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RNA-binding protein RBM28 (RBM28), as a nucleolar
component of spliceosomal small nuclear ribonucleoproteins,
is involved in the nucleolar stress response. Whether and how
RBM28 regulates tumor progression remains unclear. Here, we
report that RBM28 is frequently overexpressed in various types
of cancer and that its upregulation is associated with a poor
prognosis. Functional and mechanistic assays revealed that
RBM28 promotes the survival and growth of cancer cells by
interacting with the DNA-binding domain of tumor suppressor
p53 to inhibit p53 transcriptional activity. Upon treatment with
chemotherapeutic drugs (e.g., adriamycin), RBM28 is trans-
located from the nucleolus to the nucleoplasm, which is likely
mediated via phosphorylation of RBM28 at Ser122 by DNA
checkpoint kinases 1 and 2 (Chk1/2), indicating that RBM28
may act as a nucleolar stress sensor in response to DNA
damage stress. Our findings not only reveal RBM28 as a
potential biomarker and therapeutic target for cancers but also
provide mechanistic insights into how cancer cells convert
stress signals into a cellular response linking the nucleolus to
regulation of the tumor suppressor p53.

The nucleolus is associated with the regulation of several
major physiological cellular processes including ribosome as-
sembly, cell mitosis, stress responses, and ribonucleoprotein
complex generation (1). Recent landmark proteomic studies
have led to the discovery of more than 4500 nucleolus-
associated proteins, and 70% of nucleolar proteins have func-
tions unrelated to the production of ribosome subunits,
including the regulation of cell cycle progression, DNA dam-
age sensing and repair, genomic organization, nuclear archi-
tecture establishment, and global gene expression, suggesting
that nucleolar functions might be significantly broader than
previously thought (2). Recently, the nucleolus has gained
attention for its novel role in the regulation of cellular stress
(3). Nucleolar stress is emerging as a new concept and is
characterized by various stressor-induced impairments in
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nucleolar morphology and function that ultimately lead to
disturbances in cell homeostasis through the activation of p53
or other stress signaling pathways (4). The following elements
are described as hallmarks of nucleolar stress: a wide range of
stimuli as stressors cause disturbances in ribosome biogenesis,
nucleoplasmic translocation of nucleolar proteins, morpho-
logical alterations in nucleolar stress, impaired rRNA tran-
scription and processing, and activation of p53 signaling and
involvement of p53-independent stress signaling (4). Theo-
retically, nucleoli do not possess defined structural barriers
and thus may not have a system akin to nuclear transport
machinery (such as importins, a nuclear pore complex, and
exportins); proteins that localize to nucleoli can potentially
traffic in and out of the nucleolus in a relatively free manner
(5). Present studies have shown that the translocation of
nucleolar proteins in nucleolar stress signaling mainly relies on
specific interactions with binding sites within nucleolar com-
ponents, which raises the question of the identity of the
molecular mechanism involved in protein nucleolar targeting.
Posttranslational modifications (PTMs) of nucleolar proteins
are also speculated to play a major role in stress-induced
changes in protein localization. For instance, during nucle-
olar oxidation, NPM1 undergoes S-glutathionylation on
cysteine 275, which triggers the dissociation of NPM1 from
nucleolar nucleic acids, resulting in the nucleoplasmic trans-
location and activation of p53 (6).

RNA-binding protein (RBP) is a general term for a class of
proteins that bind to RNA. RBPs are highly conserved across
species and play key roles in maintaining gene expression
homeostasis. Mounting evidence has shown that RBPs are
involved in various important cellular processes, such as cell
transport, localization, differentiation, and metabolism by
regulating RNA splicing, polyadenylation, mRNA stability,
mRNA localization, and translation through interactions with
coding and noncoding RNAs and other proteins (7). A recent
global survey of proteins that are UV cross-linkable to RNA
revealed a large number of both canonical and noncanonical
RBPs (8). Recent studies also found that RBPs have some
nontraditional functions, such as participating in gene tran-
scription regulation and acting as sensors for cellular stress
signals through p53 activation (3, 8). Several studies have
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RBM28 inhibits p53 via nucleolus–nucleoplasm translocation
provided evidence to link known cancer drivers to abnormal
expression or altered activity of RBPs; however, the extent to
which RBPs act on cancer progression remains unclear, and
further exploration of RBP functions and their regulatory
networks may provide new molecular targets for cancer
therapy.

RBPs are well documented to be subjected to a variety of
PTMs including acetylation, phosphorylation, methylation,
and ubiquitination (9). PTMs alter RBP binding properties,
functions, or subcellular localization. Notably, the PTMs of
RNA-binding elements in RBPs are particularly prominent (7).
Abnormal modification of these sites may be one of the main
factors leading to RBP dysfunction in tumors (7), and many
studies have shown that abnormal expression or mutation in
the RNA- binding motif family plays a very important role in
the occurrence and metastasis of tumors (10). For example,
RBM10 activates key proliferative signaling pathways,
including the epidermal growth factor receptor, mitogen-
activated protein kinase, and phosphatidylinositol-3-kinase
(PI3K)-Akt pathway and inhibits apoptotic pathways in lung
adenocarcinoma (11). RBM14 promotes radioresistance in
glioblastoma by regulating DNA damage repair and cell dif-
ferentiation (12). RBM28, as a nucleolar component of spli-
ceosomal small nuclear ribonucleoproteins (snRNPs) may also
play roles in cancer progression by involving in the nucleolar
stress response. According to bioinformatics analysis, head and
neck squamous cell carcinoma and lung squamous cell carci-
noma share common splicing alterations, nearly half of which
are associated with RBM28 (13). The binding motifs of RBM28
were significantly enriched in the 30UTR of nonsmall cell lung
cancer patient’s platelet RNAs (14). However, whether and
how RBM28 regulates tumor progression remain unclear. In
this report, we found that Chk1 and Chk2 phosphorylate
RBM28 at S122 upon DNA damage, promoting RBM28
nucleolar–nucleoplasmic translocation, where RBM28 directly
binds to p53 to suppress the transcriptional activity of p53.
Results

RBM28 may act as an oncogene in various cancers

To explore the potential cancer driver genes in the RNA-
binding motif family, we analyzed gene dependency scores in
903 cancer cell lines from the DepMap database and found
that RBM28 is one of the highest cancer-dependent genes
(Fig. 1A). Interestingly, as shown in the Clinical Proteomic
Tumor Analysis Consortium proteome database, RBM28
protein levels were upregulated in a variety of cancers, such as
colon cancer, clear cell renal cell carcinoma, uterine corpus
endometrial carcinoma, ovarian cancer, breast cancer, and
lung adenocarcinoma (Fig. 1B). According to The Cancer
Genome Atlas transcriptome data and patient survival infor-
mation, a high mRNA level of RBM28 was associated with a
poor prognosis in multiple cancer types, including breast
cancer, uterine corpus endometrial carcinoma, clear cell renal
cell carcinoma, lung adenocarcinoma, hepatocellular carci-
noma, and all types of sarcomas (Fig. 1C). These results sug-
gest that RBM28 may act as an oncogene in various cancers.
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RBM28 plays a crucial role in the growth of cancer cells

To investigate the role of RBM28 in cancer progression,
we constructed constitutive HCT116 and U2OS cell lines
with RBM28 KO using CRISPR-Cas9 technology. The
knockout efficiency was determined by Western blot
(Fig. 2A). According to 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide assay and colony formation
assay, RBM28 KO significantly reduced the proliferation of
both HCT116 and U2OS cells (Fig. 2, B and C). More
importantly, RBM28 KO significantly reduced the growth of
subcutaneous tumors, as determined using xenografts of
HCT116 cells in mice (Fig. 2, D and F), which was supported
by the finding that RBM28 KO decreased the cell prolifera-
tion index, determined by Ki-67 immunohistochemistry
staining using these xenografts (Fig. 2G). These results
indicated that RBM28 plays a crucial role in the growth of
cancer cells.
RBM28 impairs the transcriptional activity of p53 by reducing
the binding of p53 to its target gene promoters

Next, we explored how RBM28 promotes cell proliferation.
We conducted an RNA-seq in RBM28 KO U2OS cells, which
identified 1525 different expression genes, with 1003 upre-
gulated and 522 downregulated. Kyoto Encyclopedia of
Genes and Genomes pathway enrichment analysis demon-
strated that p53-related pathways were significantly enriched
in RBM28 KO cells versus control cells (Fig. 3A). A repre-
sentative heatmap from global comparative transcriptome
analysis indicated that p53 target genes were upregulated
upon RBM28 KO (Fig. 3B). These results were validated by
our qPCR results, showing that RBM28 depletion and ectopic
RBM28 increased and decreased the expression of CDKN1A,
FAS, GADD45A, and SERPINE1, respectively (Fig. 3, C
and D).

We further confirmed the effect of RBM28 on p53 using
CDKN1A as the representative. According to dual luciferase
reporter assay and chromatin immunoprecipitation (ChIP)
assay, RBM28 depletion increased CDKN1A promoter ac-
tivity and the binding of p53 to the CDKN1A promoter in
U2OS cells (Fig. 3, E and F). More importantly, p21, which is
the protein product encoded by CDKN1A was upregulated in
p53 WT cells but not p53 null cells, suggesting that the effect
of RBM28 on p53 target genes was p53-dependent (Fig. 3G).
Collectively, these results suggested that RBM28 may impair
the transcriptional activity of p53 by reducing the binding of
p53 to its target gene promoters. In addition, reduction in the
colony formation by depletion of RBM28 was weaker in
HCT116 p53−/− cells than that in HCT116 p53+/+ cells, as
shown in Fig. S1, indicating that RBM28 has other down-
stream effectors besides p53. This is consistent with the
DepMap data results that RBM28 is required for cancer
proliferation both in p53 WT and mutant cell lines, as shown
in Fig. S2. Together, these results indicated that p53 is one of
the downstream effectors of RBM28 to maintain cell
proliferation.



Figure 1. RBM28 was elevated in various cancer types and associated with a poor patient prognosis. A, the RBM dependency scores from 903 cancer
cell lines representing nearly all types of cancers were analyzed based on DepMap. The probabilities of dependency are the average of each gene score in a
cell line. The numbers close to 1.0 is considered more dependent. B, the protein levels of RBM28 in colon cancer, clear cell renal cell carcinoma, ovarian
cancer, uterine corpus endometrial carcinoma, and breast cancer were based on the CPTAC database. Unpaired Student’s t test. C, TCGA survival analysis for
breast cancer, liver hepatocellular carcinoma, kidney renal clear cell carcinoma, all types of sarcomas, uterine corpus endometrial carcinoma, and lung
adenocarcinoma cancer patients based on RBM28 expression. The log-rank test was used for statistical analysis. p values are shown. CCRCC; clear cell renal
cell carcinoma; CPTAC; Clinical Proteomic Tumor Analysis Consortium; HCC; hepatocellular carcinoma; RCC; renal cell carcinoma; TCGA; The Cancer Genome
Atlas; UCEC; uterine corpus endometrial carcinoma.
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Figure 2. RBM28 promotes cancer cell proliferation and growth. A–C, the indicated stable U2OS cells or HCT116 cells were subjected to Western blot (A),
MTT assay (B), and colony formation assay (C). The data are the mean ± SD, n = 8, ****p < 0.0001 by two-way ANOVA for (B) and n = 3, **p < 0.01, ****p <
0.0001 by unpaired Student’s t test for (C). D–F, the indicated stable HCT116 cells were inoculated subcutaneously into nude mice. Tumor volumes were
measured twice a week (D), and tumor weights (E) and tumor images (F) were recorded. The data are the mean ± SD, n = 5. ***p < 0.001 by two-way
ANOVA for (D) and ***p < 0.001, ****p < 0.0001 by unpaired Student’s t test for (E). G, representative immunohistochemical staining of Ki-67 from
xenograft tumors using the indicated stable HCT116 cells. The scale bar represents 200 μm. The data are the mean ± SD, n = 3. ***p < 0.001 by unpaired
Student’s t test. MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide.

RBM28 inhibits p53 via nucleolus–nucleoplasm translocation
RBM28 interacts with the DNA binding domain of p53 through
multiple regions

Upon DNA damage, acetylation at Lys382 and phosphory-
lation at Ser15 are critical events in p53 activation (15, 16).
However, depletion of RBM28 did not affect p53 acetylation at
Lys382, phosphorylation at Ser15, or the total p53 level with or
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without adriamycin (ADR) treatment (Fig. S3). RBM28 KO did
not affect the half-life of CDKN1A mRNA (Fig. S4). Given that
RBM28 may impair the transcriptional activity of p53 by
reducing the binding of p53 to its target gene promoters, as
shown above (Fig. 3, E and F), we surmised that RBM28 may
bind to p53. Indeed, RBM28 interacts with p53 at their



Figure 3. RBM28 inhibits the transcription activity of p53. A, KEGG pathway enrichment analysis of U2OS cells with RBM28 depletion. B, representative
heatmap from the global comparative transcriptome analysis indicating the genes that were upregulated upon RBM28 knockout. C and D, qRT-PCR was
used to detect the relative mRNA expression levels of CDKN1A, FAS, GADD45A, or SERPINE1 in the indicated stable U2OS cells. The data are the mean ± SD,
n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired Student’s t test. E, a luciferase reporter assay was used to detect the promoter activity
of CDKN1A upon RBM28 knockout or knockdown. The data are the mean ± SD, n = 3. **p < 0.01 by unpaired Student’s t test. F, a ChIP-qPCR assay was
performed to detect the binding ability of p53 to the CDKN1A promoter in the indicated stable U2OS cells. The data are the mean ± SD, n = 3. ***p < 0.001,
****p < 0.0001 by unpaired Student’s t test. G, the indicated cell lines under the indicated treatments were subjected to Western blot. ChIP, chromatin
immunoprecipitation; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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endogenous levels (Fig. 4A), and this interaction using exog-
enous RBM28 and p53 was not affected by the RNase A
treatment, indicating that the interaction of RBM28 with p53
is RNA-independent (Fig. 4B).

Next, we attempted to determine the regions responsible
for the interaction between RBM28 and p53. A series of
fragments of p53 and RBM28 were generated, and coim-
munoprecipitation was performed (Fig. S5, A and B). The
DNA-binding domain of p53 (residues 100–300) was
necessary and sufficient to bind to RBM28 (Fig. 4C). Inter-
estingly, three separate regions of RBM28, residues 1 to 95,
96 to 258, and 468 to 759, could interact with p53 (Fig. 4D).
We further generated several mutants of RBM28 by depleting
different regions (Fig. S5C). The interaction between RBM28
and p53 was not diminished by truncation of any particular
region (Fig. 4E). These results revealed that RBM28 may
interact with the DNA-binding domain of p53 through
multiple regions.
J. Biol. Chem. (2022) 298(2) 101524 5



Figure 4. RBM28 binds to the DNA binding domain of p53 through multiple regions. A, HEK293T, U2OS, and HCT116 cells were lysed with RIPA, and
the lysates were subjected to immunoprecipitation using IgG or anti-p53 antibody, and were analyzed by Western blot. B, HEK293T cells were transfected
with the indicated plasmids for 48 h. Then, the cells were lysed and treated with or without RNase A (5 ng/μl) and analyzed by Western blot or immu-
noprecipitated with streptavidin beads followed by Western blot. C, HEK293T cells cotransfected with SFB-RBM28 and various p53 mutants as indicated for
48 h. Then, the cells were lysed and analyzed by Western blot or immunoprecipitated with streptavidin beads followed by Western blot. D and E, HEK293T
cells cotransfected with Myc-p53 and various RBM28 mutants as indicated for 48 h. Then, the cells were lysed and analyzed by Western blot or immu-
noprecipitated with streptavidin beads followed by Western blot. HEK, human embryonic kidney.

RBM28 inhibits p53 via nucleolus–nucleoplasm translocation
Chk1/Chk2 promotes the nucleolar–nucleoplasmic
translocation of RBM28 induced by ADR

The nucleolus is considered a major hub in coordination of
the stress response (17). Nucleolar stress causes many nucle-
olar molecules to redistribute in the nucleus, that is, to be
released from the nucleolus to the nucleoplasm (4). Given that
6 J. Biol. Chem. (2022) 298(2) 101524
RBM28 is a nucleolar protein (Fig. S6) whereas p53 serves as a
transcription factor in the nucleoplasm, we speculated whether
RBM28 might undergo nucleolar–nucleoplasmic translocation
upon cellular stress. After applying a series of stressors, as
shown in Figure 5A, we found that nucleoplasmic localization
of RBM28 significantly increased upon treatment with



Figure 5. Chk1/Chk2 promote nucleoplasmic localization of RBM28 upon treatment with chemodrugs. A, RBM28-mCherry (red)-transfected A375 cells
were treated with ADR (1 μM), CPT (4 μM), ActD (5 μg/ml), or etoposide (20 μM) for 12 h and visualized by fluorescence microscopy, followed by calculation
of the intensity ratio of the nucleoplasm to nucleolus. The scale bar represents 20 μm. The data are the mean ± SD, n = 3. *p < 0.05, **p < 0.01, ****p <
0.0001 by unpaired Student’s t test. B, Western blot was used to detect the expression of γH2AX. C, RBM28-mCherry (red) and GFP-p53 (green) were
cotransfected into HCT116 cells in the presence or absence of ADR (1 μM, 6 h), and nuclei were stained with DAPI (blue). The scale bar represents 10 μm.
D, HEK293T cells were transfected with indicated plasmids for 24 h, followed by treatment with indicated concentrations of ADR for another 24 h. Before
harvesting, the cells were treated with 50 μM biotin for 30 min, followed by RIPA-SDS lysis, sonication, and Streptavidin IP. E, immunofluorescence assays
were performed to observe the subcellular localization of endogenous RBM28 (violet) and nuclei (blue) in HCT116 cells treated with LY2606368 (30 nM, 12 h)
and AZD1390 (30 nM, 12 h) in the presence or absence of ADR (1 μM, 6 h). The data are the mean ± SD, n = 3; ns, no significance, **p < 0.01 by unpaired
Student’s t test. F, the Chk1 and Chk2 were knocked down by specific siRNAs in HCT116 cells. Western blot was used to validate the knockdown efficiency.
G, immunofluorescence assays were performed to observe the subcellular localization of endogenous RBM28 (violet) and DAPI (blue) in HCT116 cells

RBM28 inhibits p53 via nucleolus–nucleoplasm translocation
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DNA-damaging agents commonly used in cancer chemo-
therapy, such as ADR, camptothecin, actinomycin D (ActD),
and etoposide (18, 19). The DNA damage induced by each
agent was determined by the detection of γH2AX expression
(Fig. 5B). In response to the ADR treatment, ectopic RBM28-
mCherry was distributed throughout the nucleoplasm, where
it partially colocalized with GFP-p53 (Fig. 5C). Meanwhile, the
proximity labeling assay showed that the binding of p53 and
RBM28 was increased in response to ADR in a dose-dependent
manner (Fig. 5D). These findings revealed that RBM28 trans-
located from the nucleolus to the nucleoplasm, where it in-
teracts with p53, upon DNA-damaging agent treatment.

The DNA damage response is a signal transduction pathway
involved in many processes of kinase cascade activation (20),
reflecting the possibility that RBM28 is regulated by some key
molecules through posttranslational modification in the DNA
damage pathway. Both an ATM inhibitor (AZD1390) and a
Chk1 inhibitor (LY2606368) reduced nucleoplasmic localiza-
tion of RBM28 in HCT116 cells upon ADR treatment (Fig. 5E).
Likewise, siRNAs targeting both Chk1 and Chk2 also impeded
nucleoplasmic localization of RBM28 in HCT116 cells upon
ADR treatment (Fig. 5, F and G), as AZD1390 and LY2606368
could also suppress the activity of both Chk1 and Chk2 (21),
indicating that Chk1/Chk2 promote the nucleolar–
nucleoplasmic translocation of RBM28 induced by ADR.

Chk1/Chk2 phosphorylates S122 of RBM28 to induce the
nucleolar–nucleoplasmic translocation of RBM28 upon ADR
treatment

Then, we analyzed the amino acid sequence of RBM28 and
found three potential Chk1/Chk2 phosphorylation sites,
namely, Thr86 (T86), Ser122 (S122), and Ser343 (S343), ac-
cording to a phosphorylation prediction tool called the
Grouped-based Prediction System (GPS5.0) (22). Phospho-
defective mutants (S/T to A) and phospho-mimetic mutants
(S/T to D) of these putative phosphorylation sites were
generated. Interestingly, only the RBM28 S122A mutant was
predominantly localized in the nucleolus, whereas other mu-
tants were distributed throughout the nucleus (Fig. 6A), indi-
cating that the phosphorylation status of RBM28 at S122 may
be crucial to determine the subcellular localization of RBM28.

Indeed, using anti-phospho-S/T Chk1/Chk2 substrate
antibody, the phosphorylation of WT RBM28 was enhanced
when cotransfected with HA-Chk1 or HA-Chk2 (Fig. 6B), and
only the S122A mutant diminished the Chk1/Chk2-induced
phosphorylation of RBM28 (Fig. 6C), demonstrating that
S122 is the key site for phosphorylation by Chk1/Chk2.
Notably, S122 status did not affect the interaction of RBM28
with Chk1/Chk2 (Fig. S7). Furthermore, we generated a spe-
cific anti-phospho-Ser122 (p-S122) antibody and found that
S122 phosphorylation of RBM28 was dramatically increased by
either Chk1 or Chk2 in cells transiently cotransfected with
their plasmids (Fig. 6D). More importantly, ADR treatment
transfected with siRNAs targeting Chk1 and Chk2 for 48 h and treated with the
data are the mean ± SD, n = 5; ns, no significance, **p < 0.01, ***p < 0.001
adriamycin; CPT, camptothecin.
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was found to increase RBM28-S122 phosphorylation (Fig. 6E)
using an anti-p-S122 antibody. Immunofluorescence assay
showed that the nucleoplasmic localization of WT RBM28, but
not the RBM28 S122A mutant, was increased upon cotrans-
fection with either HA-Chk1 or HA-Chk2 (Fig. 6F), whereas
the RBM28 S122A mutant prevented the nucleoplasmic
localization of RBM28 induced by ADR (Fig. 6G). These results
revealed that Chk1/Chk2 may phosphorylate S122 of RBM28
to induce nucleolar–nucleoplasmic translocation of RBM28
upon ADR treatment.

Discussion

In this report, as illustrated in Figure 7, chemotherapeutic
drugs (e.g., ADR) could activate Chk1/2 to phosphorylate S122
of RBM28, promoting the translocation of RBM28 from the
nucleolus to the nucleoplasm, where RBM28 interacts with the
DNA-binding domain of p53 to inhibit p53 transcriptional
activity. Our findings provide mechanistic insights into how
cancer cells convert stress signals into a cellular response
linking the nucleolus to regulation of the tumor suppressor
p53.

As a nucleolar component of spliceosomal small nuclear
ribonucleoproteins (snRNPs), RBM28 is involved in snRNP
maturation and comprises four RNA recognition motifs
(RRMs 1–4) and an extremely acidic region of 32 amino acids
between RRM2 and RRM3 (23). A homozygous loss-of func-
tion mutation in RBM28 was reported to underlie alopecia,
neurological defects, and endocrinopathy syndrome (1, 24). A
deleterious mutation in the RRM3 domain of Nop4p, its yeast
ortholog, was found to confer growth and pre-rRNA pro-
cessing defects, suggesting a role for RBM28 in ribosome
biogenesis (25). Here, we determined for the first time that
RBM28 may act as an oncogene to promote growth of cancer
cells, as RBM28 depletion significantly activates the p53
pathway and inhibits cancer cell survival and growth, and that
high RBM28 expression predicts a poor prognosis in cancer
patients. These findings indicate that RBM28 may be a po-
tential biomarker and therapeutic target for cancers.

Links between the nucleolus and cellular stress were pro-
posed based on the finding that the nucleolus participates in
regulating the abundance of stress-responsive p53 (4). The
notion that the nucleolus plays a role in regulating cellular
stress represents at least two aspects of the same idea: p53
activation by nucleolar proteins. One hypothesis emphasizes
mechanisms mainly involved in changes in the protein–
protein interactions, in which the nucleolus is a sensor for
cellular stress, with stress-induced nucleoplasmic trans-
location of nucleolar proteins, such as NPM1 and GLTSCR2,
initiating p53 activation (6, 26). The other hypothesis focuses
on a translation-mediated mechanism, where the engagement
of ribosomal proteins (RPs), mainly RPL5, RPL11, and RPL23,
is implicated in increased mRNA translation, with less
emphasis on their translocation (27). In this report, upon
indicated concentrations of ADR in the presence of MG132 (10 μM, 6 h). The
, ****p < 0.0001 by unpaired Student’s t test. Act D, actinomycin D; ADR,



Figure 6. Chk1/2 phosphorylates RBM28 at S122 upon ADR treatment. A, immunofluorescence assays were performed to observe the subcellular
localization of SFB-RBM28 (violet, anti-FLAG) and nuclei (blue) in U2OS cells transfected with the indicated RBM28 mutants for 48 h in the presence of
MG132 (10 μM, 6 h). The data are the mean ± SD, n = 4. ****p < 0.0001 by unpaired Student’s t test. B–D, HEK293T cells transfected with the indicated
plasmids for 48 h in the presence of MG132 (10 μM, 6 h) were immunoprecipitated with streptavidin beads, followed by Western blotting. E, HEK293T cells
transfected with the indicated plasmids were treated with ADR (4 μM) for the indicated times, followed by IP using streptavidin beads and Western blotting
using an anti-phospho-Ser122 antibody. F, immunofluorescence assays were performed to observe the subcellular localization of RBM28(violet) and nuclei
(blue) of HEK293T cells transfected with the indicated plasmids for 48 h in the presence of MG132 (10 μM, 6 h). The data are the mean ± SD, n = 3; ns, no
significance, *p < 0.05, ***p < 0.001 by unpaired Student’s t test. G, immunofluorescence assays were performed to observe the subcellular localization of
RBM28 (violet) and nuclei (blue) of SFB-RBM28-WT or SFB-RBM28-S122A in HEK293T cells in the presence of the indicated concentrations of ADR for 3 h. The
scale bar represents 10 μm. The data are the mean ± SD, n = 3; ns, no significance, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired Student’s t test.
ADR, adriamycin; HEK, human embryonic kidney.
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Figure 7. A proposed model shows how RBM28 regulates transcriptional activity of p53 in a phosphorylation-dependent manner. Chemothera-
peutic drugs (e.g., ADR) can activate Chk1/2 to phosphorylate S122 of RBM28, promoting the translocation of RBM28 from the nucleolus to the nucleoplasm,
where RBM28 interacts with the DNA-binding domain of p53 to inhibit p53 transcriptional activity. ADR, adriamycin.

RBM28 inhibits p53 via nucleolus–nucleoplasm translocation
nucleolar stress, such as the ADR treatment, we uncovered a
novel repressive mechanism of RBM28 on p53 activity, where
RBM28 is translocated to the nucleoplasm from the nucle-
olus, which is mediated by phosphorylation of RBM28 at
S122 by Chk1/Chk2. These findings indicate that RBM28 may
act as a nucleolar stress sensor in response to DNA damage
stress.

p53, as the “guardian of the genome”, is an established
tumor suppressor gene that activates the transcription of
multiple target genes (28). The most common and well-
characterized TP53 mutations are missense mutations in the
DNA-binding domain, implying that this feature of p53 is
crucial for tumor suppression (29). In this study, we found that
nucleoplasmic translocation of RBM28 is essential for its
binding to p53, which could be induced by chemotherapeutic
drugs (e.g., ADR). This finding may provide a novel explana-
tion for WT p53 cancer cells’ greater resistance to chemo-
therapy. Therefore, some compounds that disrupt the
RBM28–p53 interaction may be used to increase the sensitivity
of cancer cells with WT p53 to chemotherapy. Notably, Chk1
has been proposed as an attractive target in p53-deficient tu-
mors but not WT p53 cancers, because p53 can partially
compensate for the loss of Chk1-mediated cell cycle regulation
(30, 31). Here, we found that a Chk1 inhibitor (LY2606368)
could block the translocation of RBM28 from the nucleolar to
the nucleoplasm, which in turn leads to lack the inhibition of
RBM28 on p53. In this situation, cancer cells with higher
RBM28 levels may be more sensitive to Chk1 inhibitors, sug-
gesting that RBM28 may serve as a useful biomarker for
10 J. Biol. Chem. (2022) 298(2) 101524
predicting Chk1/Chk2 inhibitors sensitivity in cancer patients
with WT p53.

Experimental procedures

Reagents

The following reagents were used for cells: MG132 (Selleck;
S2619), AZD1390 (Selleck; S8680), LY2606368 (Selleck;
S7178), ADR (Selleck, S1208), ActD (APExbio, A4448), eto-
poside (Selleck; S1225), and camptothecin (Selleck; S1288).

Cell culture and treatments

The human embryonic kidney 293 cells (HEK293T), U2OS,
HCT116, A375, and SaOS2 were obtained from ATCC,
HCT116 p53−/− cells were from Dr Yuxin Yin (Peking
University Health Science Center), and all the cells were
maintained in Dulbecco’s modified Eagle’ medium (Life
Technologies) supplemented with 10% fetal bovine serum (Life
Technologies) with 5% CO2 at 37 �C. All cell lines used in this
study were authenticated using short-tandem repeat profiling
less than 6 months prior when this project was initiated, and
the cells were not cultured for more than 2 months. The cells
were negative for mycoplasma and tested by PCR monthly.

Plasmids

HA-Chk1, HA-Chk2, Myc-p53, HA-p53, and related
truncation constructs were cloned into a pCDNA3.1 vector.
SFB-RBM28, the related truncation constructs, and S/T to
A/D mutants were cloned into a pSIN vector through infusion.
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Sequences targeting RBM28 were cloned into a lenti-CRISPR
V2 plasmid (Addgene, 52961). The shRNA expression con-
structs were in the pLKO.1-puro backbone.

Transfection experiments

Chk1 and Chk2 siRNAs were synthesized by RiboBio.
Transfection was performed according to the manufacturer’s
instructions using Lipofectamine RNAiMAX transfection re-
agent (Invitrogen) and 50 nM siRNA. Transient transfection of
HEK293T cells was performed with PEI (25 kDa), and the cells
were collected after 48 h for subsequent assay and lentiviral
packaging. The siRNAs used for RT–PCR are listed in
Table S1.

Colony formation assay

Stable HCT116 and U2OS cells were seeded at a density of
500 per well in 6-well plates. After 2 weeks, the cell clones
were fixed in methanol and stained with 0.1% crystal violet.
Cell clones containing more than 50 cells were counted.

Immunohistochemistry

Immunohistochemistry staining was performed using 3 μm
sections. The primary antibodies against Ki-67 were diluted
1:400 and then incubated at 4 �C overnight in a humidified
container. After three washes with PBS, the tissue slides were
treated with a nonbiotin horseradish peroxidase detection
system according to the manufacturer’s instructions (Dako).

Western blot and immunoprecipitation

For Western blot analysis, the cells were lysed in RIPA
buffer (50 mM Tris–HCl, 150 mM NaCl, 5 mM EDTA, and
0.5% NP-40) containing protease inhibitor and phosphatase
inhibitor cocktails (Thermo Scientific). The lysates were
cleared by centrifugation at 12,000 rpm for 20 min at 4 �C.
The cleared lysates were incubated with antibody beads or
agarose overnight at 4 �C or with antibodies at 4 �C for 2 h
followed by incubation with protein A/G PLUS-Agarose
(Santa Cruz) at 4 �C for 2 h. Precipitates were then washed
five times with cold RIPA buffer and eluted with 5× SDS
sample buffer. The immunoprecipitates were separated by
SDS–PAGE and transferred to a PVDF membrane (Milli-
pore). The membranes were blocked in TBS containing 5%
nonfat milk and 0.1% Tween-20, probed with primary anti-
bodies overnight at 4 �C, washed five times with TBS con-
taining 5% nonfat milk and 0.1% Tween-20, and then
incubated with horseradish peroxidase-conjugated second-
ary antibodies (Promega). Clarity Western ECL substrate
(Bio–Rad) was used for detection.

MTT assay

Stable HCT116 and U2OS cells were seeded in 96-well
microplates at a density of 2000 cells per well, and 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay
was used to assess cell viability per day for five continuous
days.
Immunofluorescence

Cells were seeded into confocal dishes (NEST Biotech-
nology) and fixed with 4% paraformaldehyde for 10 min at
room temperature. After permeabilization with 0.5% Triton X-
100 for 10 min, the cells were blocked with 5% goat serum and
incubated with primary antibody overnight at 4 �C. The next
day, the cells were washed and incubated with secondary
antibody at room temperature for 1 h, and then the nuclei
were labeled by using Hoechst 33342 for 5 min.

Luciferase reporter assay

Briefly, HCT116 and U2OS cells were plated in 24-well
plates and then transiently transfected with 250 ng CDKN1A
promoter containing Firefly luciferase reporter plasmid
(Promega E1330). To normalize the transfection efficiency, the
cells were also cotransfected with 8 ng of pRL-TK (Renilla
luciferase). Luciferase activity was measured in at least three
independent experiments using a Dual-Luciferase Assay kit
(Promega) after transfection for 48 h.

Chromatin immunoprecipitation

This procedure was performed, as described by the ChIP kit
(Millipore, 17–10085 & 17–1008). Briefly, 15-cm plates were
seeded with cells of each of the tested cell lines and allowed to
grow to 70% to 80% confluence. To fix cells, complete cell
fixative solution (1/10th the volume of the growth medium
volume) was added to the existing culture medium. The fixa-
tion reaction was stopped by adding stop solution (1/20th the
volume of the growth medium volume) to the existing culture
medium. The cells were collected by centrifugation, and the
nuclear pellet was resuspended in ChIP buffer. The cell lysate
was subjected to sonication and then incubated with 3 μg of
antibodies overnight, followed by incubation with protein A/G
agarose overnight at 4 �C. Bound DNA-protein complexes
were eluted, and cross-links were reversed after a series of
washes. The purified DNA was resuspended in TE buffer for
PCR. The primers for the indicated promoters are shown in
Table S1.

Real-time quantitative PCR analysis

Total RNA was extracted from the samples (RNAprep
pure cell/bacteria kit; TIANGEN), quantified by using a
Nanodrop 2000 spectrophotometer, and stored at −80 �C.
One microgram of RNA was reverse transcribed using a
HiScript II first Strand cDNA synthesis kit (Vazyme)
following the manufacturer’s recommendations. The tran-
scripts were quantified by real-time qPCR using a Light-
Cycler 480 instrument (Roche Diagnostics) and ChamQ
SYBR qPCR Master Mix (Vazyme) according to the manu-
facturer’s instructions.

Xenograft tumor model

Animal studies were approved by the Animal Research
Committee of Sun Yat-sen University Cancer Center. Male
athymic BALB/C nude mice (4 weeks old) were obtained from
J. Biol. Chem. (2022) 298(2) 101524 11
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NBRI of Nanjing University. Briefly, 4 × 106 HCT116 cells
were resuspended in 0.1 ml of PBS and subcutaneously
injected into the flanks of the mice. Tumor volumes were
measured twice a week and were calculated using the formula
V = 0.5 × length × width2. All mice were sacrificed 19 days
after injection, and the xenograft tumors were isolated, pho-
tographed, and weighed.

mRNA stability assay

To determine the CDKN1A mRNA half-life, RBM28-KO
U2OS cells were incubated with ActD (5 μg/ml) and then
collected at the indicated times. Total RNA was extracted by
an RNAprep pure cell/bacteria kit (TIANGEN) and analyzed
by RT-PCR.

Statistical analysis

All statistical experiments were performed independently
and in triplicate. Statistical analysis was carried out using
GraphPad Prism software (version 8.0 for Windows). Two-
tailed unpaired Student’s t test was performed between two
groups. The survival rates were calculated using the Kaplan–
Meier method and analyzed by the log-rank test. Tumor
growth for different groups was analyzed by two-way ANOVA.
The data are the mean ± SD. A p value <0.05 indicated a
significant difference.

Antibodies

Anti-Flag (Cell Signaling Technology, 14793, 1:2000); anti-
HA (Cell Signaling Technology, 3724, 1:2000); anti-Chk2
(Cell Signaling Technology, 3440, 1:1000); anti-p53 (Cell
Signaling Technology, 2527, 1:1000); anti-acetyl-K382 p53
(Cell Signaling Technology, 2525, 1:1000); anti-phosphor-S15
p53 (Cell Signaling Technology, 9284, 1:1000); anti-IgG (Cell
Signaling Technology, 2729, Immunoprecipitation/ChIP);
anti-Ki-67 (Cell Signaling Technology, 12202S, 1:400); anti-
GAPDH (Proteintech, 10494-1-AP, 1:1000); anti-RBM28
(Proteintech, 16484-1-AP, 1:1000); anti-p21 (Proteintech,
60214-1-Ig, 1:1000); anti-HSP70 (Santa Cruz, sc-24, 1:5000);
and anti-p53 (Santa Cruz, sc-126, 1:1000) (Table S2).

Data availability

Raw data of the RNA-seq was uploaded to Genome
Sequence Archive for Human (GSA for Human; https://ngdc.
cncb.ac.cn/gsa-human/) with the accession code HRA001416.
Other data sets used for the present study are available from
the corresponding author upon reasonable request.
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