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Abstract
ATR is a master regulator of cell response to replication stress. Adequate activation of ATR is essential for preventing
genome aberrance induced by replication defect. However, the mechanism underlying ATR activation is not fully
understood. Here, we identify that RBMX is an ssDNA binding protein that orchestrates a novel pathway to activate ATR.
Using super-resolution STORM, we observe that RBMX and RPA bind to adjacent but nonoverlapping sites on ssDNA in
response to replication stress. RBMX then binds to and facilitates positioning of TopBP1, which activates nearby ATR
associated with RPA. In addition, ATR activation by ssDNA-RBMX-TopBP1 is independent of ssDNA–dsDNA junction
and 9-1-1 complex. ChIP-seq analysis reveals that RBMX/RPA are highly enriched on repetitive DNAs, which are
considered as fragile sites with high replication stress. RBMX depletion leads to defective localization of TopBP1 to
replication stressed sites and inadequate activation of ATR. Furthermore, cells with deficient RBMX demonstrate replication
defect, leading to formation of micronuclei and a high rate of sister-chromatin exchange, indicative of genome instability.
Together, the results identify a new ssDNA-RBMX-TopBP1 pathway that is specifically required for activation of ATR on
repetitive DNAs. Therefore, RBMX is a key factor to ensure genome stability during replication.

Introduction

The maintenance of genomic integrity relies on accurate
and complete DNA duplication. Eukaryotic genome is
constantly challenged by assaults that may impede repli-
cation of DNA. The common nominator of replication
stress is a stalled replication fork that triggers a genome
surveillance pathway orchestrated by ATR (ataxia
telangiectasia-mutated and Rad3-related) [1–5]. ATR is

recruited to chromatin by RPA that coat the single-
stranded DNA (ssDNA) in stalled replication forks. ATR
and its downstream effectors then act to stabilize stalled
forks and delay cell cycle progression [6, 7]. Therefore,
ATR pathway is clearly essential to ensure proper and
complete duplication of the genome during each cell
division. Impaired ATR signaling leads to genome
instability, developmental defects as well as accelerated
aging [8–10].

One of the first steps in the cellular response to repli-
cation stress is activation of ATR. Both ssDNA and
ssDNA–dsDNA junctions are present when DNA repli-
cation forks are challenged. RPA-coated ssDNA recruits
ATR to chromatin through its obligatory binding partner
ATR-interacting protein (ATRIP) [11]. ATR is then
autophosphorylated or allosterically-activated by DNA
topoisomerase 2-binding protein 1 (TopBP1) [12, 13].
TopBP1, which is primarily recruited by the 9-1-1 com-
plex (Rad9-Hus1-Rad1) to ssDNA–dsDNA junctions, is
proposed to play a major role in ATR activation [14].
Recent work identified Ewing’s tumor-associated antigen
1 (ETAA1) as an activator of ATR in TopBP1 independent
manner [15, 16]. However, ETAA1 primarily regulates
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mitotic ATR signaling [17]. Despite of its importance,
ATR activation is a complex process that is not fully
understood. For example, the mechanism(s) that activates
ATR at ssDNA–dsDNA junctions and in ssDNA region
must be distinct; ATR activation on chromosomal fragile
sites might be different from other locations; how ATR is
activated in these sites remains to be elucidated.

RBMX, also known as hnRNP G, is originally recog-
nized as a part of spliceosome and functions in alternative
splicing [18–22]. Until recent years, RBMX is redis-
covered to participate in DNA damage repair, cohesion of
sister chromatids, and the assembling of higher-order
ribonucleoprotein complex for promoting genomic stabi-
lity [23–25]. Despite these links, it remains elusive if
RBMX is involved in ATR-mediated DNA damage
response (DDR). Here, we provide evidence that RBMX
plays a novel role in activating ATR in response to
replication stress. RBMX often localizes to repetitive
DNAs of genome upon replication stress, where RBMX
binds to ssDNA adjacent to RPA via its RBM1CTR
domain. Meanwhile, RBMX interacts with TopBP1.
Therefore, RBMX activates ATR recruited by RPA in
TopBP1-dependent, but 9-1-1 complex-independent
manner. These results uncover a new mechanism for
activation of ATR and support the idea that RBMX plays
an indispensable role in promoting genome stability in
human cells.

Materials and methods

Cell culture and transfection

293T, HeLa, and U2OS cells were obtained from American
Type Culture Collection (Manassas, VA). All cells were
grown in DMEM (GIBCO) with 10% fetal bovine serum
(GIBCO) and 100U/ml penicillin/streptomycin (GIBCO).
Cells were cultured at 37 °C and 5% CO2. All the cells were
verified by standardized short tandem repeat analysis.
Mycoplasma was regularly examined during cell culturing,
and no contamination occurred during this study. Plasmid
DNA was transiently transfected into 293T cells using the PEI
method: plasmid DNA was incubated with PEI for 15min,
added to cells at appropriate confluence (50–60%) and incu-
bated for 6 h. The medium was exchanged for fresh medium,
and cells were incubated for 48 h. siRNAs transfections were
performed with RNAiMAX (Thermo Fisher Scientific).
siRNA sequences: RBMX-1:5′-UGCUUCAAGAGCUUUC
UCA-3′; RBMX-2:5′-UUCAUCAAGAGUACUUCCA-3′;
Rad9A:5′-GAAGAACAGUGAGCGGAAC-3′; Rad17:5′-
GACAAAGUAUAACAAGUUA-3′; TopBP1: 5′-AGACC
UUAAUGUAUCAGUA-3′; ATR: 5′-GCCGCUAAUCUUC
UAACAU-3′; RPA: 5′-GCCUGGUAGCCUUUAAGAU-3′

Reagents and plasmids

Camptothecin (CPT) was purchased from MCE (Shanghai,
China). RNase A and DNase I were purchased from Takara
(Beijing, China). Rec Jf and ExoI were purchased from
NEB (USA). Wild-type RBMX, TopBP1, ATRIP, RPA1,
and Rad9A genes were amplified from 293T mRNA and
cloned into pLenti-HA/Flag. The siRNA-resistant RBMX
was generated by synonymously mutating the sequences at
siRNA targeting site based on wild-type RBMX.

Immunofluorescence

For immunofluorescence experiments, cells plated on cover-
slips were fixed in cold methanol and permeabilized with
0.2% Triton. The coverslips were incubated sequentially with
primary antibody and fluorescence-labeled secondary anti-
body. Coverslips mounted with Vectashield mounting med-
ium containing DAPI (Vector Laboratories) were visualized
and analyzed using fluorescence microscopy. Antibodies
used: 53BP1 (1:2000, NB100-304, Novus Biologicals), RPA1
(1:100, sc-28304, Santa Cruz), RBMX (1:250, ab190352,
abcam), TopBP1 (1:100, sc-271043, Santa Cruz), TopBP1
(1:500, ab2402, abcam), PCNA (1:400, ab92552, abcam).

Stochastic Optical Reconstruction
Microscopy (STORM)

Super-resolution images were acquired with STORM
system established by NBI (NanoBioImaging Ltd.) spe-
cifically designed for dual-channel imaging of Alexa-
Fluor647- and AlexaFluor750-immunolabeled samples, as
previously reported [26]. Cells were grown on a coverslip
immobilized with polystyrene particles (Spherotech),
fixed in cold methanol for 10 min on ice, followed by
incubation at the room temperature for 10 min in 0.2%
Triton X-100. The coverslip was washed and incubated
with blocking solution for 1 h at the room temperature,
washed with PBS, and then incubated with blocking
solution containing dye-conjugated primary antibody for
1 h at the room temperature. The coverslip was washed,
incubated in 4% paraformaldehyde for 10 min, and then
washed with PBS. Each super-resolution image was
reconstructed by Fiji from a movie containing 10,000
frames, during which time the dye molecules briefly
cycled from dark to bright and back again for many
iterations in TCEP-containing imaging buffer.

Immunoblotting

Proteins were separated with SDS-PAGE and transferred to
PVDF membrane. The following antibodies were incubated
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with membrane: ATR (1:5000, ab2905, abcam), ATR
pT1989 (1:1000, GTX128145, GeneTex), RBMX (1:1000,
ab190352, abcam), RPA34 (1:400, MABE285, Millipore),
CHK1 pS345 (1:1000, 2348T, Cell Signaling Technol-
ogy), CHK1 (1:200, sc-56291, Santa Cruz), Flag (1:2000,
F1804, Sigma Aldrich), GFP (1:2500, ab290, abcam),
TopBP1 (1:100, sc-271043, Santa Cruz), Rad17 (1:100,
sc-17761, Santa Cruz), α-tubulin (1:2000, 66031-1-Ig,
Proteintech), GAPDH (1:5000, 60004-1-Ig, Proteintech),
HRP-conjugated anti-rabbit or anti-mouse secondary
antibodies (KPL, Inc) were then used.

RNA extraction and real-time quantitative RT-PCR

Total RNA was extracted using RNAiso Plus (Takara)
according to the manufacturer’s instructions. cDNA was
synthesized with PrimeScript II first-strand cDNA Synthesis
Kit (Takara), followed by amplification with RealStar
Power SYBR Mixture (GenStar). qPCR was performed
with a LightCycler 480 Real-Time PCR system (Roche).
Data were analyzed using the comparative Ct (2−ΔΔCt)
method [27]. All experiments were performed in triplicate.
qPCR primers for mRNA detection were as follows:
β-actin-forward 5′-CATGTACGTTCCTATCCAGGC-3′;
β-actin-reverse 5′-CTCCTTAATGTCACGCACGAT-3′;
TopBP1-forward 5′-TTCAGCAACTCACAGTTAAGCA-
3′; TopBP1-reverse 5′-GGCACACTCATACTTCTGACC-
3′; RPA1-forward 5′-GTGGACCATTTGTGCTCGTG-3′;
RPA1-reverse 5′-TTCGTCAACCAGTTCTAGGGA-3′;
ATR-forward 5′-TCCCTTGAATACAGTGGCCTA-3′;
ATR-reverse 5′-TCCTTGAAAGTACGGCAGTTC-3′;
CHK1-forward 5′-ATATGAAGCGTGCCGTAGACT-3′;
CHK1-reverse 5′-TGCCTATGTCTGGCT CTATTCTG-3′;
RBMX-forward 5′-TGGAAGCAGTCGCTATGATG-3′;
RBMX-reverse 5′-GAGGGTACCCCCTTTCCATA-3′.

Viability assays

Viability assays were performed in HeLa cells transfected
with indicated siRNA(s). Cells were treated with
increasing concentrations of drug and viability was mea-
sured 24 h later with CCK-8 (Biotool). All viability
measurements are presented as a percentage of the
untreated siNC cells.

Co-immunoprecipitation

293T cells were transfected with plasmids and cell lysates
were prepared using RIPA buffer (1% NP-40, 0.25%
Sodium Deoxycholate, 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1 mM EDTA). Flag-tagged proteins was immuno-
precipitated using Flag antibody conjugated to protein
G Dynabeads (Sigma). Coprecipitating proteins were

identified by SDS-PAGE followed by immunoblotting.
Endogenous immunoprecipitation was performed by incu-
bating 293T or HeLa cell extracts with primary antibody
overnight. Protein A/G agarose beads (Santa Cruz) were
then used to capture the antigen–antibody complex. Fol-
lowing primary antibodies were used: TopBP1 (ab2402,
abcam), Rad17 (sc-17761, Santa Cruz).

Sister chromatid exchange assays

Cells transfected with siRNAs were labeled with 10 µM
BrdU for two cell cycles. Colcemid was added to a final
concentration of 150 ng/ml for 1 h and cells were har-
vested. Cells were stained with 0.1 mg/ml acridine orange,
mounted in Sorenson buffer (pH6.8, 0.1 M Na2HPO4,
0.1 M NaH2PO4), visualized by fluorescence microscopy.

Comet assay

Cells transfected with siRNA were harvested and mixed
with 0.5% low melting temperature agarose and layered on
slides pre-coated by 1.5% normal agarose. Slides were lysed
in 2.5 M NaCl, 100 mM EDTA, 10 mM Tris (pH 8.0), 0.5%
Triton X-100, 3% DMSO, 1% N-lauroylsarcosine overnight
at 4 °C and then electrophoresis in 300 mM sodium acetate,
100 mM Tris-HCl, 1% DMSO at 1.5 V/cm for 20 min. After
neutralization with 0.4M Tris-HCl (pH 7.3), slides were
washed and dried with ethanol. The slides were then
mounted with Vectashield mounting medium containing
DAPI (Vector Laboratories) and visualized under fluores-
cence microscopy (Axio Observer Z1, ZEISS). Analysis
was performed with CASP.

Protein purification

His-GFP–RBMX fusion protein was expressed using Bac-
to-Bac system (Thermo Fisher Scientific) in Sf9 (insect cell
line) cells. Cells were harvested and resuspended in lysis
buffer (10 mM Tris-HCl, 10 mM NaCl, 20 mM Imidazole).
After sonication, the fusion protein was purified by nickel
affinity purification.

Electrophoretic mobility shift assay (EMSA)

100 fM biotin-labeled oligonucleotides (5′-(CCCTAA)

3GTAGCATCGACG-3′ or 5′-(GGAAT)6-3′) were incu-
bated with 2 μg protein at the room temperature for 20 min
in binding buffer (10 mM Tris-HCl (pH 8.0), 10 mM
MgCl2, 10 mM NaCl). Then the protein/DNA mixture was
separated in 5% (wt/vol) native PAGE gel, transferred to
nylon membrane and hybridized with Streptavidin-HRP.
The membrane was visualized by ECL developing using a
Luminous Imaging System (Tanon).
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Microscale thermophoresis (MST)

Increasing concentrations (0nM–25 μM) of oligonucleotides
(5′-(CCCTAA)3GTAGCATCGACG-3′) were incubated
with 220 nM protein at the room temperature for 20 min in
binding buffer (10 mM Tris-HCl (pH 8.0), 10 mM MgCl,
10 mM NaCl). The MST assay was carried out following
the protocol provided by manufactory. Overall, 40% of
LED power and 40% MST power were used.

Chromatin immunoprecipitaton

293T cells were transfected with either Flag-RBMX or
Flag-RPA1 for 48 h and treated with 100 nM CPT for 24 h.
Cells were cross-linked by adding formaldehyde directly to
culture medium to a final concentration of 1% and incu-
bated for 10 min at 37 °C. Medium was aspirated and cells
were washed twice using ice-cold PBS with protease inhi-
bitors. Cells were then scraped and pelleted for 5 min at
2000 rpm at 4 °C. Cell pellet was resuspended in 300 μl of
cold RIPA buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA,
0.1% sodium deoxycholate, 1% NP-40, protease inhibitors).
Sonication was performed using the Covaris S220 at peak
incident power 175, duty factor 10%, cycle per burst 200 for
8 min. Samples were then centrifuged at 13,000 rpm at 4 °C
for 10 min, and supernatant was transferred to tenfold
dilution buffer (0.01% SDS, 1.1% Triton X- 100, 1.2 mM
EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl). Each
sample was incubated with 20 μl flag-beads (Sigma) for 4 h
at 4 °C, washed once with low salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1,
150 mM NaCl), once with high salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1,
500 mM NaCl) and twice with TE buffer (10 mM Tris pH
8.0, 1 mM EDTA). The protein–DNA complex was eluted
twice by adding 250 μl elution buffer (1%SDS, 0.1 M
NaHCO3) at the room temperature and rotating for 15 min.
Cross-linking was reversed by adding 50 μl 3 M
CH3COONa to the complex and incubating at 65 °C
for 4 h. Proteins were then digested with proteinase K at
45 °C for 1 h. DNA was recovered by phenol/chloroform
extraction and ethanol precipitation. Samples were sent to
Genewiz (Suzhou, China) for sequencing.

ChIP-seq data analysis

ChIP libraries and their respective inputs were sequenced by
Genewiz (Suzhou, China), generating 150 bp double-end
sequencing reads. Reads were aligned to the hg38 genome
using Bowtie2 [28] with default parameters. No more than
2 bp mismatches were allowed for each read. The best
scoring alignment per read was kept. Among all aligned
reads, ~80% were unique reads. Duplicated reads were

removed by samtools. The remaining reads were converted
to normalized BigWig files for genomic visualization using
Deeptools (version 3.4.1), with reads coverage for each
window of 100 bp normalized by CPM (Counts per million
mapped reads). MACS2 (version 2.2.4) was used to call
peaks between IP and input samples with the parameters ‘-p
1e-12 –nomodel –nolambda’. All peaks were annotated by
HOMER [29] annotatePeaks.pl program. Repetitive DNAs
were screened using RepeatMasker [30] online. Motifs were
identified using MEME suite [31]. Two biological replicates
were performed.

Statistics

GraphPad Prism 7 was used for statistical analysis. Results
are shown as mean ± SEM and the unpaired Student’s two-
tailed t test was used to determine the statistical significance
(*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). For
every figure, statistical tests are justified as appropriate.

Results

RBMX localizes to the sites adjacent to RPA and is
responsible for ATR activation

Stalled replication forks result in activation of ATR,
which is characterized by phosphorylation on T1989 of
ATR [4, 32]. It is previously reported that RBMX is
involved in DDR and maintenance of genome stability;
we thus set to explore the possible role of RBMX in ATR
activation. Phosphorylated-ATR (ATR pT1989) was
examined in both U2OS cells that bear a high level of
endogenous DNA replication stress [33–36] and HeLa
cells treated with CPT that causes replication fork col-
lapse by inhibiting Topoisomerase I [37]. We observed
much less of ATR pT1989 in RBMX depleted cells than
that in control cells with no significant change of total
ATR (Fig. 1a). RBMX depleted cells also displayed lower
levels of phosphorylated CHK1 (CHK1 pS345) and
phosphorylated RPA2, which are downstream targets of
activated ATR [38] (Fig. 1a; Supplemental Fig. S1A).
This RBMX-dependent activation of ATR was also
observed in HeLa cells treated with HU or aphidicolin that
induces replication fork stalling [39] (Supplemental
Fig. S1B). Depletion of RBMX resulted in increased,
slightly decreased (5%) or unchanged mRNA level of
ATR in U2OS, 293T, or CPT-treated HeLa cells,
respectively (Fig. 1b; Supplemental Fig. S1C). Given
protein level of ATR remaining unchanged upon deple-
tion of RBMX (Fig. 1a), we concluded that it is unlikely
that RBMX promotes ATR activation by upregulating the
expression of ATR. Moreover, the expression level of
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Fig. 1 RBMX localizes to the sites adjacent to RPA and is
responsible for ATR activation. a Immunoblot analysis of activated
ATR, total ATR, phosphorylated CHK1, and total CHK1 in HeLa or
U2OS cells transfected with siNC or siRBMX-1/2. HeLa cells were
treated with 100 nM CPT for 24 h prior to analysis. Quantitative values
are the mean ± SEM of n= 3 experiments. b Detection of mRNA
levels of ATR, TopBP1, RPA1, and CHK1 in U2OS or HeLa cells
transfected with siNC or siRBMX-2. HeLa cells were treated with
100 nM CPT for 24 h during transfection. mRNA levels were quan-
tified by qPCR. c Detection of RBMX and RPA1 foci in HeLa cells
treated with DMSO or CPT (100 nM). Cells were treated with CPT for
24 h and stained for RBMX and RPA1. Co-localized foci were indi-
cated with arrows. Scale bars, 5 μm. d Quantification of c. Percentage

of RBMX or RPA1 foci positive cells (≥6 foci in cell), percentage of
RBMX foci co-localizing with RPA1 foci were calculated. Percentage
of RBMX/RPA1 co-localized cells (the cell having at least three
RBMX/RPA1 co-localized foci in its nucleus is defined as a “RBMX-
RPA co-localized cell”; more than 100 cells were randomly picked up
for scoring) were calculated. All values are the mean ± SEM of n= 3
experiments. *P < 0.05; ***P < 0.001. The Student’s t test was used to
determine the statistical significance. e Visualization of RBMX and
RPA protein at single molecule level using STORM. RBMX and
RPA1 foci were subjected to observation under Wide Field and
STROM. Representative 2D and 3D views were shown. Scale bars,
5 μm in Wide Field, 800 nm in STORM (2D view).
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TopBP1, RPA1, or CHK1 was either increased or not
affected by RBMX depletion.

CPT and etoposide (VP-16) induce ATR-mediated DDR,
leading to cell cycle arrest or cell death depending on the
doses used [40, 41]. We observed that knockdown of
RBMX resulted in vast decrease of cell viability, similar to
phenomena when ATR is depleted. In addition, concurrent
depletion of RBMX and ATR led to moderate but not
significant decrease of cell viability compared with that of
depleting ATR alone (Supplemental Fig. S1D). These
results support the idea that RBMX and ATR are in the
same signal transduction pathway that sensitizes cellular
response to replication stress.

RPA interacts with ssDNA and plays an essential role in
activation of ATR [42]. RPA-bound ssDNA recruits ATR
to DNA damage sites, promoting autophosphorylation of
ATR and activation of ATR by TopBP1 at ssDNA–dsDNA
junctions [12]. We then examined the relationship between
RPA and RBMX. Like RPA, RBMX displayed a diffuse
nuclear distribution under a normal circumstance [23, 24],
both RBMX and RPA formed punctate foci on chromatin
when cells were treated with CPT (Fig. 1c). Strikingly,
more than 80% cells showed co-localized RBMX and RPA
foci when treated with CPT and up to 40% of RBMX were
co-localized with RPA foci in HeLa and U2OS cells
(Fig. 1d; Supplemental Fig. S1E, F). However, a close
examination of co-localized foci revealed adjacent or par-
tially overlapping RBMX and RPA foci, implying that
RBMX and RPA may occupy close but distinct sites on
damaged DNA.

Stochastic optical reconstruction microscopy (STORM)
at nanometer scale resolution was used to visualize precise
location of RBMX and RPA proteins on chromatin [43].
STORM allows collecting a series of images, which
allowed 2-dimensional (2D) and 3D views of the two pro-
teins to be reconstructed. In the majority of the 2D views,
the space occupied by RBMX (green) did not overlap with
the space occupied by RPA (red) (Fig. 1e). In some cases,
the RBMX and RPA signals appeared to overlap in the 2D
reconstructed images; however, 3D reconstruction revealed
that RBMX and RPA are localized to adjacent but non-
overlapping sites (Fig. 1e; Supplemental Movies S1, 2).
These results suggest that RBMX and RPA do not co-
localize precisely on chromatin, and likely make no phy-
sical contact with each other, even though they are recruited
to same region of DNA damage.

RBMX binds to ssDNA

To confirm the results presented above, the interactions
between RBMX and RPA were examined by co-
immunoprecipitation (co-IP). Co-IP results showed that
RBMX did not co-immunoprecipitate with RPA1 and

RPA-interacting protein ATRIP in 293T cells treated
with CPT (Fig. 2a), demonstrating no physical interaction
between RBMX and RPA. Interestingly, TopBP1, a major
activator that is responsible for ATR activation, was
co-immunoprecipitated with RBMX (Fig. 2a). The asso-
ciation between RBMX and TopBP1 will be studied in
detail below.

Fig. 2 RBMX binds to ssDNA. a Co-IP assay to determine the
interaction of RBMX with ATRIP, RPA1, and TopBP1. Flag-labeled
ATRIP, RPA1, and TopBP1 was over-expressed in 293 T cells. Cells
were treated with 100 nM CPT for 24 h and immunoprecipitates
were immunoblotted with Flag and RBMX antibody, respectively.
b Immunoblot analysis of GFP–RBMX, RBMX protein purified from
insect Sf9 cells. RBMX was obtained by TEV cleavage of
GFP–RBMX fusion protein. c EMSA showing binding activity of
RBMX to ssDNA (5′-(CCCTAA)3GTAGCATCGACG-3′). Shifted
bands were indicated by arrows. d EMSA determining the ssDNA
binding activity of different domains in RBMX. Indicated domains
were purified from insect Sf9 cells and assayed. e MST assay to
determine the binding affinity of RBMX and ssDNA. GFP–RBMX or
GFP (control) was incubated with increased concentration of ssDNA
(5′-(CCCTAA)3 GTAGCATCGACG-3′) and then subjected to MST.
The normalized fluorescence ΔFnorm at t= 20 s is plotted for different
concentrations of ssDNA. The thermophoresis of GFP (green) shows
no ssDNA concentration dependence.
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Given that RBMX bears RRM (RNA recognition motif)
that may also bind to ssDNA, we suspected that RBMX
binds to ssDNA itself. To directly test for ssDNA binding
activity, a GFP–RBMX fusion protein was expressed and
purified from insect Sf9 cells (Fig. 2b), and used in EMSA.
The protein was incubated with biotin-labeled telomeric
(CCCTAA) or centromeric (GGAAT) oligonucleotides
(probes). The result revealed that RBMX altered the
mobility of both ssDNA probes, forming one higher and
one lower MW protein–ssDNA complex (Fig. 2c; Supple-
mental Fig. S2A). The slow migrating higher MW species
may include an RBMX protein dimer. Similar assays were
performed using truncated RBMX fragments including the
RRM, RBM1CTR, or C-RBD domain of RBMX (Fig. 2d;
Supplemental Fig. S2B). This experiment indicated that
ssDNA binding activity is associated with the RBM1CTR
domain of RBMX.

The MST assay was performed to measure the binding
affinity of RBMX to ssDNA. GFP-fused RBMX was pur-
ified and incubated with ssDNA with concentrations ran-
ging from 0 to 25 μM. The binding curve was obtained by
plotting the normalized Δfluorescence at t= 20 s against
ssDNA concentrations (Fig. 2e; Supplemental Fig. S2C).
The dissociation constant (KD) for RBMX binding to
ssDNA is ~11 nM (Fig. 2e). This is comparable with the KD

of 10 nM for RPA–ssDNA association, although the value
may vary depending on the sequence and binding condition
[44–48].

RBMX preferentially associates with repetitive DNAs
along with RPA

To characterize the binding sites of RBMX and RPA on
chromatin, 293T cells were treated with CPT and binding
profiles were obtained by ChIP-seq assay. We first char-
acterized the nature of DNA obtained from RBMX-ChIP.
We observed that digestion with single-stranded specific
exonuclease ExoI & RecJf eliminated almost all precipitated
DNA. However, these DNA were resistant to DSN (Duplex
Specific Nuclease) digestion. In contrast, DNA precipitated
by H2AFY-ChIP, a typical double-stranded DNA binding
protein, were sensitive to DSN, but resistant to ExoI &
RecJf digestion (Supplemental Fig. S2D). This result
revealed single-stranded nature of RBMX-associated DNA,
suggesting that RBMX binds to ssDNA in vivo, although it
did not exclude the possibility that RBMX may bind to
ssDNA indirectly through interacting with other DNA
binding protein.

RBMX ChIP-seq profile was highly correlated with RPA
ChIP-seq profile, both showing strong peaks at centromeres
(Fig. 3a, b). Among identified peaks of RBMX, 47.8% were
shared with RPA (the peak of RBMX having at least 90%
identity with RPA peak is considered as a shared peak),

suggesting that RBMX and RPA bind to the same or
adjacent sites on genome (Fig. 3c). Moreover, analysis of
RBMX reads revealed enrichment of a purine-rich motif
(GAATGGAATGGA) (Fig. 3d). In contrast, RPA-bound
sequences displayed an enriched pyrimidine-rich motif
(ATGATTCCATTC) (Fig. 3d), which is consistent with
previous consensus that RPA binds to ssDNA with a high
preference for pyrimidines [46]. Interestingly, the two
motifs are reversely complementary in sequence, raising the
intriguing possibility that RBMX and RPA bind to each
strand of dsDNA, respectively.

To characterize the DNA sequences bound by both
RBMX and RPA, we annotated their shared peaks. The
results showed that these sequences are mostly enriched on
repetitive DNAs including rRNA, simple repeats and
satellite DNAs (Fig. 3e). More specifically, by screening the
sequences in database of repetitive DNAs using Repeat-
Masker [30], we found that ~70% sequences belong to
repetitive DNAs, in which ~80% are satellite DNAs and
~20% are simple repeats (microsatellite DNAs) (Fig. 3f).
Thus, we concluded that RBMX is preferentially localized
to repetitive DNAs, where replication is challenged [49].

RBMX interacts with TopBP1

Interaction between RBMX and TopBP1 was detected by co-
IP assay using antibody targeting endogenous TopBP1 in
both 293T and HeLa cells (Supplemental Fig. S3A, B).
Reverse co-IP using GFP–RBMX to pull down TopBP1
confirmed the interaction between the two proteins in
293T cells (Supplemental Fig. S3C). In addition, we observed
that much more RBMX was pulled-down by TopBP1 from
cells treated with CPT compared with untreated cells, indi-
cating that the interaction between RBMX and TopBP1 is
largely dependent on genotoxic stress (Supplemental
Fig. S3C, D). Furthermore, when samples were pre-treated
with RNase A or DNase I prior to IP, we observed no change
of RBMX precipitated by TopBP1, suggesting that RBMX
and TopBP1 interaction is not mediated by DNA or RNA
(Supplemental Fig. S3E).

Under normal circumstances, TopBP1 localized to the
nucleolus [50] (Supplemental Fig. S3F). However, in cells
treated with CPT, TopBP1 moved out of nucleolus and was
detected in nuclear foci that was co-localized with RBMX
(Fig. 4a, b; Supplemental Fig. S3G, H). Moreover, high
resolution 2D and 3D STORM demonstrated that RBMX
and TopBP1 co-localize at a single molecular level, which
is consistent with a direct interaction between RBMX and
TopBP1 (Fig. 4c; Supplemental Movies S3, 4).

To study this interaction in detail, we constructed trun-
cated proteins of both RBMX and TopBP1. Co-IP studies in
cells expressing GFP-labeled fragments of RBMX corre-
sponding to the RRM, RBM1CTR, or the C-RBD [19, 23]
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domains, respectively, showed that RBM1CTR and C-RBD
fragments co-immunoprecipitate with Flag-TopBP1, while
the RRM fragment of RBMX did not co-immunoprecipitate
Flag-TopBP1 (Fig. 4d, e). Conversely, Flag-tagged

truncated TopBP1 Δ1–2 and Δ7–8, but not Δ1–5, co-
immunoprecipitated with RBMX, suggesting that BRCT
domains (3, 4, and 5) of TopBP1 is responsible for inter-
action with RBMX (Fig. 4f, g).

Fig. 3 RBMX preferentially associates with repetitive DNAs
together with RPA. a Coverage tracks of reads of RBMX ChIP-seq
and RPA ChIP-seq. 293T cells were transfected with either Flag-
RBMX or Flag-RPA1 and treated with 100 nM CPT for 24 h.
Protein–DNA complex was pulled-down using Flag-beads and
recovered DNA was sequenced. b Representative peaks of RBMX and
RPA1 over input. Shared peaks were RBMX peaks that have at least
90% identity with RPA peaks. Chromosome 17 is shown as an

example. c The percentage of shared peaks of RBMX and RPA in
peaks of RBMX. d Logo of motifs identified by MEME (Multiple Em
for Motif Elicitation) in ChIP-seq peaks of RBMX or RPA1.
e Annotation of the shared peaks of RBMX and RPA. Elements with
no peaks are grayed out. f The percentage of shared peaks of that
belong to repetitive DNA (left panel). Shared peak sequences were
screened and analyzed by RepeatMasker. Types of repetitive DNAs
and their percentages were shown in right panel.
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Fig. 4 RBMX interacts with TopBP1. a Immunofluorescence (IF)
assay to detect the co-localization of RBMX and TopBP1. HeLa cells
were treated with DMSO or 100 nM CPT for 24 h and stained using
antibody against RBMX and TopBP1. Scale bars, 5 μm. b Quantifi-
cation of a. Percentage of cells with co-localized RBMX/TopBP1
foci was determined. Error bars are SEM from n= 3 experiments;
Student’s, two-tailed, unpaired t test. ***P < 0.001. c Visualization of
RBMX and TopBP1 protein using STORM. RBMX and TopBP1 foci
were observed under Wide Field and STORM. 2D and representative
3D views were shown. Scale bars, 5 μm in Wide Field, 800 nm in
STORM (2D view). d Schematic diagram showing the domains of
RBMX. e Co-IP assay to determine the domain of RBMX that

interacts with TopBP1. 293T cells transfected with Flag-TopBP1 and
GFP-tagged RBMX and its domain (RRM, RBM1CTR, and C-RBD)
were treated with 100 nM CPT for 24 h and subjected to immuno-
precipitation with Flag-beads. Immunoprecipitates were immuno-
blotted with Flag and GFP antibodies, respectively. f Schematic
diagram showing the domains of TopBP1. g Co-IP assay to determine
the domain of TopBP1 that interacts with RBMX. 293T cells trans-
fected with Flag-tagged TopBP1 and its truncated proteins were
treated with 100 nM CPT for 24 h and subjected to immunoprecipi-
tation with Flag-beads. Immunoprecipitates were immunoblotted with
Flag and RBMX antibodies, respectively.
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Interaction of RBMX with TopBP1 is independent of
9-1-1 complex

As expected, depletion of RBMX reduced the amount of
phosphorylated-ATR (p-ATR) in CPT-treated cells, while
ectopic expression of RBMX rescued p-ATR to its normal
level (Supplemental Fig. S4A). In contrast, when TopBP1
was knocked down along with RBMX, ectopic expression
of RBMX did not rescue p-ATR to its normal level (Sup-
plemental Fig. S4B). This indicated that RBMX-mediated
activation of ATR depends on TopBP1.

In the prevailing model for ATR activation, TopBP1 is
recruited to an ssDNA–dsDNA junction by 9-1-1 complex
[51–53], TopBP1 then allosterically activates ATR recruited
by RPA. To investigate whether RBMX functions together
with 9-1-1 complex, co-IP assays were performed with
RBMX and Rad9A or Rad17, two proteins that are required
to recruit TopBP1 to an ssDNA–dsDNA junction [51–53].
The results showed that neither Rad17 nor Rad9A co-
immunoprecipitate with RBMX (Fig. 5a, b). One inter-
pretation of these data is that RBMX and the 9-1-1 complex
interact with TopBP1 independently, acting at different
sites. Consistent with this idea, RBMX and TopBP1 inter-
action was not affected by knockdown of Rad17, Rad9A, or
RPA (Fig. 5c; Supplemental Fig. S4C).

Next, we explored whether RBMX/TopBP1 and 9-1-1/
TopBP1 participate in distinct pathways for activating ATR.
First, the depletion of RBMX or Rad9A or Rad17 only par-
tially decreased the total number of nuclear TopBP1 foci in
cells treated with CPT (Fig. 5d, e). The amount of TopBP1
(intensity) in nucleolus increased, accordingly (Fig. 5d, e;
Supplemental Fig. S4D). However, upon depletion of RBMX
and Rad9A, or RBMX and Rad17, nuclear TopBP1 foci were
nearly completely eliminated, and the amount of TopBP1 in
nucleolus was back to the equal level as that in cells without
CPT treatment (Fig. 5d, e; Supplemental Fig. S4D). These
results are consistent with the idea proposed above that
RBMX and the 9-1-1 complex facilitate positioning of
TopBP1 to chromatin independently, acting in two distinct
pathways. Second, depletion of RBMX, Rad9A, or Rad17
reduced p-ATR in CPT-treated cells by ~40% (Fig. 5f, g),
while depletion of RBMX and Rad17, RBMX and Rad9A, or
depletion of only TopBP1 reduced p-ATR by ~80% (Fig. 5f,
g; Supplemental Fig. S4E, F). In contrast, simultaneous
depletion of Rad17 and Rad9A reduced p-ATR by ~40%
(Fig. 5f, g). These data supported the idea that RBMX and
9-1-1 act in two distinct pathways to activate ATR, both of
which are TopBP1-dependent.

RBMX deficiency leads to genome instability

Because activation of ATR is an essential step for cells to
resolve the replication stress, we predicted that a defect in or

depletion of RBMX will impair the cellular response to
replication stress, which may lead to persistent activation of
DDR and genome instability. Consistent with this predic-
tion, depletion of RBMX in HeLa and U2OS cells increased
the percentage of PCNA-positive cells, indicating stressed
DNA replication in these cells [54] (Supplemental
Fig. S5A–C). Interestingly, cell cycle analysis by FACS
showed only slight increase of S and G2/M phase cells in
response to depletion of RBMX (Supplemental Fig. S5D,
E). Also, analysis of in situ pattern of PCNA staining
demonstrated not significant increase of S phase cells, but
remarkable increase of non-S phase cells that bear damaged
DNA (Supplemental Fig. S5F) [55]. These results indicated
that RBMX deficiency may lead to stressed replication forks
during S phase, and accumulation of DNA damage in non-S
phase cells, both requiring the activation of ATR.

Moreover, DDR, which is marked by 53BP1 foci on
genome, accumulated in RBMX depleted HeLa and U2OS
cells (Supplemental Fig. S6A–D). Consistently, more DNA
fragments were detected by comet assay in RBMX-deficient
cells (Fig. 6a, b). Depletion of RBMX also increased the
frequency of sister chromatid exchanges (SCE) (a marker of
genotoxicity [56]) (Fig. 6c, d; Supplemental Fig. S6E, F)
and the occurrence of micronuclei, indicating the activation
of genome instability due to defective DNA replication [57]
(Fig. 6e, f; Supplemental Fig. S6G, H). These results
demonstrate that RBMX plays an essential role in the cel-
lular response to DNA replication stress and in maintaining
genome stability.

Discussion

Role of RBMX in activation of ATR

In the prevailing model for activation of ATR, ATR is
positioned to RPA-coated ssDNA and subsequently acti-
vated by TopBP1 that is recruited to ssDNA–dsDNA
junctions by 9-1-1 complex [12, 51–53]. This study
uncovers a new RBMX-dependent but 9-1-1 complex-
independent manner for activation of ATR (Fig. 6g). In this
model, TopBP1 is enabled to activate ATR in concert with
RBMX in the absence of an ssDNA–dsDNA junction or 9-
1-1 complex. We propose that RBMX/TopBP1 and 9-1-1/
TopBP1 operate independently and simultaneously, such
that ATR is fully activated in response to replication stress.
Previous study discovered that RBMX promotes homo-
logous recombination-mediated DNA damage repair by
upregulating the expression of BRCA2 [23]. This and our
finding are not mutually exclusive, giving that RBMX may
have distinct functions in response to DNA damage or
replication stress, respectively. Here, we provided the evi-
dences demonstrating that RBMX directly participates in
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Fig. 5 Interaction of RBMX with TopBP1 is independent of 9-1-1
complex. a Co-IP assay to determine the interaction of endogenous
RBMX with Rad17 in 293T cells. Cells were treated with 100 nM
CPT for 24 h and immunoprecipitated with TopBP1 or Rad17
antibodies, respectively. IgG was used as a negative control.
Immunoprecipitates were immunoblotted with indicated antibodies.
b Co-IP assay to determine the interaction of endogenous RBMX
with Rad9 in 293T cells. Cells were transfected with Flag-TopBP1,
Flag-Rad9A, or EV and treated with 100 nM CPT for 24 h. Cell
lysates were used for immunoprecipitation with Flag-beads. Immu-
noprecipitates were immunoblotted with Flag and RBMX antibody,
respectively. c Co-IP assay showing the interaction of RBMX and
TopBP1 is independent of Rad17, Rad9A, and RPA in 293T cells.

293T cells transfected with indicated siRNAs were treated with CPT
for 24 h and subjected to immunoprecipitation using TopBP1 anti-
bodies. IgG was used as a negative control. d Immunofluorescence
(IF) detection of TopBP1 migrating from nucleoli to nuclei in
response to CPT treatment. HeLa cells were transfected with indi-
cated siRNAs and stained for TopBP1. Scale bars, 5 μm. e Quanti-
fication of d. The number of TopBP1 foci excluding foci in nucleoli
was determined. n= 100 cells were analyzed. Error bars are SEM;
Student’s, two-tailed, unpaired t test. ****P < 0.0001. f Immunoblot
analysis of activated ATR in HeLa cells transfected with indicated
siRNAs. Cells were treated with 100 nM CPT for 24 h prior to
analysis. g Quantification of relative level of activated ATR. Data
were from three independent experiments.
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activation of ATR by associating with both ssDNA and
TopBP1 in response to replication stress. This model,
however, does not exclude the possibility that TopBP1
directly binds to ssDNA [58]. RBMX/TopBP1 interaction
thus facilitates positioning of TopBP1 to the place where
activation of ATR is needed.

RBMX binds to ssDNA adjacent to RPA

Our results showed that RBMX binds to ssDNA with the
affinity similar to RPA (Fig. 2) [44]. While RBMX and
RPA are co-localized under normal fluorescence micro-
scope, no interaction between RBMX and RPA1 was
detected in co-IP assay. The observation of RBMX and

RPA under STORM confirmed nonoverlapping between
these two proteins. These results suggest that RBMX and
RPA may bind to distinct but adjacent sites of ssDNA on
genome.

Using ChIP-seq, we obtained the binding profile of
RBMX and RPA on genome in response to replication
stress. Interestingly, 47.8% binding sites of RBMX were
highly overlapped with RPA, suggesting that two proteins
may bind to the same sites of genome, specifically, adjacent
sequences in ssDNA of stalled replication fork (Fig. 3c).
Overall, 60% RBMX that do not co-localize with RPA may
function to regulate the transcription of DNA damage
repair-related genes [23] or to form NARC1 complex
(NORAD-activated ribonucleoprotein complex 1) to

Fig. 6 RBMX deficiency leads
to genome instability. a Comet
assay detection of DNA
fragments in normal and
RBMX-deficient HeLa cells.
Scale bars, 100 μm. b
Quantification of a. n= 100
cells were analyzed in each
group. Error bars are SEM;
Student’s, two-tailed, unpaired
t test. ****P < 0.0001.
c Representative image showing
sister-chromatin exchanges
(SCEs) in normal and RBMX-
deficient HeLa cells. Scale bars,
5 μm. d Quantification of a. The
number of metaphases analyzed
(n value) is indicated. Error bars
are SEM. The Student’s t test
was used to determine the
statistical significance. ****P <
0.0001. e Observation of
micronuclei in normal and
RBMX-deficient HeLa cells.
Scale bars, 5 μm.
f Quantification of e. Error bars
are SEM from three independent
experiments; Student’s, two-
tailed, unpaired t test. *P < 0.05.
g Working model for ATR
activation by RBMX/TopBP1
mediated manner. RBMX binds
to ssDNA and interacts with
TopBP1 at the place next to
RPA. Since ATR is recruited by
RPA through interacting with
ATRIP, nearby TopBP1 acts to
activate ATR. This is
independent of 9-1-1/TopBP1
mediated activation of ATR that
occurs at ssDNA–dsDNA
junction site.
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suppress genome instability, as proposed previously [25]. In
addition, among RBMX and RPA overlapped sequences,
we identified a number of fragile sites that are highly sus-
ceptible to breakage upon replication stress (Supplemental
Table S1), implying a potential role of RBMX and RPA to
prevent the fragility of such locus [59, 60].

Analysis of ChIP-seq data had also identified preferential
binding motifs for RBMX and RPA. We found that whereas
RPA displays a high preference for pyrimidine-rich
sequence, as previously reported [46], RBMX pre-
ferentially binds to purine-rich sequence. To our surprise,
the primary binding motif for RBMX is reversely com-
plementary to that for RPA. The easiest interpretation is that
RBMX and RPA bind to two strands of replication fork,
respectively. In this scenario, RBMX and RPA are localized
to relatively close sites within replication fork, enabling the
activation of ATR by TopBP1. It should be noted that
previous RPA ChIP-seq experiments performed by Barlow
et al. showed that RPA are localized to highly transcrip-
tional gene locus at early S phase [59], which have been
termed as early replicating fragile sites. In contrast, mostly
repetitive sequences are identified in this study that repre-
sent fragile sites induced by CPT throughout S phase during
replication.

TopBP1-dependent and 9-1-1-independent
activation of ATR by RBMX

Following evidences support that RBMX/TopBP1 act
independently of 9-1-1/TopBP1 pathway in activation of
ATR: (1) RBMX binds to ssDNA with no requirement of
ssDNA–dsDNA junction; (2) Co-IP data show that
RBMX does not interact with Rad9A or Rad17, while it
interacts specifically with TopBP1 in wild-type extracts
and in extracts depleted of Rad9A or Rad17; (3) the effect
of RBMX and Rad9A (or Rad17) on mobilization of
TopBP1 from the nucleolus to nuclear sites is additive,
suggesting that RBMX and Rad9A (or Rad17) function to
promote positioning of TopBP1 to damage sites in two
distinct pathways; (4) depletion of RBMX or Rad9A (or
Rad17) decreases activation of ATR by ~40%, whereas
depletion of RBMX and Rad9A decrease activation of
ATR by ~80%, indicating that RBMX and Rad9A/Rad17
act in two distinct pathways to activate ATR. Thus,
RBMX and 9-1-1 complex participate in two independent
pathways for activating ATR, each of which appears to
play an equally significant role.

RBMX preferentially binds to repetitive DNAs along
with RPA

It is worth noting that only ~40% of RBMX foci are co-
localized with RPA in cells challenged by replication stress

(Fig. 1c, d). Moreover, analysis of ChIP-seq data revealed
that 47.8% of RBMX binding peaks are shared with RPA
(Fig. 3c). These results raise the possibility that RBMX is
recruited to specific locus on genome where DNA replica-
tion is challenged and full activation of ATR is demanded.
Indeed, annotation of the shared peaks revealed that these
sequences are mostly enriched on locus with repetitive
sequences such as rDNAs, satellite DNAs and simple
repeats (microsatellite) [61] (Fig. 3e).

Precise duplication of repetitive DNAs is challenged by
the fact that repeats are prone to form secondary structures
such as hairpins, triplexes, G-quadruplexes, i-motifs, DNA:
RNA hybrids (R-loops) and slipped DNA structures [62],
which may result in replication fork stalling or in extreme
cases replication fork collapse [49]. Recently, it has been
reported that repetitive DNAs are principal sites of fork
collapse and successful replication of them is highly
dependent on ATR [63]. We thus propose that as the initial
and critical step, activation of ATR by ssDNA-RBMX-
TopBP1 is indispensable to ensure the duplication of
repetitive DNAs on genome.

RBMX as a potential target for cancer therapeutics

Rapidly proliferating cells experience high replication
stress, and typically activate ATR–CHK1 to ensure suc-
cessful completion of DNA replication [64]. The incidence
of mutation in ATR is extremely low in cancer cells [65]. In
addition, ATR-Seckel mice do not develop spontaneous
tumors, demonstrating the requirement of ATR for tumor-
igenesis [9]. In fact, it is reported that a low level of ATR
prevents the onset of certain tumors [66, 67]. Therefore,
agents that inhibit ATR are promising anticancer drugs, and
some ATR inhibitors are currently in clinical trials [68, 69].
RBMX is upregulated in 21 out of 31 cancers tested, and the
incidence of mutations in RBMX ranges from 6 to 0% in all
cancers with total alteration frequency of 2%. This value is
lower than many other genes involved in DDR such as
ATM (6%), ATR (5%), and BRCA1 (3%) (Supplemental
Fig. S7A, B) [65, 70–72]. These studies suggest that RBMX
may also be a promising target for cancer therapeutics.
Further investigation is needed to explore this possibility.

Data availability

The raw ChIP-Seq data of RBMX and RPA1 have been
submitted to GEO database. The GEO accession number is
GSE134980.
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