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ABSTRACT

RNA-binding proteins regulate mRNA processing
and translation and are often aberrantly expressed
in cancer. The RNA-binding motif protein 6, RBM6, is
a known alternative splicing factor that harbors tu-
mor suppressor activity and is frequently mutated in
human cancer. Here, we identify RBM6 as a novel reg-
ulator of homologous recombination (HR) repair of
DNA double-strand breaks (DSBs). Mechanistically,
we show that RBM6 regulates alternative splicing-
coupled nonstop-decay of a positive HR regulator,
Fe65/APBB1. RBM6 knockdown leads to a severe re-
duction in Fe65 protein levels and consequently im-
pairs HR of DSBs. Accordingly, RBM6-deficient can-
cer cells are vulnerable to ATM and PARP inhibition
and show remarkable sensitivity to cisplatin. Concor-
dantly, cisplatin administration inhibits the growth
of breast tumor devoid of RBM6 in mouse xenograft
model. Furthermore, we observe that RBM6 protein
is significantly lost in metastatic breast tumors com-
pared with primary tumors, thus suggesting RBM6
as a potential therapeutic target of advanced breast
cancer. Collectively, our results elucidate the link be-
tween the multifaceted roles of RBM6 in regulating
alternative splicing and HR of DSBs that may con-
tribute to tumorigenesis, and pave the way for new
avenues of therapy for RBM6-deficient tumors.

INTRODUCTION

Defective DNA damage repair leads to genomic instabil-
ity, which is considered a common characteristic of cancer

cells. To preserve genomic stability and cope with the enor-
mous amount of DNA damage that our genome continu-
ously experiences, cells have evolved a sophisticated cellu-
lar response, called DNA damage response (DDR). Among
the different types of DNA lesions, double-strand breaks
(DSBs) are considered a very cytotoxic form of DNA le-
sion, as a single unrepaired DSB can trigger cell death (1–
3). Vertebrate cells use two main pathways to repair DSBs.
The first is non-homologous end-joining (NHEJ), an error-
prone process that functions throughout the cell cycle. The
second is homologous recombination repair (HR), an error-
free process that functions in late S and G2 phases, when
an intact chromatid is available (4–8). Work from our lab
and many others revealed a prevalent role of RNA bind-
ing proteins and pre-mRNA processing factors in DDR
including DSB repair (9–23). Remarkably, splicing factors
were shown to accumulate at DNA damage sites, suggest-
ing that they may play a direct role in DDR beside their
canonical function in pre-mRNA splicing (17,24–28). In
addition, it was shown that DNA damage alters the ex-
pression and the activity of splicing factors, which subse-
quently may affect constitutive and alternative splicing of
DDR factors (24,29–32). For example, splicing factors, such
as MFAP1 and SRSF10, may contribute to genome stabil-
ity by regulating the expression of known DDR genes. Con-
cordantly, depletion of some SFs leads to abnormal splic-
ing of DDR genes, thus disrupting the integrity of DNA
damage repair and sensitizing cells to genotoxic agents
(16,29,31). Therefore, the splicing machinery provides
a basis for innovative-splicing-targeted cancer therapies
(24,33–37).

RBM6 is an understudied protein that contains two RNA
recognition motifs (RRMs), one Zinc finger domain, a G-
patch and OCRE domain which were shown to be in-
volved in alternative splicing regulation (38–41). RBM6 is a
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nuclear protein that forms foci which correspond to splic-
ing speckles (42). In line with this, RBM6 regulates gene
expression and alternative splicing (AS) of genes that are
implicated in several cellular processes including tumorige-
nesis (43). In this regard, several lines of evidence suggest
that RBM6 is a putative tumor suppressor gene: (i) RBM6
represses growth and progression of laryngocarcinoma (44).
(ii) RBM6 is mapped to 3p21.3 region, which is frequently
deleted in heavy smoker lung cancer and other tissues carci-
nomas (45,46). (iii) RBM6 is mutated in 2.4% of diverse hu-
man cancers from multiple origins (n = 10967 cases). Specif-
ically, RBM6 mutations have been found in 1.5% of breast
(n = 1084 cases) and 3.1% of lung cancers (n = 487 cases)
(47–49). (iv) Insertional mutagenesis experiments support
RBM6 as a cancer driver gene (50–55). In addition, a re-
cent study identified RBM6 as a diagnostic biomarker for
early detection of pancreatic cancer (56). While these obser-
vations identify RBM6 as an important factor in tumorige-
nesis in human patients, little is known about the underlying
molecular mechanisms.

Herein, we describe a previously unrecognized role of
RBM6 in regulating genomic integrity and DNA repair that
can be associated with cancer progression. We identified a
novel role of RBM6 in regulating HR of DSBs, at least in
part by regulating mRNA expression levels of the HR fac-
tor Fe65 (also called APBB1). Interestingly, our data un-
precedently show that RBM6 regulates alternative splicing
coupled to nonstop-decay (AS-NSD) (57), a translation-
dependent mRNA surveillance mechanism, of Fe65. Ac-
cordingly, RBM6-deficient cells are devoid of Fe65 protein,
resulting in defective HR of DSBs that is amended upon the
restoration of Fe65 expression. In line with this, RBM6 de-
pletion renders cancer cells vulnerable to ATM and PARP
inhibition and exhibits pronounced sensitivity to cisplatin.
In agreement with this, cisplatin treatment severely sen-
sitizes RBM6-deficient MDA-MB-231 breast cancer cells
in a xenograft mouse model. Notably, RBM6 immunohis-
tochemical staining of human tissue microarrays (TMA)
shows that RBM6 protein level is significantly lost in hu-
man metastatic breast tumors when compared to primary
tumors. This study proposes therefore that cisplatin can be
therapeutically exploited to treat RBM6-deficient tumors.

MATERIALS AND METHODS

Transfections

Cell transfections with plasmid DNA or siRNA were
performed using Polyethylenimine (PEI) and Lipofec-
tamine RNAiMax, respectively, following the manufac-
turer’s instructions. siRNAs used in this study are:
RBM6 siRNA #63 (5′-CAAGUAGCAAGAAGAAAA-
3′); RBM6 siRNA #66 (5′-GCAAGAAUUAAUAACC
UA-3′); Rad51 siRNA (5′-GAGCUUGACAAACUAC
UUC-3′); PARP1 siRNA (5′-CCAUCGAUGUCAACUA
UGA-3′); PELO siRNA (5′-UGCAGGCACCGUUAGG
AUA-3′); Stealth RNAi negative control (Invitrogen).

Cell irradiation and drug treatment

Cells were exposed to ionizing radiation (IR) using an X-
ray machine (CellRad). Where indicated, cells were treated

with ATM inhibitor (KU-60019), PARP inhibitor (Ku-
0059436), Cisplatin, Caffeine and CHX.

Endogenous homologous recombination assay

Homologous recombination repair assay was performed us-
ing Cas9-mediated knock-in of green fluorescent mClover
into the first exon of the LMNA gene, as previously de-
scribed (58). Briefly, cells were plated in 6-well plates and
co-transfected with 1.6 �g pX330-LMNA-gRNA1 plasmid
containing Cas9 and gRNA against LMNA exon 1 and 0.4
�g pCR2.1-CloverLamin plasmid containing HR donor se-
quence. In addition, 0.4 �g pDsRed-Monomer-C1 was in-
cluded per transfection as a transfection control unless oth-
erwise indicated in the figure legend. 12−16 h post trans-
fection, culture medium was renewed and where indicated,
ATMi (5 �M) or Caffeine (4 mM) were added. siRNA-
mediated knockdown was performed 24 h prior to transfec-
tions. Seventy-two hours post-transfection, cells were col-
lected and analyzed by flow cytometry. HR efficiency is
percentage of DsRed-Monomer positive cells that express
mClover.

HR and NHEJ reporter assays

The efficiency of HR of DSBs was performed as previously
described (13) in mock and RBM6-depleted U2OS-HR-ind
cells. In brief, U2OS-HR-ind cells, which stably express cy-
toplasmic mCherry-I-SceI enzyme fused to glucocorticoid
receptor (I-SceI-GR), were treated with 0.1 �M of dexam-
ethasone (Dex) for 48 h. This treatment induces rapid entry
of I-SceI-GR into the nucleus and generation of DSB at its
recognition sequence within the reporter construct express-
ing GFP. Repairing the DSB by HR restores the integrity
of the GFP gene. The number of GFP-positive cells was de-
termined using a BD LSRII. Data analysis was performed
using FCS-Express software and was based on at least 10
000 events. HeLa cells containing the plasmid pEJSSA sta-
bly integrated into their genome (59) were used to monitor
the efficiency of NHEJ in vivo as previously described (13).
In brief, control and NELF-E-depleted HeLa cells were co-
transfected with constructs expressing I-SceI endonuclease
and Red-Monomer (MR) tag, and the percentage of GFP-
positive cells from the total number of red cells was deter-
mined by flow cytometry.

Immunoprecipitation

HCT116 cells were transfected with plasmids expressing ei-
ther Flag-RBM6, Myc-RNPSI or co-transfected with both
plasmids. Thirty-six hours following transfection, cells were
harvested and lysed with 10% NP-40 containing buffer sup-
plemented with protease inhibitors. 1.5 mg proteins were
immunoprecipitated using 1.5 �g flag antibody and sub-
jected to western blot analysis.

RNA immunoprecipitation using GFP-TRAP

HCT116 cells expressing either GFP only or GFP-RBM6
fusion were subject to GFP-TRAP assay as previously de-
scribed (13). Briefly, GFP-TRAP beads (Chromotek) were
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blocked at 4◦C for 2 h in immunoprecipitation (IP) buffer
(50 mM HEPES, pH 7.4, 100 mM NaCl, 0.5% Nonidet P-
40, 10 mM EDTA, 20 mM �-glycerophosphate) containing
5% BSA. Whole-cell extracts were prepared using Nonidet
P-40–lysis buffer and precleared by centrifugation at 12 800
g for 15 min at 4◦C. Four milligram of cell lysate was incu-
bated for 2 h with GFP-TRAP beads. Next, Immunoprecip-
itated RNA was extracted using TRIzol reagent according
to the manufacturer’s instructions (Ambion) and purified
RNA was resuspended in 20 �l RNase-free water. 10 �l of
precipitated RNA or 1 �g of input RNA was then subject
to RT-PCR using qScript cDNA Synthesis Kit (Quanta)
with random primers followed by PCR reaction using Fe65
primers listed in the Key Resources table. PCR products
were then resolved on agarose gel, stained with Ethidium
Bromide, and imaged using GelDoc system (Invitrogen).

UV cross-linking and immunoprecipitation (CLIP) followed
by qPCR

MCF10A-HRas cells were UV cross-linked using
400 mJ/cm2 at 254 nm. Cells were then scraped and
lysed in RIPA buffer (50 mM Tris (pH 7.5), 1 M sodium
chloride, 1% NP-40, 0.1% sodium deoxycholate, 1 mM
EDTA) supplemented with complete protease inhibitor
cocktail (Calbiochem) and RNase inhibitor (MO314,
NEB). Lysate was then immunoprecipitated with 2 �g of
either IgG or RBM6 antibody overnight at 4◦C. Immuno-
precipitated RNA was then treated with RQ1 DNaseI
(M6101 Promega) according to the manufacturer’s instruc-
tions and eluted with Proteinase K before RNA extraction
with Trizol reagent (Ambion). 10 �l of precipitated RNA
or 1 �g of input RNA was then subject to RT-PCR
using qScript cDNA Synthesis Kit (Quanta) with random
primers followed by qPCR reaction in the Step-One-Plus
real-time PCR System (Applied Biosystems) using the
indicated primers and the Fast SYBR Green Master mix
(Applied Biosystems) with three technical repeats for each
PCR. RNA levels from immunoprecipitated samples from
three replicates was normalized to input RNA levels.

Quantitative Immunofluorescence

Cells were seeded into 48-well plates in triplicates and grown
for 24 h to reach density of ∼80%. Cells were then exposed
to IR at the indicated timepoints before fixation. Before
fixation, cells were pre-extracted on ice in 0.2% Triton X-
100 in PBS for 2 min to remove soluble, non-chromatin-
bound proteins. Cells were then fixed with 4% (wt/vol)
paraformaldehyde for 10 min, permeabilized with 0.2% Tri-
ton X-100 in PBS for 10 min, blocked with blocking buffer
(4% (wt/vol) BSA, 0.15% Tween 20 and 0.15% Triton X-100
in PBS) for 1 h at room temperature and incubated with
the indicated antibodies for 1 h at 37◦C. Excess antibody
was washed three times with wash buffer (0.15% Tween
20 and 0.15% Triton X-100 in PBS × 1), and cells were
stained with Alexa Fluor 488 (1:500; Molecular Probes)
secondary antibodies for 1 h at room temperature in the
dark, and then washed as above. DNA was stained with
DAPI. For quantitative analysis of signal intensity, 12 fields
from each well were acquired using a 40× objective of the

high-throughput laser-scanning microscope INCell Ana-
lyzer 2000 (GE Healthcare). Data analysis was performed
using the INCell Analyzer workstation 3.7. For quantifying
�H2AX, average nuclear signal intensity per cell measured.
The data were exported and plotted as min to max box plot
in Graphpad Prism software version 8.

PARP-trapping

Cells were seeded into 48-well plates in triplicates and grown
for 24 h to reach density of ∼80%. Cells were treated ei-
ther with DMSO, 10 �M PARPi, or 10 �M PARPi and
40 �M VP16 for 4 h as indicated, pre-extracted on ice
in 0.2% Triton X-100 in PBS for 2 min to remove solu-
ble, non-chromatin-bound proteins, fixed with 4% (wt/vol)
paraformaldehyde for 10 min, permeabilized with 0.2% Tri-
ton X-100 in PBS for 10 min, blocked with blocking buffer
(4% (wt/vol) BSA, 0.15% Tween 20, and 0.15% Triton X-
100 in PBS) for 1 h at room temperature and incubated with
PARP1 antibody (Genetex) 1 h at 37◦C. Excess antibody
was washed three times with wash buffer (0.15% Tween 20
and 0.15% Triton X-100 in PBS × 1), and cells were stained
with Alexa Fluor 488 secondary antibody for 1 h at room
temperature in the dark, and then washed as above. DNA
was stained with DAPI. For quantitative analysis of PARP1
signal intensity, 12 fields were acquired using a 40× ob-
jective of the high-throughput laser-scanning microscope
INCell Analyzer 2000 (GE Healthcare). Data analysis of
PARP1 nuclear intensity was performed using the INCell
Analyzer workstation 3.7. Data were exported and plotted
in Graphpad Prism software version 8.

MDA-MB-231 subcutaneous xenograft model

2.5 × 106 MDA-MB-231 cells expressing either scramble or
RBM6 shRNA were resuspended in 100 �l PBS and mixed
1:1 with Matrigel (High Concentration – Corning) and in-
jected subcutaneously into the right flank of 5 weeks-old
female NOD SCID mice (n = 16 mice for each cell line). Tu-
mors were measured using digital calipers. Tumors’ volumes
were calculated using the formula: 0.5 × length × width2.
When tumors reached ∼100 mm3, mice were assigned ran-
domly to either control (vehicle: PBS × 1) or cisplatin (5
mg/kg in PBS × 1) treatment (n = 8 for each group). Treat-
ment was administered once a week via intraperitoneal in-
jection. Mice were euthanized when the tumors of control
mice reached ∼1500 mm3 and tumors were excised, weighed
and photographed.

Immunohistochemistry

Tissues were fixed in 4% formalin, then 70% ethanol and
processed. Paraffin embedded tissue sections were deparaf-
finized and rehydrated. Antigen retrieval was performed
in 25 mM sodium citrate buffer pH 6.0 using pressur-
ized chamber for 2.5 min. Endogenous peroxidase was
blocked with 3% H2O2 for 15 min. The sections were
then incubated with blocking solution (CAS Block) for
30 min to reduce non-specific binding followed by incuba-
tion with either RBM6 antibody (abcam) or Ki67 antibody
(abcam) overnight. Slides were subsequently incubated
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with horseradish peroxidase-conjugated anti-rabbit im-
munoglobulin antibody for 30 min. The enzymatic reaction
was detected in a freshly prepared 3,3-diamminobenzidine
using DAB peroxidase kit (Vector laboratories) for several
min at room temperature. The sections were then counter-
stained with hematoxylin.

Immunofluorescence on paraffin-embedded tissue sections

Tissues were fixed in 4% formalin, then 70% ethanol and
processed. Paraffin-embedded tissue sections were deparaf-
finized and rehydrated. Antigen retrieval was performed
in 25 mM sodium citrate buffer pH 6.0 using pressurized
chamber for 2.5 min. The sections were then incubated
with blocking buffer (5% gaot serum + 0.5% BSA in PBT)
for 1 h to reduce non-specific binding followed by incuba-
tion with the �H2AX antibody (Cell Signaling Technology
9718) or c.caspase 3 antibody (Cell Signaling Technology
9661) overnight. Slides were subsequently incubated with
secondary anti-Rabbit Alexa flour 647 (abcam) for 1 h, and
mounted by Dako’s Fluorescence Mounting Medium.

RNA-sequencing

Two biological replicates of RNA samples were purified
from control and RBM6 knockout MCF10A-H-RAS cells
before and after 12 h exposure to IR (5 Gy). RNA sequenc-
ing libraries were prepared using TruSeq mRNA library
preparation kit. Sequencing was performed on a HiSeq
2500 sequencer with V4 sequencing chemistry to obtain
150 bp paired-end reads. Read depth was 45–50 million
reads per sample. Reads were aligned to the hg38 genome
with an average unique mapping rate of 75%. Differential
expression analysis was performed using DeSeq2 (R plat-
form) (60). Alternative splicing analysis was performed us-
ing rMATS (61). Differentially expressed genes were sub-
sequently analyzed for gene set enrichment of biological
themes using DAVID bioinformatics platform (62).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
8 software. Statistical parameters are expressed as the
mean ± SD and corresponding sample size and P-values are
reported in the figures and figure legends. Statistical analysis
between two groups were done by paired or unpaired and
two-tailed t-test.

RESULTS

RBM6 depletion leads to elevated levels of �H2AX and con-
fers sensitivity to ionizing radiation (IR)

Since many tumor suppressor genes play a role in DNA
repair, and since RBM6 is phosphorylated in response to
DNA damage including IR (63–65), we were prompted
to investigate whether RBM6 is involved in DSB repair.
MCF10A-H-Ras cell line, a non-tumorigenic human breast
epithelial cell line transformed with H-Ras oncogene (here-
after called MCF10A), was depleted of RBM6 using two
different siRNA sequences followed by western blot for
�H2AX, a surrogate marker for DSBs. Results show that

RBM6-depleted cells exhibit ∼1.8-fold increase of �H2AX
when compared to control cells (Figure 1A). Similar results
were observed in the triple-negative breast cancer cell line
MDA-MB-231 (hereafter called MDA231) and in HeLa
cells (Supplementary Figure S1A, B). To further substan-
tiate this phenotype, we measured �H2AX levels in con-
trol and RBM6 knockout MCF10A cell line (hereafter
called MCF10ARBM6-KO1). To establish MCF10ARBM6-KO1

cells, we used a pair of specific guide-RNAs guiding Cas9-
D10A nickase to RBM6 exon 3 (66). RBM6 knockout
clones were confirmed by DNA sequencing (Supplemen-
tary Figure S2) and western blot (Figure 1B). Results show
that �H2AX levels in MCF10ARBM6-KO1 are significantly
higher than in control cells (Figure 1C and Supplemen-
tary Figure S3A). Similar results were also observed in
MCF10A cells depleted of RBM6 using shRNA (here-
after called MCF10AshRBM6#1) (Figure 1B, C). To address
whether �H2AX levels in RBM6-deficient cells are also el-
evated after exogenous DNA damage, MCF10ARBM6-KO1

and MCF10AshRBM6#1 cells were exposed to IR, followed
by �H2AX quantification at the indicated timepoints after
IR exposure. We found that IR resulted in increased levels of
�H2AX in RBM6-deficient cells compared to control cells
(Figure 1D, E and Supplementary Figure S3B). These ob-
servations suggest that RBM6 might be required for intact
repair of endogenous and IR-induced DSBs. Corollary to
this, RBM6 knockout cells are markedly more sensitive to
increasing doses of IR when compared to control cells (Fig-
ure 1F). In addition, transducing MCF10ARBM6-KO1 cells
with a lentiviral vector expressing RBM6 reverses the sensi-
tivity to IR (Figure 1G, H). Altogether, the hypersensitivity
of RBM6-depleted cells to IR suggests that RBM6 is re-
quired for intact repair of IR-induced DNA damage.

RBM6 fosters HR of DSBs

Since IR predominantly induces DSBs and RBM6-deficient
cells are hypersensitive to IR, we sought to determine the
effect of RBM6 on DSB repair. Toward this end, U2OS-
HR-ind and HeLa-pEJSSA cells were used to determine the
integrity of HR and NHEJ of I-SceI-induced DSBs, respec-
tively (13) (Supplementary Figure S4A, B). RBM6 knock-
down in U2OS-HR-ind cells leads to a decrease of 60–65%
in GFP-positive cells (represents cells that repair DSBs by
HR) as compared to control siRNA-treated cells. RAD51
was used as a positive control and its depletion results in
∼80% decrease in the GFP-positive cells (Figure 2A). On
the other hand, RBM6 depletion in HeLa-pEJSSA cells has
no prominent effect on NHEJ (Figure 2B). To further con-
firm the effect of RBM6 on HR, we used a state-of-the-art
fluorescent mClover-based reporter assay, where we mea-
sured HR efficiency of Cas9-induced DSB at the LMNA
gene in MCF10A cells (58). RBM6-proficient and -deficient
cells were co-transfected with three plasmids: The first ex-
presses Cas9 and gRNA against LMNA exon 1. The sec-
ond contains mClover-LMNA homology donor sequence,
and the third expresses DsRed reporter that is used as a
transfection control. HR repair of DSB at the LMNA gene
will generate mClover-LMNA fusion. Therefore, HR effi-
ciency is determined as the percentage of DsRed-positive
cells that express mClover (Supplementary Figure S4C).
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Figure 1. RBM6 depletion leads to elevated levels of �H2AX and confers sensitivity to ionizing radiation. (A) Western blot shows �H2AX levels in
MCF10A cells transfected either with control or RBM6 siRNAs. H2AX was used as a loading control. Band intensities of �H2AX were normalized to the
intensities of their respective H2AX bands and the mean ratio ± SD (n = 3) is shown at the bottom of the blot. Two-tailed t-test: P-value(si#63) = 0.0004;
P-value(si#66) = 0.0007. (B) Left: western blot for RBM6 to validate the generation of RBM6 knockout in MCF10A cells. �-tubulin was used as a loading
control. Right: western blot analysis shows protein levels of RBM6 in MCF10A cells expressing either scramble shRNA or shRNA against RBM6. �-actin
was used as a loading control. (C) RBM6-deficient cells exhibit elevated levels of �H2AX regardless of DNA damage. Control and MCF10ARBM6-KO1

and MCF10AshRBM6#1 cells were fixed and stained for �H2AX. High-content screening microscope (IN Cell Analyzer 2000; GE Healthcare) was used for
automatic image acquisition. Data are presented as min to max box plot (n = ∼5000 cells per condition; unpaired t test across three replicates: *P < 0.01,
**P < 0.001, ***P < 0.0001, ****P < 0.00001). Box plots represent �H2AX intensity per nucleus and red dotted line represents background fluorescent
signal. (D, E) MCF10AWT and MCF10ARBM6-KO1 (D), and MCF10Ascramble and MCF10AshRBM6#1 (E) were exposed to IR (5 Gy) and fixed at the
indicated timepoints after IR treatment. NoIR, no treatment. Image acquisition and analysis was performed as described in (C). (F) IR sensitizes RBM6-
MCF10A deficient cells. MCF10AWT and MCF10A RBM6-KO1 were subjected to short-term growth delay assay. Cells were treated with increasing doses
of irradiation and incubated for 48 h. Cell viability was determined using CellTiter 96® proliferation assay and normalized to untreated cells. Data are
presented as mean ± SD (n = 3, two-way ANOVA; *P < 0.01, **P < 0.001, ***P < 0.0001, ****P < 0.00001). (G) Western blot analysis for RBM6 protein
levels in MCF10AWT and MCF10ARBM6-KO1 cells ectopically expressing either RBM6 or an empty vector. �-Actin was used as a loading control. (H)
Control and RBM6-KO1 cells expressing either RBM6 or empty vector were exposed to increasing dosage of IR and subjected to colony formation assay.
Fourteen days post IR exposure, colonies were stained using crystal violet and counted. The number of colonies of IR-exposed cells was normalized to
untreated controls. Data presented as mean ± SD (n = 3, two-way ANOVA; *P < 0.01, **P < 0.001, ***P < 0.0001, ****P < 0.00001). All experiments
were performed in triplicates. * indicates unspecific band. The positions of molecular weight markers are indicated to the left of all western blots.
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Results show that RBM6 depletion in MCF10A cells, us-
ing either siRNA or shRNA leads to a reduction in HR
efficiency (Figure 2C-D). Similar results were obtained in
RBM6-deficient MDA231 cells (Supplementary Figure S5).
Next, we sought to address whether ectopic expression of
RBM6 affects HR efficacy. Toward this end, we took ad-
vantage of MCF7 breast cancer cell line, which is known to
lack RBM6 expression (43) (Figure 2E). We observed that
expression of RBM6 in MCF7 increased HR efficiency of
Cas9-induced DSB at the LMNA gene (Figure 2F, G). In-
terestingly, expression of an RBM6 mutant that lacks the
RRM domain (Hereafter RBM6delRRM) has negligible ef-
fect on the integrity of HR, suggesting that RBM6 regulates
HR in an RRM-dependent manner (Figure 2G). Lastly,
we sought to confirm that the increase in mClover fluo-
rescence following RBM6 overexpression reflects the in-
crease in HR efficiency and not due to prospective effect
of RBM6 on the expression or the stability of the fluores-
cent mClover gene. Toward this end, we determined HR ef-
ficiency using mClover-based reporter assay in mock and
caffeine treated MCF7 cell overexpressing RBM6. Our re-
sults show that caffeine treatment reduces HR efficiency in
MCF7 cells overexpressing RBM6, arguing against the pos-
sibility that the increase in mClover fluorescence is due to an
unanticipated effect of RBM6 on the stability of mClover
fluorescent protein (Supplementary Figure S6). Altogether,
our results provide firm evidence that RBM6 is required
for intact HR repair, but not NHEJ, of DSBs in a cell line-
independent manner.

Transcriptome analysis of RBM6 knockout cells before and
after DNA damage

To test whether RBM6 promotes HR via its canonical func-
tion by regulating gene expression and alternative splicing
(AS) of key HR genes, RNA samples were purified from
control and MCF10ARBM6-KO1 cells before and 12 h after
exposure to IR (5 Gy) and analyzed by RNA-sequencing
(RNA-seq). In the absence of DNA damage, 339 tran-
scripts were differentially expressed in MCF10ARBM6-KO1

cells compared to control cells (|fold-change (FC)| ≥ 2;
Padj < 0.05) (Supplementary Table S1, Supplementary Fig-
ure S7 and Figure 3A–C). Gene set enrichment analysis re-
vealed several pathways that were altered following RBM6
depletion (Supplementary Figure S8) including HR and
cancer-related pathways.

As expected, IR-induced DNA damage led to significant
changes in gene expression profile both in control MCF10A
and MCF10ARBM6-KO1 cells (Figure 3D). To identify IR-
induced alterations in gene expression regulated by RBM6
activity, we compared IR-induced differential expression
profile of control and MCF10ARBM6-KO1 cells. Interestingly,
most IR-induced changes in gene expression are observed
both in control and MCF10ARBM6-KO1 cells. However, the
small subset of genes with a different IR response between
control and MCF10ARBM6-KO1 cells are linked to DNA
damage checkpoint, cell cycle regulation and DNA repair
pathways, substantiating the emerging function of RBM6
in DNA repair (Figure 3E).

In this latter regard, we identified three DDR genes (Fe65
(APBB1) (67,68); EYA2 (69) and PPP2R2C (70)) whose

expression was significantly downregulated (∼4–8-fold) in
an RBM6-depenedent manner but regardless of IR (Fig-
ure 3A, B). To quantitatively validate the RNA-seq data,
we conducted real-time qRT-PCR evaluation of the afore-
mentioned DDR genes in control and MCF10ARBM6-KO1

cells. In agreement with the RNA-seq data, we found that
the expression levels of Fe65, EYA2 and PPP2R2C are re-
markably reduced in MCF10ARBM6-KO1 cells when com-
pared to control cells. Similar reduction in the expression
level of the 3 DDR genes was also observed in two addi-
tional RBM6 knockout MCF10A clones that were estab-
lished using CRISPR-Cas9 at different regions of RBM6
coding sequence (Figure 3F, G and Supplementary Figure
S2). Altogether, these findings confirm that Fe65, EYA2 and
PPP2R2C are bona fide RBM6-regulated genes.

RBM6 regulates alternative splicing coupled to nonstop-
decay of the HR factor Fe65

While all RBM6-dependent transcriptome changes are po-
tentially interesting, we focused on Fe65 gene primarily be-
cause it promotes HR of DSBs (67,68,71). To further cor-
roborate that RBM6 regulates Fe65, we tested its expres-
sion in MCF10A cells depleted of RBM6 using two dif-
ferent shRNA sequences. Results show that Fe65 mRNA
levels are dramatically decreased upon RBM6 knockdown
(Figure 3H). Next, we tested the protein level of Fe65
in RBM6-deficient MCF10A cells. Western blot analysis
shows that RBM6 knockout or knockdown led to a sever
reduction in Fe65 protein level (Figure 3I). Appropriately,
re-expressing RBM6 in MCF7 cells, which lack RBM6, led
to a significant increase in the RNA and protein levels of
Fe65 (Figure 3J, K). Similarly, re-expression of RBM6 in
MCF10ARBM6-KO1 cells increases Fe65 protein levels (Sup-
plementary Figure S9). Collectively, our results identified
Fe65 as a novel RBM6 regulated gene. In support of this,
RNA-seq expression data of 1375 cancer cell lines from di-
verse origins show a mild, but statistically significant, corre-
lation between RBM6 and Fe65 expression (Supplementary
Figure S10A) (72). Remarkably, similar correlation between
RBM6 and Fe65 expression was also observed in 10,953
cancer patients (Supplementary Figure S10B) including
breast cancer patients (Supplementary Figure S10C) (49).

Next, we sought to determine how RBM6 regulates Fe65
expression. Toward this end, we measured the levels of the
nascent unspliced Fe65 transcript using primers encom-
passing exon-intron junction and the spliced mRNA us-
ing one of the primers designed to overlap an exon-exon
junction in control and MCF10ARBM6-KO1 cells (Figure 3L).
While RBM6 knockout cells show 2–3-fold reduction in
the levels of the nascent Fe65 transcript, a striking reduc-
tion of 50-fold was observed in the levels of the spliced
Fe65 mRNA (Figure 3L and Supplementary Figure S11).
Similar results were also obtained following shRNA de-
pletion of RBM6 (Figure 3L). Altogether, we concluded
that RBM6 predominantly regulates the levels of the spliced
Fe65 mRNA and has a mild effect on Fe65 transcription
rate. This result supports the notion that RBM6 fosters
Fe65 splicing and or mRNA stability. Since Fe65 undergoes
alternative splicing (AS), we sought to determine whether
RBM6 regulates AS of Fe65. To identify AS events regu-
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lated by RBM6, we used the rMATS-based pipeline (61).
Notably, rMATS analysis predicted ∼2000 alternative splic-
ing events regulated by RBM6, most commonly affecting
cassette exons (Supplementary Table S2). Our observations
are in line with a previously described role of RBM6 in mod-
ulating alternative splicing (43). However, due to the low
abundance of Fe65 transcript in MCF10ARBM6-KO1 cells,
the sequencing depth was insufficient to observe splicing al-
terations in Fe65 (Supplementary Table S1).

Interestingly, while looking at the Ensembl database,
we found that Fe65 has a splice variant annotated
as a nonstop-decay (NSD) transcript (Transcript ID
ENST00000608435.5). NSD is a surveillance mechanism
that detects mRNA transcripts that lack a stop codon and
targets them for rapid degradation. Fe65 NSD variant is
produced following the skipping of the canonical 3′ ac-
ceptor splice site and the usage of alternative 3′ splice site
(A3′SS) downstream the stop codon in exon 15. To ver-
ify the presence of Fe65 NSD variant, RNA was extracted
from MCF10A cells and subjected to RT-PCR using spe-
cific primers that amplify the NSD variant. DNA sequenc-
ing confirms the presence of Fe65 NSD variant in MCF10A
cells (Supplementary Figure S12).

Since an initial round of mRNA translation is needed
for degrading the NSD mRNA variant, several translation
elongation inhibitors, including cycloheximide (CHX), have
been reported to block the NSD pathway. Therefore, to con-
firm that the decay of Fe65 transcript is regulated by the
NSD pathway, we measured the levels of Fe65 NSD mRNA
variant before and after CHX treatment. Results show that
CHX treatment leads to a remarkable increase in Fe65 NSD
variant levels (Figure 4A-B). It was reported that PELO
(Pelota mRNA Surveillance and Ribosome Rescue Factor)
protein plays an important role in NSD as it recognizes
stalled ribosomes and hence promotes the degradation of
NSD mRNA molecules (73–78). In agreement with this, we
observed that PELO knockdown leads to a significant in-
crease in Fe65 NSD variant (Figure 4B, C). Together, our
results provide strong evidence that Fe65 transcript is regu-
lated by the NSD pathway. To determine whether RBM6
regulates alternative splicing-coupled NSD (AS-NSD) of
Fe65, we measured the level of the correct and the NSD
variant of Fe65 in RBM6-deficent MCF10A (Figure 4A).
Our results revealed that the production of Fe65 NSD vari-
ant is significantly elevated following RBM6 depletion (Fig-
ure 4D-F and Supplementary Figure S13). These results
suggest that RBM6 regulates the transcript level of Fe65,
at least in part, through the NSD pathway. In agreement
with this, blocking the NSD pathway by CHX treatment
restored the levels of Fe65 mRNA in RBM6-deficient cells
(Figure 4G). To further substantiate the switch toward the
Fe65 NSD variant upon RBM6 depletion, we co-amplified
the correct and NSD transcripts using the same primer pair
after CHX treatment. Gel electrophoresis of the amplified
PCR products confirms the switch towards Fe65 NSD vari-
ant in RBM6 knockout cells (Figure 4H). Taken together,
these results confirm that RBM6 counteracts the produc-
tion of Fe65 NSD variant.

Next, we sought to determine whether RBM6 binds
Fe65 transcript. Toward this end, cells expressing wild-type
or RBM6delRRM fused to EGFP were subjected to RNA

immunoprecipitation (RIP) using GFP-TRAP assay fol-
lowed by RT-PCR for Fe65 transcript. RIP data show that
RBM6 binds Fe65 transcript in an RRM-dependent man-
ner (Figure 5A, B). The requirement of the RRM domain
for binding Fe65 transcript may explain why the expres-
sion of RBM6delRRM mutant in MCF7 cells did not signif-
icantly increase HR efficiency (Figure 2G). These observa-
tions prompted us to look at the endogenous interaction
between RBM6 and Fe65 transcript by cross-linking im-
munoprecipitation (CLIP). Our results show that RBM6
directly binds Fe65 transcript (Figure 5C). In line with this,
we noticed that Fe65 has 14 sites containing RBM6 consen-
sus binding motif ‘CUCUGAA’ that was previously identi-
fied by CLIP-seq assay (43). Concordantly, RBM6 CLIP as-
say showed that RBM6 doesn’t bind Rpp21 transcript that
lacks the ‘CUCUGAA’ motif (Figure 5C), Collectively, our
results show that RBM6 directly binds Fe65 mRNA and
identify RBM6 as a novel regulator of AS-NSD of Fe65
gene, presumably in a direct manner.

To further understand how RBM6 regulates alternative
splicing-coupled NSD of Fe65, we sought to map RBM6
interactome using ascorbate peroxidase (APEX2)-based
proximity labelling combined with mass spectrometry (79).
Toward this end, we used CRISPR-cas9 methodology to es-
tablish MCF10A cell line expressing APEX2 fused to the
N-terminal of RBM6, hereafter called MCF10AAPEX2-RBM6

(Figure 5D and Supplementary Figure S14). The per-
oxidase activity of APEX2-RBM6 fusion was confirmed
(Figure 5E), and RBM6 proximal proteins that were bi-
otinylated by APEX2 activation using hydrogen peroxi-
dase (H2O2) in the presence of biotin-phenol were iso-
lated and subjected to mass spectrometry. We identified
173 (P-value < 0.05) RBM6 proximity-interaction part-
ners. Gene ontology analysis shows that RBM6 is associ-
ated with many proteins that are involved in RNA splicing
(Figure 5F). Among the most enriched novel proximity in-
teractors of RBM6 is RNPS1 (Supplementary Table S3), a
known component of a post-splicing mRNP complex in-
volved in splicing, mRNA export, and nonsense-mediated
mRNA decay (80,81). Co-immunoprecipitation assay con-
firmed RBM6–RNPS1 interaction (Figure 5G). Remark-
ably, similar to RBM6 knockdown, shRNA depletion of
RNPS1 leads to a significant reduction in the levels of the
spliced, but not nascent, Fe65 RNA (Figure 5H) and ac-
cordingly, results in a significant decrease in Fe65 protein
levels (Figure 5I). On the other hand, RNPS1 depletion has
no detectable effect on RBM6 protein levels (Figure 5I).
Our data identified therefore a previously unrecognized role
of RNPS1 in regulating Fe65 levels. Moreover, it raises a
possibility that RBM6 and RNPS1 cooperate in regulating
alternative splicing-coupled NSD of Fe65.

RBM6 promotes HR of DSBs by regulating the expression
of Fe65 gene

Fe65-null mouse embryonic fibroblasts exhibit elevated lev-
els of �H2AX and are hypersensitive to IR and genotoxic
agents, such as etoposide (82). It was also shown that Fe65
contributes to DSB repair by at least two distinct path-
ways: First, Fe65 interacts with Tip60 acetyltransferase and
promotes its recruitment to DSB sites. Accordingly, Fe65
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Nucleic Acids Research, 2021, Vol. 49, No. 20 11719

depletion results in a decrease in H4 acetylation which is
accompanied by reduction in HR of DSBs (67). Second,
ChIP-sequencing analysis revealed that Fe65 is enriched at
the promoter regions of genes that are implicated in DDR.
Specifically, it was shown that Fe65 promotes the tran-
scription of key genes implicated in HR of DSBs such as,
RAD51, RAD54B and XRCC2 (71). Since RBM6 posi-
tively regulates Fe65 levels, we sought to determine whether
RBM6 deficiency affects the expression of the aforemen-
tioned HR genes and histone acetylation levels. Intrigu-
ingly, two different RBM6 KO clones show significant re-
duction in the transcript levels of RAD51, RAD54B and
XRCC2 genes, when compared to control MCF10A cells
(Figure 6A). Moreover, immunoblot analysis revealed that
the levels of H4 acetylation and Rad51 protein are pro-
nouncedly reduced in RBM6-deficient cells (Figure 6B).
Intriguingly, exogenous overexpression of either Fe65 or
RBM6 in MCF7 cells, that lack RBM6, increases the ex-
pression of RAD51, RAD54B (Supplementary Figure S15).
Altogether, we concluded that the loss of RBM6 pheno-
copies Fe65 deficiency. Our results thus far support the
hypothesis that RBM6 promotes HR of DSBs by regu-
lating the expression of Fe65 gene. To test this assump-
tion, we expressed myc-Fe65 in RBM6-deficient MCF10A
and measured HR efficiency of Cas9-induced DSB at the
LMNA gene. Our results showed that Fe65 overexpression
rescues the HR defect of RBM6-deficient MCF10A and
HeLa cell (Figure 6C, D and Supplementary Figure S16A).
Moreover, Fe65 overexpression increases HR efficiency in
RBM6-proficient cells (Supplementary Figure S16B). Ad-
ditionally, Fe65 expression in MCF7 cells that lack RBM6
led to a pronounced increase in HR efficiency (Figure 6E).
These findings hence imply epistatic function of RBM6 and
Fe65.

RBM6 deficiency confers sensitivity to ATM and PARP in-
hibition

Tumor cells with mutation in BRCA1 or BRCA2 genes
exhibit defective HR (referred to as BRCAness pheno-
type) and are pronounceably hypersensitive to ATM and
PARP inhibition (83–85). Since RBM6-deficient cells are
also defective in HR (Figure 2), we sought to deter-
mine the sensitivity of RBM6-deficient cells to ATM and
PARP inhibitors (ATMi, PARPi). To test this, control and
MCF10ARBM6-KO1 cells were treated with increasing con-
centrations of ATMi and subjected to a short-term growth
delay assay. Results show that MCF10ARBM6-KO1 cells are
pronouncedly more sensitive to ATMi when compared to
control cells (Figure 7A). To further substantiate this find-
ing, we checked the sensitivity of RBM6-deficient HeLa
cells to ATMi. Similar to MCF10A cells, siRNA knock-
down of RBM6 hypersensitizes HeLa cells to ATMi (Sup-
plementary Figure S17A, B). Altogether, our data describe
a novel vulnerability of RBM6-deficient cells to ATMi. To
investigate the underlying basis of the sensitivity of RBM6
deficiency to ATMi, we tested the integrity of HR in RBM6
deficient cells upon ATM inhibition. Results show that
ATMi treatment further aggravated the reduction in HR
efficiency of RBM6-deficient cells. Moreover, the overall
HR efficiency in RBM6-deficient cells treated with ATMi is
lower than in control treated cells (Figure 7B). This suggests

that the exacerbation of HR deficiency in RBM6-depleted
cells treated with ATMi may contribute to the hypersensitiv-
ity of RBM6-deficient cells to ATMi. This observation is in
line with a previous report showing that ATM inhibition ag-
gravates the reduction in HR in BRCA1-deficient cells and
contributes to the synthetic lethality between BRCA1 and
ATM (83).

Next, control and RBM6 knockout MCF10A cells were
treated with increasing concentrations of PARPi (olaparib;
granted FDA approval) and subjected to a short-term
growth delay assay. Results show that MCF10ARBM6-KO1

and MCF10ARBM6-KO2 cells are pronouncedly more sensi-
tive to PARPi compared to control cells (Figure 7C). Simi-
larly, RBM6 depletion in MCF10A using two different se-
quences of shRNA sensitizes cells to PARPi (Figure 7D).
Moreover, the hypersensitivity to PARPi was also observed
in the triple negative breast cancer cell line MDA231 that
represents highly aggressive and difficult to treat tumors
(Figure 7E, F). In addition, we determined the sensitiv-
ity of MCF7 breast cancer cell line devoid of RBM6 to
PARPi that were transduced with lentiviral vectors express-
ing either RBM6, Fe65, or empty vector. Results show that
MCF7 cells expressing RBM6 and Fe65 are pronouncedly
more resistant to PARPi when compared to MCF7 cells
transduced with empty vector (Figure 7G). Altogether, our
data suggest that re-expression of either RBM6 or Fe65 in
MCF7 is sufficient to restore the integrity of HR of DSBs
and consequently confer resistance to PARPi. The sensitiv-
ity to PARPi was also evident in RBM6-deficient HeLa cells
(Supplementary Figure S17C), suggesting that the ‘BR-
CAness’ phenotype of RBM6-deficient cells displays syn-
thetic lethal interaction with PARPi in a broader range
of cancer cells. Collectively, our data describe a novel vul-
nerability of RBM6-deficient cells to PARP inhibition that
can be therapeutically exploited to treat tumors harboring
RBM6 mutations.

It was previously shown that the increased cell sensitivity
to PARP inhibition requires formation of trapped PARP1–
DNA adducts (86,87). On this basis, we proposed that the
hypersensitivity of RBM6-deficient cells to PARPi could
potentially arise from enhanced PARP trapping on chro-
matin. To explore this proposition, we quantified PARP1
trapping in control and RBM6-deficient cells upon treat-
ment with PARPi before and after DNA damage. Results
show that RBM6-deficient cells show elevated levels of
PARP trapping compared to control cells. Notably, PARP
trapping in RBM6-deficient cells was further exacerbated
following DNA damage induction (Figure 7H). On this ba-
sis, we assume that the hypersensitivity of RBM6-deficient
cells to PARPi arises from the increase in PARP1 trap-
ping and DNA damage. In support of this assumption,
cell survival assay shows that PARP1 depletion suppresses
the hypersensitivity of RBM6-deficient cells to PARPi (Fig-
ure 7I, J). These results provide supporting evidence that
the sensitivity of RBM6-deficient cells to PARPi is me-
diated, at least in part, by increased PARP1 trapping on
DNA.

Cisplatin sensitizes RBM6-deficient tumors

Platinum drugs, such as cisplatin, cause DNA adducts that
can be repaired by various mechanisms including HR (88).
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Therefore, cells with compromised HR are hypersensitive
to cisplatin (89–92). Since RBM6 deficiency impairs HR,
we sought to examine the sensitivity of RBM6-deficient
MCF10A and metastatic breast cancer cell line, MDA231,
to cisplatin. We found that RBM6 depletion displays sub-
stantial hypersensitivity to cisplatin both in MCF10A and
MDA231 cells (Figure 8A-B). Since RBM6-deficient cells
show the greatest sensitivity to cisplatin and since cisplatin
is a widely used chemotherapeutic drug, we sought to test
the in vivo relevance of our cellular findings, by determin-
ing the effect of cisplatin administration on the growth
of MDA231 cells expressing either scramble or RBM6-
shRNA in subcutaneous mouse xenograft model. Our re-
sults revealed that RBM6-deficient tumors are hypersen-
sitive to cisplatin when compared to RBM6-proficient tu-
mors, as the average weight of the RBM6-deficient tumors
in mice treated with cisplatin is significantly lower than
cisplatin-treated control tumors (Figure 8C, D). Interest-
ingly, we observed that RBM6-deficient tumors tend to
be larger than control tumors supporting its role as a tu-
mor suppressor (Figure 8C, D). Immunostaining analysis
showed that cisplatin-treated RBM6-deficient MDA231 tu-
mors exhibit elevated levels of �H2AX likely because of
the defective HR in cell devoid of RBM6 (Figure 8E and
Supplementary Figure S18). Moreover, RBM6-deficient tu-
mors show increases apoptosis following cisplatin treatment
as evident by cleaved caspases 3 staining (Figure 8F and
Supplementary Figure S19). In agreement with this, im-
munohistochemical expression analysis for Ki-67 prolifer-
ation marker showed that cisplatin treatment of RBM6-
deficient tumors resulted in a decrease in Ki-67 expression
relative to vehicle-treated control (Supplementary Figure
S20). Altogether, our findings provide the basis for using cis-
platin as a promising new therapy of RBM6-deficient can-
cer cells.

Low RBM6 expression correlates with human breast cancer
metastasis and poor prognosis

Prompted by our previous findings, we sought to examine
their clinical relevance in breast cancer. A recent quanti-
tative proteome of 375 cancer cell lines revealed low lev-
els of RBM6 protein in breast cancer cell lines when com-
pared to other types of cancer (93) (Figure 8G). Moreover,
we observed that RBM6 protein levels are downregulated
in metastatic breast cancer cell lines when compared pri-
mary breast cancer cell lines (93) (Figure 8H). Assessment
of RBM6 expression in breast cancer tissues from the hu-
man protein atlas (https://www.proteinatlas.org/) suggests
that RBM6 is downregulated in late and invasive breast
cancer. To further corroborate this, we performed immuno-
histochemical staining of RBM6 in human tissue microar-
rays (TMA) containing hyperplasia, invasive carcinoma of
no special type and metastatic breast carcinoma. We found
that RBM6 is drastically downregulated in metastatic car-
cinoma when compared to invasive carcinoma and hyper-
plasia, irrespective of breast cancer subtype (Figure 8I and
Supplementary Figure S21). These findings substantiate the
emerging tumor suppressor activity of RBM6 and suggest
it as a potential biomarker for breast cancer progression.

DISCUSSION

RBM6 regulates alternative splicing as it promotes exon
skipping by enhancing the function of the distal splice sites,
and consequently substantial number of alternative splic-
ing events are affected by RBM6 depletion in HeLa cells
(43). Yet, it remains possible that RBM6 may also func-
tion as a constitutive splicing factor. Herein, we identi-
fied a novel role of the RRM-containing protein, RBM6,
in regulating DSB repair, as its depletion diminishes the
efficiency of HR but not NHEJ, which may explain the
modest increase in �H2AX levels seen in RBM6-deficient
cells. Our findings further support the emerging role of
the RRM-containing protein family in orchestrating DNA
repair pathways and regulating genome integrity (20,23).
Indeed, a growing number of RRM-containing proteins
have been implicated in DSB repair including hnRNP (94),
RBM14 (95,96), NELF-E (9), FUS (17,97) and NONO
(26,98).

Mechanistically, we demonstrated that RBM6 regulates
DSB repair through its canonical function by regulating al-
ternative splicing of Fe65. This finding is line with previous
reports that identified a growing number of splicing factors
that regulate DNA repair by modulating alternative splicing
of DDR genes (24). For examples: (1) SRSF6 splicing factor
regulates alternative splicing of key HR repair genes such as
MCM8 and MDC1 (99). (2) SRSF3 regulates the splicing of
the HR factor KMT2C H3K4-specific histone methyltrans-
ferase. Moreover, SRSF3 regulates HR by promoting the
expression of BRCA1, BRIP1 and RAD51 genes (100,101).
(3) SF3B splicing factor and the DNA repair protein, CtIP,
control the splicing of hundreds genes, including HR genes
such as PIF1 helicase during DDR (102–104).

While this study showed that RBM6 regulates NSD of
Fe65 mRNA, previous report did not identify Fe65 as a
splicing target of RBM6 (43), presumably due to the low
abundance and/or the instability of the Fe65 NSD vari-
ant. Nonetheless, it is worth noting that RBM6 may exert
its function in regulating HR repair of DSB through alter-
nate pathways other than the regulation of Fe65 levels. In
support of this, overexpression of Fe65 elevated HR effi-
ciency to a lesser extent than RBM6 overexpression (Fig-
ure 6E) suggesting that RBM6 possesses additional func-
tions in regulating HR. Concordantly, our RNA-seq data
showed that other DNA damage responsive proteins are
downregulated in RBM6-deficient cells and their impact on
DNA repair needs to be elucidated. In addition, we cannot
rule out an additional and not mutually exclusive possibil-
ity that RBM6 has a direct role in DNA repair. Indeed, sev-
eral RRM-containing proteins were shown to be recruited
to DNA damage sites supporting a direct role in DNA re-
pair (9,26,97,105).

Several surveillance mechanisms for monitoring mRNA
translation were identified including nonsense-mediated
mRNA decay (NMD), no-go decay (NGD), and non-stop
decay (NSD) (57,76,106–108). Here, we implicated, for the
first time, RBM6 in regulating HR of DSBs via regulating
alternative splicing-coupled NSD of Fe65. To the best of
our knowledge, RBM6 is the first RRM-containing pro-
tein that regulates AS-NSD and future studies will be es-
sential to determine whether other RRM-containing pro-

https://www.proteinatlas.org/
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scramble or shRNA against RBM6 (RBM6 shRNA#1) were injected subcutaneously. When tumors reached ∼100 mm3, mice were assigned randomly
to either control (vehicle: PBSx1) or cisplatin (5 mg/kg in PBSx1) treatment (n = 8 for each group). Mice were euthanized when the tumors of control
mice reached ∼1500 mm3. Left: Tumors were collected and photographed. Scale bar, 1 cm. Right: Average tumor weight ± SD are shown. (E, F) �H2AX
and cleaved caspase 3 (c.caspase 3) in control and RBM6-deficient MDA231 xenografts. Graph shows the percentage of �H2AX (E) and c.caspase 3 (F)
positive cells. Data presented are the mean ± SEM of nine different fields from three different tumor sections for each group. (G) RBM6 protein expression
from quantitative proteome analysis of 375 cancer cell lines from different types of tumors. Data are presented as min to max box plot of the relative
protein expression compared to the mean protein expression across all cancer types. The number of cell lines from each cancer type is indicated below. The
statistical significance of the differences in protein expression in the indicated cancer types relative to the mean protein expression was determined using one-
sample Wilcoxon test. (H) As in (G) except that cell lines representing primary and metastatic breast cancer were used for the analysis. (I) Representative
images (top) and IHC analysis (bottom) of human breast cancer tissue microarray (TMA) (US Biomax – BR1005b, BR1008b and BR2082c) showing
immunohistochemically staining of RBM6 in normal, primary and metastatic breast tissue samples. *P < 0.01, **P < 0.001, ***P < 0.0001, ****P < 0.00001.
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teins possess similar functions. This study also identified
RNPS1 as one of the most enriched proximity interactors of
RBM6 and unprecedently implicated it in regulating Fe65
NSD variant. Notably, while RNPS1 is involved in splic-
ing, mRNA export and NMD (80,81), our findings suggests
that RNPS1 may also regulate AS-NSD of Fe65 mRNA.
Further work will be required to address whether RBM6
and RNPS1 regulate AS-NSD of target genes other than
Fe65 and whether they have common target genes. Beside
the role of RBM6 in regulating AS-NSD of Fe65 exon 15,
it is possible that RBM6 regulates the general splicing ef-
ficiency of Fe65, as evidenced by the decreased ratio be-
tween the spliced and the unspliced Fe65 intron 7 in RBM6-
defcient cells compared to control cells (Figure 3L and S8).
This might lead to the generation of aberrant Fe65 tran-
scripts that are targeted for decay. Moreover, it is worth as-
sessing whether RBM6 regulates Fe65 levels through addi-
tional post-transcriptional processes besides splicing.

Previous works suggested that RBM6 exhibits tumor
suppressor activity (43–46). Concordantly, we demon-
strated that RBM6 level is downregulated in invasive breast
cancer (Figure 8H, I). The molecular mechanism underly-
ing the tumor suppressor activity of RBM6 remains elusive.
We propose that RBM6 role in DSB repair may contribute,
at least in part, to its tumor suppressor function. Also, since
RBM6 depletion decreases error-free HR repair, but not the
error-prone NHEJ, of DSB (Figure 2A, B), its downregula-
tion may lead to accumulation of mutations and genomic
instabilities fueling carcinogenesis.

Our results demonstrate that RBM6-deficient cells are
hypersensitive to IR, PARPi, ATMi or cisplatin. Addition-
ally, cisplatin treatment inhibited the growth of tumor de-
void of RBM6 in mouse xenograft model. Our data show
that the hypersensitivity of RBM6-deficient cells to the
aforementioned chemotherapeutic drugs is not restricted to
breast cancer cell lines. Interestingly, in addition to breast
and lung cancer, RBM6 is mutated in 8.8% of uterine and
in 7.2% of stomach cancer (47–49). We therefore propose
that cisplatin administration might be effective in eradicat-
ing various types of tumors harboring RBM6 mutations.
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