation (A) or Transwell assay (B) of NIH3T3 cells stably expressing
. (D) Representative images showing subcutaneous tumor xenografts of NOD-SCID
of upper right panel. Arrowheads indicated the hyalinized vessels. (E) Hematoxylin
r diameter (F) and incidence (G) in the mice shown in (D). Scale bar, 100 lm for the
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condensates scattered over the nucleoplasm (Fig. 3B and Video S1).
Moreover, over-expressing RBM15 could significantly enlarge the
size of these condensates (Fig. 3C, 3D and Video S2), presumably
due to the enhanced phase separation under higher RBM15 con-
4830
centration. We further tested the contribution of different sub-
domains to the phase separation propensity of RBM15 by over-
expressing its truncated mutants of RBM15-DN, RBM15-DRRM,
and RBM15-DSPOC, respectively. We observed that no matter
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which domain we deleted, the truncated RBM15 proteins still
tended to condensate into small droplets dispersed in nucleoplasm
(Fig. 3E-G), although the deletion of RRM domain led to mislocal-
ization of partial RBM15 into the nucleolus. In addition, the con-
densates of RBM15 with partial IDR deletion (i.e. DN, DRRM, and
DSPOC) were a bit smaller compared to the ones of full-length
RBM15 (Fig. 3D-3G).

Next, we quantified the escalation of RBM15 protein and tran-
script in RBM15 over-expression stable cell line and in clinical
samples. As shown in Fig. 3H and 3I, RBM15 over-expression led
to � 1.6-fold and � 2-fold increases in the abundance of protein
(Fig. 3H) and transcript (Fig. 3I, OE column), respectively. In fact,
the escalation of RBM15 transcript in RBM15 over-expression
stable cell line was still slightly lower than that assessed from clin-
ical cases (Fig. 3I), indicating that the phase separation of RBM15
protein in clinical samples might be more prominent than that in
RBM15 over-expression stable cell line.

We further tested if RBM15 condensates possessed ‘‘liquid-like”
property. As shown in Fig. 3J and 3 K, FRAP assay revealed that
RBM15 condensates in the nucleus were rapidly exchanging their
content with the surrounding nucleoplasm. Moreover, using the
time-lapse 3D live-cell LLSM imaging, we observed that RBM15
condensates underwent constant fusion and fission activities
(Fig. 3L and Video S3). These results illustrated that RBM15 con-
densates formed in live cells possesses typical characteristics of
‘‘liquid-like” droplets.

To further characterize the phase separation property of
RBM15, we purified the full-length RBM15 protein (Fig. 3M) and
quantified its phase separation propensity in vitro. As expected,
RBM15 formed ‘‘liquid-like” droplets in a protein concentration-
dependent manner (Fig. 3N). Consistent with other studies of
phase separation in vitro [42,43], the phase separation propensity
of RBM15 was repressed as the salt concentration increased
(Fig. 3O), but RBM15 still retained the ability to phase separate
even at the high salt concentration up to 300 mM. Moreover, at
physiological salt concentration of 150 mM, prolonging the incuba-
tion time enhanced the phase separation of RBM15 (Fig. 3P).
Because RBM15 is an RNA-binding protein, we tested the influence
of RNA molecules to the phase separation of RBM15. Of note, we
found that mixing RNA molecules with RBM15 proteins could sig-
nificantly enhanced its phase separation, whereas adding RNase A
would impair this enhancement (Fig. 3Q). These results confirmed
that the phase separation propensity of RBM15 protein was robust
and strong, and revealed the positive regulation of RNA molecules
to the phase separation of RBM15.
3.3. Location and composition of RBM15 condensates

It is known that there are numbers of membrane-less subnu-
clear bodies including nucleoli, Cajal bodies, nuclear speckles
(NSs), paraspeckles, promyelocytic leukaemia (PML) bodies, etc.
It was straightforward to ask whether the RBM15 condensates
3

Fig. 3. Characterization of RBM15 condensates. (A) Protein domain structure and disorde
). (B, C) Representative 3D-SIM images showing the distribution of RBM15 condensates in
and over-expressing mEmerald-RBM15 (i.e. RBM15-OE) (C). (D) Comparison of the RBM
RBM15 after deletion of the N-terminal (E, DN), RRM domain (F, DRRM), and SPOC dom
RBM15 or empty vector of mEmerald using an anti-RBM15 primary antibody. The lower
RBM15 over-expression NIH3T3 cells vs control cells (OE column), as well as RBM15 tr
PAAD, and STAD). (J, K) Fluorescence recovery after photobleaching (FRAP) analysis of th
and fission activities of RBM15 condensates in live cells. Arrow heads indicate the f
concentrations for 1 h. (N) The condensation of 40 lM purified RBM15 incubated at diff
150 mM NaCl concentration. (P) 1 lM RBM15 was incubated with 10 ng/lL intact or deg
(B, C, E-G, J, L); 1 lm in the inset images of (J and L).
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were part of or different from these subnuclear bodies. To this
end, we transfected the NIH3T3 cells with B23-mCherry, PML-
mCherry, p54-mCherry, collin-mCherry, and SRRM1-mCherry,
respectively, or stained the chromatin with CyTRAK OrangeTM

dye, and then the cells were immunostained with RBM15 antibody.
These specimens allowed us to examine the colocalization of
RBM15 condensates with the PML bodies, nucleoli, paraspeckles,
Cajal bodies, chromatin, and NSs, respectively. The two-color 3D-
SIM images showed that the RBM15 condensates did no overlap
with the PML bodies, nucleoli, paraspeckles, Cajal bodies or chro-
matin at all (Fig. 4A-E), but RBM15 condensates were prone to con-
tact or partially overlap with NSs (Fig. 4F). To rule out the
possibility that the overlap between RBM15 condensates and NSs
was due to overexpressing the NSs’ marker of SRRM1-mCherry,
we immunostained the cells with the antibodies against RBM15
and SC35 (an essential component of NSs) simultaneously. As
shown in Fig. 4G, the RBM15 condensates indeed contacted with
or partially embedded into the NSs.

Previous studies reported that RBM15 was able to promote the
methyltransferase complex to deposit m6A modification on RNA
transcripts [18], and the NSs were found to be in association with
the actively transcribed genes [44]. Thus, an intriguing question
was that if the RBM15 condensates enhanced the m6Amodification
of the transcripts of highly expressing cancer-related genes that
subsequently altered the downstream pathways. To this end, we
first checked the distribution relation between m6A modified
RNA transcripts and RBM15 condensates by immunostaining the
cells with m6A and RBM15 antibodies simultaneously. Fig. 4H
showed that RBM15 condensates partially colocalized with the
puncta rich of m6A modified transcripts in the nucleus, indicating
that RBM15 was involved in depositing m6A modification onto
RNA transcripts in the ‘‘liquid-like” condensation
microenvironment.

Subsequently, we employed the relative proteomic quantitation
of tandem mass tags (TMT) multiplex labeling to dissect the com-
position of RBM15 condensates. We first used GFP-Trap beads to
enrich GFP or GFP-RBM15 in lysates of 293 T cells over-
expressing GFP or GFP-RBM15, respectively. Then, we digested
the enriched proteins on beads using trypsin and labeled the
digested peptides with TMT reagents (Fig. 5A). Although total
613 proteins were detected in the raw data of TMT mass spectrom-
etry, only 38 out of which were identified as high-confidence bind-
ing partners of RBM15 after setting the relatively stringent
threshold of TMT-129/TMT-126 > 2.0 and p-value < 0.05 (Supple-
mentary Table 1). 21 out of the 38 interaction partners of RBM15
could be grouped as a focal and functionally related network
according to the STRING database (Fig. 5B). Interestingly, YTHDC1
and IGF2BP3, that were known as the ‘‘reader” proteins of m6A
modification, were among the most enriched interaction partners
of RBM15 (Fig. 5C, red nodes). Moreover, Gene Ontology analysis
suggested that these binding partners were highly related to the
pathways of RNA transport and splicing (Fig. 5C), in which the
red regions prediction of RBM15 in silico with FuzDrop (https://fuzdrop.bio.unipd.it/
side nucleus of the NIH3T3 cells with knock-in mEmerald-RBM15 (i.e. RBM15-KI) (B)
15 condensates size shown in (B), (C), and (E-G). (E-G) Representative images of

ain (G, DSPOC). (H) Immunoblotting of RBM15 in cells transfected with mEmerald-
band represents endogenous RBM15. (I) The fold-change of RBM15 transcript in the
anscript in different types of tumor samples vs paired normal tissues (ESCA, DLBC,
e RBM15 condensates in live cells. (L) Time-lapse LLSM images showing the fusion
usion and fission. (M) The condensation of purified RBM15 protein at different
erent salt concentrations for 2 h. (O) 1 lM RBM15 was incubated from 1 to 16 h at
raded RNA for 2 h at 150 mM NaCl concentration. Scale bar, 8 lm in (M�P); 5 lm in

https://fuzdrop.bio.unipd.it/


Fig. 4. The colocalization of RBM15 condensates with different nuclear structures. (A-F) Cells were labeled with mEmerald-RBM15 as well as PML bodies (A, PML-mCherry),
nucleoli (B, B23-mCherry), paraspeckles (C, p54-mCherry), Cajal bodies (D, Collin-mCherry), chromatin (E, DNA dye) and nuclear speckles (F, SRRM1-mCherry). (G, H)
Representative immunofluorescence images of NIH3T3 cells labeled with anti-SC-35(G) or anti-m6A (H). White arrowheads in (H) indicated that RBM15 condensates were
colocalize with m6A. Scale bar, 5 lm; 1 lm in the cropped images.
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Fig. 5. Characterization of RBM15 condensates. (A) Sample preparation schematics for tandemmass tag (TMT)-labeled proteomics. Cells stably expressing GFP or GFP-RBM15
were lysed, immunoprecipitated by GFP-Trap, and digested on beads. The digested peptides were desalted, subjected to TMT-labeling, and mass spectroscopy spectra (MS-
spec). (B) The interaction data from the RBM15 immunoprecipitation-MS-spec and STRING database were imported into Cytoscape for visualization. Red nodes, key
components in the m6A pathway. (C) Gene Ontology analysis of the interaction partners of RBM15. BP, biological process; CC, cellular components; and MF, molecular
function. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Characterization of transcriptomic gene expression and m6A modification changes caused by RBM15. (A) Heatmap showing differentially expressed genes between the
NIH3T3 cells of over-expressing RBM15 (RBM15 OE) and empty vector (control cells, Ctrl) as determined from RNA-seq data. (B) Gene Ontology analysis of the differentially
expressed genes is shown in (A). (C) Heatmap showing representative oncogenes or TSGs in (A). (D) The most common consensus m6A motif in the meRIP-seq data as
determined with Homer software. (E) The probability distribution of m6A modification sites along transcripts. Transcripts are grouped into 50UTR, CDS, and 30UTR regions. (F)
The proportion of different types of transcripts computed from meRIP-seq data. (G) Venn diagram depicting the number of the upregulated differential genes as determined
by RNA-seq, and the number of genes whose transcripts were m6A hyper-methylated as determined by meRIP-seq, as well as overlapping genes identified in both assay.
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m6A modification had been proven to play important role. Taken
together, the super-resolution imaging and proteomic data implied
that RBM15 condensates were a new type of subnuclear body,
which might facilitate the deposition of m6A modification onto
the related RNA transcripts.

3.4. RBM15-STYK1 m6A-MAPK signaling cascade results in oncogenic
transformation of RBM15 overexpressing cells

Based on the results of above experiments, we speculated that
the high-level RBM15 might cause abnormal m6A modification of
specific transcripts related to carcinogenesis, thus manifesting its
oncogenic effect observed in Figs. 1 and 2. To determine which
transcripts were modulated by RBM15, we performed RNA-seq
and methylated RNA immunoprecipitation sequencing (meRIP-
seq) for the NIH3T3 cells over-expressing RBM15 (RBM15 OE) or
empty vector (control), respectively. The RNA-seq data revealed
that RBM15 over-expression led to 564 differentially expressed
Fig. 7. The role of RBM15-STYK1 m6A-MAPK axis during tumor progression. (A) IGV snap
the RBM15 OE and control cells (Ctrl). (C) RIP-qPCR quantification of RBM15-bound
Immunoblot images showing the difference of p-Erk and total Erk in RBM15 OE and contr
(F) Immunoblot images showing the difference of p-Erk and total Erk in RBM15 OE cells
(STYK1-siRNA1/2). (G, H) The proliferation curve (G) or Transwell assay (H) of the cell s
P < 0.05; ***, P < 0.001, ****, P < 0.0001.
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genes whose expression was changed by > 2-fold (Fig. 6A, Supple-
mentary Table 2). Gene Ontology analysis indicated that the upreg-
ulated genes were mainly involved in cancer-related pathways,
such as the mitogen-activated protein kinase (MAPK) signaling
and extracellular matrix (ECM)-receptor interaction (Fig. 6B). For
instance, the expression of eleven representative oncogenes in
the MAPK pathways was significantly enhanced, whereas the
expression of three typical tumor suppressor genes (TSGs) was
repressed, respectively (Fig. 6C).

On the other hand, the meRIP-seq data from both RBM15 OE
and control cells revealed that (1) ‘‘GGAC” was the most frequent
m6A consensus motif (Fig. 6D); (2) the m6A modification was
enriched in the 3’-UTR (Fig. 6E); and (3) the major type of tran-
script with m6A modification was mRNA (Fig. 6F). These results
were consistent with the common features of m6A modification
reported in previous studies [22,45], suggesting that RBM15
over-expression did not alter the characteristics of m6A modifica-
tion. We then used the MeTDiff software [46] to determine the dif-
shots of m6A peaks in the STYK1 locus. (B) RT–qPCR analysis of STYK1 abundance in
STYK1 using either RBM15 antibody (a-RBM15) or rabbit normal IgG (IgG). (D)
ol cells (Ctrl). (E) Validation of the efficiency of STYK1 knockdown in RBM15 OE cells.
treated with 10 nM scramble siRNA (si-scramble) or siRNA duplexes against STYK1
amples presented in (E). (I) Quantification of the number of migrated cells in (H).*,
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ferentially methylated m6A sites, and found that RBM15 OE
resulted in 748 hyper-methylated sites, presumably due to the
enhanced recruitment of m6A methyltransferase by RBM15.
According to the interaction partners of RBM15 identified in
Fig. 5B, these hyper-methylated m6A sites in RBM15 OE cells were
most likely recognized and bound by the m6A ‘‘reader” proteins of
IGF2BP3 or YTHDC1. Recent studies reported that both IGF2BP3
and YTHDC1 were able to stabilize their bounded transcripts via
recognition of m6A modification [25,47]. These results inspired us
to perform a joint analyzation of the hyper-methylated sites via
meRIP-seq and the upregulated genes via RNA-seq. As shown in
Fig. 6G, we identified 26 upregulated genes from RNA-seq data,
which possessed hyper-methylated m6A sites on their transcripts.

Among the 26 genes, we found that the mRNA of Serine/Thre-
onine/Tyrosine Kinase 1 (STYK1), a tyrosine receptor kinase, was
subject to the most significant increases in its m6A modification
(Fig. 7A) and total amount (Fig. 7B). Moreover, the RIP-qPCR results
showed that the abundance of STYK1 in RBM15 antibody immuno-
precipitation was significantly higher than that in normal IgG con-
trol, implying that RBM15 directly bound to the STYK1 transcript
(Fig. 7C). Previous studies revealed that STYK1 could activate
MAPK signal transduction pathway to induce malignant transfor-
mation of a variety of cell lines, e.g., NIH3T3 [48–50]. Therefore,
we examined the phosphorylated extracellular signal-regulated
kinase 1/2 (p-ERK1/2) status, one of the most important signaling
molecules in MAPK pathway, in both RBM15 OE and control cells.
As expected, RBM15 OE cells presented much higher p-ERK1/2
level than control cells (Fig. 7D). To validate if the STYK1 was
responsible for the escalated p-ERK1/2 and the malignant transfor-
mation, we depleted the expression of STYK1 in RBM15 OE cells by
siRNA duplexes (Fig. 7E). As a result, we found that knockdown of
STYK1 in RBM15 OE cells not only decreased the p-ERK1/2 level
(Fig. 7F), but also significantly suppressed the invasion and prolif-
eration abilities (Fig. 7G-I). Taken together, these results revealed
that RBM15 OE caused the m6A-hypermethylated STYK1 that pro-
moted the phosphorylation of ERK1/2, transforming the noncar-
cinogenic NIH3T3 cell line into tumor-forming cells.
4. Discussion

Emerging evidences had revealed that abnormal m6A modifica-
tions are highly correlated with tumor progression [30]. However,
these studies mainly focused on modulating the methyltransferase
complex, such as ‘‘writers” (METTL3/METTL14) [31,33,51] or
‘‘erasers” (FTO/ALKBH5) [32,52–54] of the m6A modification,
which inevitably altered transcriptome-wide m6A status. As a
result, the conclusions of these studies were sometimes contradic-
tory and difficult to interpret. In contrast, we revealed that RBM15,
the key regulatory subunit of the m6A methyltransferase complex,
preferentially bound to a subset of transcripts containing uridine
(U)-enriched consensus motif, and promoted the deposition of
m6A modifications onto these transcripts, many of which are clo-
sely related to megakaryocyte maturation and carcinogenesis
[55–57]. Therefore, targeting RBM15 might be a more specific
and effective way to modulate m6A modifications.

Although the high expression level of RBM15 had been recur-
rently observed in several different types of cancers [58–61],
whether the abundant RBM15 altered the m6A status of related
transcripts, and how they influenced the cancer progression
remains unclear. In this work, we first revealed that endogenous
RBM15 formed ‘‘liquid-like” phase-separated condensates dis-
persed in the nucleus, which were different from other known
membrane-less subnuclear bodies, and underwent dynamic fusion
and fission activities. Moreover, the condensation propensity of
RBM15 could be significantly enhanced by increasing its concen-
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tration or by adding the RNA molecules. We further found that
the m6A ‘‘reader” proteins of both IGF2BP3 and YTHDC1 were
highly enriched in the RBM15 condensates, which were known
to enhance the stability of their bounded transcripts [25,47]. These
results inspired us to focus on these genes whose transcripts were
differentially upregulated and m6A hyper-methylated. This guided
us to select out the candidate STYK1 and confirmed that the m6A
modification on STYK1 mRNA was significantly boosted by
RBM15 OE, contributing to the elevation of its total mRNA level.
Subsequently, the high abundance of STYK1 enhanced the phos-
phorylation of ERK1/2 to activate MAPK pathways, which was crit-
ical for the oncogenic transformation of NIH3T3 cells.
5. Conclusion

In conclusion, the RBM15-STYK1 m6A-MAPK signaling axis we
dissected here might explain, at least in part, how high abundance
RBM15 facilitated the cancer progression from the perspective of
phase separation.
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