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Introduction
Esophageal cancer is one of the most frequently occurring cancers 
and ranks as the seventh leading cause of cancer-related mortali-
ty worldwide. Esophageal squamous cell carcinoma (ESCC) is the 
most common histological type of esophageal malignancy and has 
a higher incidence in developing nations (1), with more than half 
of ESCC cases occurring in China (2). Despite intensive clinical 
efforts using multiple therapeutic approaches, patients with ESCC 
still face a poor prognosis, which has not significantly improved in 
recent decades (3). The treatment of choice for locally advanced 
ESCC is neoadjuvant chemoradiation followed by radical sur-
gery. Unfortunately, more than 50% of patients with ESCC do not 
respond adequately, and most die from recurrent cancer (4). ESCC 
possesses a subpopulation of cells exhibiting cancer stem-like cell 
(CSC) properties. These CSCs are known to have high tumorigen-
ic potential and resistance to conventional anticancer therapy and 
are responsible for the intractable features of ESCC (5, 6). Increas-

ing evidence indicates that CSCs contribute to radioresistance, 
which could result in radiation treatment failure for ESCC (7, 8). 
Therefore, targeting CSCs may be a promising approach for devel-
oping novel combination modalities and overcoming the radiation 
resistance of ESCC.

p90 ribosomal S6 kinases (RSKs) are a family of serine-thre-
onine kinases involved in the Ras/MAPK pathway. This family 
consists of 4 members in humans: RSKs 1–4, along with 2 struc-
turally related homologs, mitogen- and stress-activated kinase 1 
(MSK1) and MSK2 (9). RSKs phosphorylate many cytosolic and 
nuclear targets and are integrally linked to a variety of physiolog-
ical processes, including cell-cycle progression and proliferation, 
cell growth and protein synthesis, cell migration, and cell survival 
(10). With regard to the role of different RSKs in cancer, it is gen-
erally believed that RSK1 and RSK2 promote cancer cell growth, 
survival, and motility (11, 12), whereas RSK3 is downregulated 
in breast tumors (13) and ovarian cancer (14). RSK4, which was 
first identified as an X-linked gene in patients with mental retar-
dation, is most abundant in the fetal and adult kidney, brain, and 
thyroid gland (15). Functional characterization analysis shows that 
RSK4 is constitutively active under serum-starved conditions and 
independent of 3-phosphoinositide–dependent protein kinase1 
(PDK1) for phosphorylation, whereas other RSKs are inactive 
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Figure 1. RSK4 is highly expressed in ESCC CSCs. (A) RSK4 protein was highly expressed in ESCC rather than in esophageal adenocarcinoma (EA) com-
pared with expression in corresponding nontumor tissues. Representative IHC images are shown in Supplemental Figure 1A. (B) mRNA levels of RPS6KA6 
in 30 pairs of ESCC samples and adjacent nontumor tissues were determined by real-time PCR. GAPDH was used as a loading control. (C) Western blot 
analysis and quantification of RSK4 expression in ESCC tumor tissues (T) and adjacent nontumor tissues (N) from 30 patients. The results for the other 
samples are presented in Supplemental Figure 1B. Protein expression was normalized to β-actin levels. (D) Representative IHC images and H-score of 
RSK4 protein expression in ESCC tumor tissues and adjacent nontumor tissues. Scale bars: 100 μm. (E) Kaplan-Meier estimation of ESCC OS and PFS 
based on the RSK4 expression levels in the Xijing cohort. (F) Correlation between RPS6KA6 and ALDH1A1 mRNA expression in 30 ESCC patients. (G) 
Representative IHC images of RSK4 and ALDH1 protein expression in patients with ESCC from the Xijing cohort. Scale bars: 100 μm. Correlation of IHC 
data on RSK4 and ALDH1 protein expression in 59 ESCC patients. (H) RSK4 was preferentially expressed in tumor spheres compared with nonspheres, and 
elevated RSK4 expression was detected in CD90+- or CD271+-enriched cell populations compared with the CD90− or CD271− cell subsets as assessed by real-
time PCR (n = 3 independent experiments) and immunoblotting. Data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. Differences were 
tested using a paired (B–D) and unpaired (H) 2-sided Student’s t test, 1-way ANOVA with Tukey’s post hoc test (A), and log-rank test (E). The correlation 
was determined by Pearson’s correlation test (F and G).
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the properties of CSCs (30), but the relationship between p63 and 
RSK4 remains to be clarified. In this study, we sought to determine 
whether the ΔNp63α/RSK4 axis plays a role in establishing CSC 
properties and radioresistance in ESCC, to define the downstream 
effector genes and pathways controlled by these factors, and to test 
the rationale for RSK4 as a therapeutic target in this disease.

Results
RSK4 is highly expressed in ESCC CSCs and is associated with the 
radioresistance and poor survival of ESCC patients. In a TMA con-
taining 20 kinds of human tumors and corresponding normal 
tissues, IHC showed that RSK4 protein levels were significant-
ly reduced in stomach and testis cancer but highly expressed in 
kidney and esophageal cancer compared with expression levels 
in their corresponding nontumor tissues (Supplemental Figure 
1A and Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI134930DS1). 
In esophageal cancer, RSK4 protein was highly expressed in 
ESCC rather than esophageal adenocarcinoma (Figure 1A and 
Supplemental Figure 1A). In 30 paired ESCC and adjacent non-
tumor tissues, RPS6KA6 (encoding RSK4) mRNA and RSK4 pro-
tein levels were also much higher in ESCC than in normal  tissues 
(Figure 1, B and C, and Supplemental Figure 1B). This result was 
further confirmed by IHC analyses with 87 paired ESCC and 
adjacent nontumor tissues (Figure 1D). However, the mRNA lev-

because of their requirement for growth factors (16), indicating 
that RSK4 is functionally distinct from the other RSKs. Compared 
with the more in-depth research on the other RSKs in the field of 
cancer, there have been limited and conflicting reports describing 
the role of RSK4 in different cancer types (17–25). Using a tissue 
microarray (TMA) containing 20 kinds of human tumors and cor-
responding normal tissues, we found that RSK4 protein was highly 
expressed in renal cell carcinoma (RCC) and ESCC. We previous-
ly reported that RSK4 is overexpressed in RCC and enhances the 
invasive and metastatic ability of RCC cells by regulating the CSC 
marker CD44 (23). In this study, we expanded on our previous 
studies and sought to determine whether RSK4 plays a pathophys-
iological role in ESCC and CSCs.

Recent genomic analysis has revealed that p63, a p53-related 
transcriptional factor, is a major oncogenic protein in esophageal 
cancer; the gene locus is frequently amplified in ESCC, and its 
expression in ESCC is significantly higher than that in nontumor 
tissues (26). TP63 contains 2 different promoters that drive 2 dis-
tinct isoform classes: with or without the N-terminal transactiva-
tion domain, TAp63 and ΔNp63, respectively. In addition, both 
TAp63 and ΔNp63 have 3 variants with different C-termini (α, β, 
and γ) generated by alternative splicing (27). ΔNp63 and TAp63 
show very different expression patterns, depending on the source 
of cell lines and tissues (28). ΔNp63α is the main p63 isoform 
expressed in ESCC (29) and plays an important role in maintaining 

Figure 2. RSK4 is closely linked with the radioresistance and poor survival of ESCC patients. (A) Representative IHC images and IHC H-scores of 
RSK4 and ALDH1 protein expression in 10 patients with ESCC before and after receiving radiotherapy. Scale bars: 100 μm. (B) RSK4 protein levels were 
positively correlated with ALDH1 in these cases. (C) Radiotherapy-treated ESCC patients with higher expression of RSK4 had a lower complete response 
(CR) ratio. (D) Kaplan-Meier estimation of the PFS curves for 148 patients with ESCC treated with radiotherapy according to RSK4 expression levels in 
the primary tumor. *P < 0.05. Differences were tested using a paired, 2-sided Student’s t test (A), χ2 test (C), and log-rank test (D). The correlation was 
determined by Pearson’s correlation test (B).
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increased in the spheres of the ESCC cell line TE10 compared with 
the corresponding adherent cells, and we also observed elevated 
RSK4 expression in CD90+ or CD271+ cell populations compared 
with CD90– or CD271– cell subsets (Figure 1H and Supplemental 
Figure 1H), suggesting that RSK4 is enriched in ESCC CSCs.

In 10 patients with advanced ESCC treated with definitive 
radiotherapy, we found that RSK4 expression after radiotherapy 
was significantly higher than that before treatment, which was con-
sistent with upregulation of the CSC marker ALDH1 after radiother-
apy (Figure 2A). We observed a positive correlation between RSK4 
and ALDH1 expression (Figure 2B), suggesting that RSK4 activation 
is induced by irradiation and may be involved in CSC-mediated 
radioresistance. In an enlarged ESCC radiotherapy cohort of 148 
patients, those with high RSK4 expression were significantly asso-
ciated with radiotherapy resistance; that is, the higher the expres-
sion level of RSK4, the lower the complete response rate (Figure 
2C). Moreover, patients with high RSK4 expression levels had much 
worse PFS than did those with low RSK4 expression levels (Figure 
2D). In summary, RSK4 was specifically upregulated in ESCC CSCs 
and was linked with radioresistance and poor prognosis in patients 
with ESCC, especially those undergoing radiotherapy.

RSK4 promotes the CSC properties and radioresistance of 
ESCC cells. To investigate the biological effects of RSK4 in 
ESCC, we assessed RPS6KA6 mRNA and RSK4 protein levels 
in 4 ESCC cell lines (Supplemental Figure 2A) and found that 
RSK4 expression was higher in the ESCC cell line TE10 and 
lower in the ECA109 cell line. Therefore, we generated a sta-
ble RSK4-overexpressing clone of ECA109 cells along with 
stable RSK4-knockdown clones of TE10 cells, as confirmed by 
real-time PCR and Western blotting (Supplemental Figure 2B). 
Sphere formation ability was increased in RSK4-overexpress-
ing ECA109 cells but decreased in RSK4-knockdown TE10 
cells (Figure 3A). According to flow cytometric and Western 
blot analyses, RSK4 overexpression enhanced, whereas RSK4 
knockdown decreased, ALDH activity and the percentage of 
CD90+ cells as well as protein levels of CD271, ABCG2, BMI-
1, NANOG, OCT4, and SOX2 (Figure 3, B and C, and Supple-
mental Figure 2C). Limiting dilution analysis (33) of xeno-
grafted tumors developed from different numbers of injected 
cells showed that RSK4 overexpression increased the tumor-
igenic capacity of ESCC cells, whereas RSK4 knockdown had 
the opposite effect (Figure 3D). To elucidate the role of RSK4 
in ESCC CSC maintenance, we examined the effects of RSK4 
knockdown on ESCC CSC proliferation. ESCC CSCs (CD90+ 
subpopulations) transfected with shRSK4 proliferated at a 
lower rate compared with control cells. In contrast, an identi-
cal shRSK4 had little effect on matched non-stem ESCC cells 
(CD90– subpopulations) (Supplemental Figure 2D). These data 
suggest that RSK4 exclusively promotes ESCC CSC growth, 
thereby maintaining the CSC properties of ESCC cells.

With regard to the association between RSK4 and radio-
resistance, RSK4 overexpression in ESCC cells significantly 
increased their colony-forming ability and decreased caspase-3 
activity after irradiation, whereas RSK4 knockdown decreased 
the colony-forming ability of ESCC cells and increased caspase-3 
activity after irradiation (Figure 3, E and F, and Supplemental 
Figure 2E). Although irradiation damages tumor cells through 

els of the other 2 RSK members, RPS6KA1 (encoding RSK1) and 
RPS6KA3 (encoding RSK2), showed no significant difference. 
The mRNA level of RPS6KA2 (encoding RSK3) was much low-
er in ESCC than in normal tissues (Supplemental Figure 1C). We 
next used IHC analysis to examine the prognostic significance of 
RSK4 expression in clinical tumor samples from cohorts of ESCC 
patients. Importantly, compared with low RSK4 expression, high 
expression of RSK4 was correlated with poorer overall survival 
(OS) and progression-free survival (PFS) of patients with ESCC 
and more aggressive tumor behaviors, including lymph node 
metastasis and vascular invasion (Figure 1E, Supplemental Fig-
ure 1D, and Supplemental Table 2), with similar results found in 
The Cancer Genome Atlas (TCGA) cohort (Supplemental Figure 
1E). In addition, the mRNA levels of RPS6KA6 in patients with 
grade 2 or grade 3 disease were higher than those in patients 
with grade 1 ESCC disease (Supplemental Figure 1F). Multivar-
iate Cox regression analysis further indicated RSK4 expression 
as a potential independent prognostic marker for OS and PFS in 
patients with ESCC (Supplemental Table 3).

Surprisingly, we found high RSK4 protein levels in the basal 
layer of esophageal epithelia that decreased progressively in the 
suprabasal and superficial cell compartments with cellular differ-
entiation (Figure 1D), suggesting that RSK4 may be involved in the 
stemness properties of esophageal epithelia. In ESCC tissues, RSK4 
expression was positively correlated with ALDH1, an ESCC CSC 
marker that we previously identified (ref. 31 and Figure 1, F and G). 
In addition, mRNA levels of RPS6KA6 were positively correlated 
with ALDH1A1 in the TCGA ESCC cohort (Supplemental Figure 
1G). Sphere formation has been well established in the enrichment 
of CSCs on the basis of their self-renewing capacity (32). Like other 
ESCC CSC markers (6), including CD90, CD271, ABCG2, BMI-1, 
NANOG, OCT4, and SOX2, we found that RSK4 expression was 

Figure 3. RSK4 promotes the CSC properties and radioresistance of ESCC 
cells. (A) Tumor sphere formation assay showing that RSK4 overexpres-
sion increased the sphere-forming ability of ESCC cells, whereas RSK4 
knockdown reduced their sphere-forming ability (n = 3 independent 
experiments). Scale bar: 100 μm. (B) Flow cytometric analysis show-
ing that RSK4-overexpressing cells had elevated ALDH activity and an 
increased proportion of CD90+ cells, whereas RSK4-suppressed cells 
exhibited reduced ALDH activity and a reduced proportion of CD90+ cells 
(n = 3 independent experiments). (C) Western blot analysis indicating that 
RSK4 overexpression increased ESCC CSC marker expression, whereas 
RSK4 knockdown had the opposite effect. (D) Limiting dilution analysis 
showing higher tumorigenicity of RSK4-overexpressing ECA109 cells in 
NOD/SCID mice compared with control cells, but RSK4-knockdown TE10 
cells had lower tumorigenicity compared with the control group cells (n = 
5 mice each). (E) Clonogenic survival assays of ESCC cells with overex-
pression or knockdown of RSK4 at the indicated irradiation doses (n = 3 
independent experiments). (F) Relative caspase-3 activity 24 hours after 
IR (10 Gy) of ESCC cells with overexpression or knockdown of RSK4 (n = 3 
independent experiments). (G) Western blot analysis of phosphorylated 
and total amounts of the checkpoint proteins ATM and CHK2 from the 
indicated groups before treatment (–) and 1 hour after 10 Gy IR (+). (H) 
ESCC cells from the indicated groups were treated with 10 Gy IR and recul-
tured under normal conditions for 1 and 6 hours, and then subjected to 
Western blot analysis with γ-H2AX antibody. 0h, cells with IR treatment 
but with no time for DNA repair. Data represent the mean ± SD. **P < 
0.01 and ***P < 0.001. Differences were tested using an unpaired, 2-sided 
Student’s t test (A, B, and D–F).
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several mechanisms, irradiation kills cancer cells primarily 
through DNA damage. Thus, DNA damage checkpoint respons-
es play essential roles in cellular radiosensitivity (34). The acti-
vating phosphorylation of checkpoint proteins ATM and CHK2 
induced by irradiation was markedly increased in RSK4-over-
expressing ECA109 cells but decreased in RSK4-knockdown 
TE10 cells (Figure 3G), indicating that RSK4 promotes check-
point activation in response to DNA damage. The primary 
downstream effect of checkpoint activation is to induce cell-cy-
cle arrest to repair damaged DNA (35). We then used the com-
et assay to measure the efficiency of DNA repair after inducing 
DNA damage with irradiation. RSK4-overexpressing ECA109 
cells repaired the DNA damage more efficiently than did con-
trol cells, as indicated by decreased DNA content in the comet 
tail 6 hours after irradiation, whereas RSK4 knockdown had the 
opposite effect (Supplemental Figure 2F). This result was fur-
ther confirmed by assessing the dynamic changes in γ-H2AX 
levels after irradiation (Figure 3H). Altogether, these results 
suggest that RSK4 promotes DNA damage checkpoint responses 
and DNA damage repair to obtain radioresistance of ESCC cells.

RSK4 is a direct transcriptional target of ΔNp63α in ESCC. To 
determine the regulation mechanism of RSK4 in ESCC, we per-
formed a transcription factor prediction analysis and noticed 
1 potential binding site of p63 on the RPS6KA6 gene promot-
er (Figure 4A). Moreover, Rps6ka6 is a leading downregulat-
ed gene according to RNA sequencing profiling of Tp63-null 
squamous epithelia (Supplemental Figure 3A). Considering 
that RSK4 and ΔNp63 proteins were highly coexpressed in the 
basal layer and progressively decreased in the suprabasal and 
superficial cell compartments with cellular differentiation in 
esophageal epithelia (Figure 4B), that their mRNA levels were 
positively correlated in esophageal mucosa in the Genotype 
Tissue Expression (GTEx) cohort (Figure 4C), and that Rps6ka6 
mRNA levels were dramatically decreased in squamous epithe-
lium of Tp63-knockout mice (Supplemental Figure 3B) and in 
p63-knockdown keratinocyte and squamous cell carcinoma 
(SCC) cell lines (Supplemental Figure 3C), we surmised that 
ΔNp63 transcriptionally regulated RSK4 expression in ESCC. 
However, mRNA expression of other RSK family members, 
including RPS6KA1, RPS6KA3, RPS6KA2, RPS6KA5 (encod-
ing MSK1), and RPS6KA4 (encoding MSK2), did not show any 
appreciable difference under p63 depletion (Supplemental 
Figure 3, B and C). As previously reported (36), ΔNp63α was 
the dominant isoform expressed in ESCC (Supplemental Fig-
ure 3D). Real-time PCR analysis of 30 paired ESCC specimens 
showed a dramatic upregulation of ΔNp63 mRNA expression in 
tumors compared with expression levels in normal tissues (Sup-
plemental Figure 3E), in accordance with TCGA database (Sup-
plemental Figure 3F). In ESCC tissues, ΔNp63 expression was 
positively correlated with RSK4 expression at both the mRNA 
and protein levels (Figure 4, D and E, and Supplemental Figure 
3G), and similar results were obtained from IHC of 215 ESCC 
samples (Figure 4F) and in the Gene Expression Omnibus 
(GEO) cohort (Supplemental Figure 3H). As previously report-
ed (36, 37), patients with ESCC with high ΔNp63 protein levels 
had worse OS and PFS than did their low-expression counter-
parts (Supplemental Figure 3I).

Western blot assays showed that RSK4 expression, but not 
that of its sibling RSK2, which has been reported to be onco-
genic in SCC (12), was positively correlated with ΔNp63 expres-
sion in ESCC cell lines (Supplemental Figure 3J). Moreover, 
ΔNp63α upregulated RSK4 expression when stably transfected 
into ECA109 and EC9706 cells, whereas knockdown of ΔNp63 
decreased the level of RSK4 in TE10 and TE11 cells (Figure 4, G 
and H). By contrast, RSK2 protein levels and phosphorylation of 
its known downstream substrates HSP27 and CREB, which have 
been implicated in SCC (12), were not significantly affected by 
ΔNp63 overexpression or downregulation (Supplemental Figure 
3K). Therefore, it appears that ΔNp63α transcriptionally regulates 
the expression of RSK4 but not of RSK2 in ESCC. From transcrip-
tion factor prediction analysis, we identified a putative p63 bind-
ing site between –644 and –625 upstream of the transcriptional 
initiation site in the RPS6KA6 promoter (Figure 4A). The lucifer-
ase reporter assays showed that RPS6KA6 promoter activity was 
greatly enhanced in HEK293T cells transfected with ΔNp63α, 
whereas a deletion mutation of this p63 binding site nullified this 
transactivation (Figure 4I). Exogenous and endogenous ChIP 
assays confirmed the direct binding of ΔNp63α to the RPS6KA6 
promoter in both ECA109 and TE10 cells (Figure 4J and Supple-
mental Figure 3L). Taken together, these results suggest that RSK4 
is highly upregulated together with ΔNp63 in ESCC and that RPS-
6KA6 is a ΔNp63α target gene.

RSK4 mediates the ΔNp63α-enhanced CSC properties and 
radioresistance of ESCC cells. To investigate the involvement 
of RSK4 in the function of ΔNp63α in ESCC, we generated an 
ECA109 clone with ΔNp63α overexpression and RSK4 knock-
down and a TE10 clone with ΔNp63 knockdown and RSK4 over-
expression (Supplemental Figure 4A). ΔNp63α overexpression 
led ECA109 cells to acquire CSC properties, as evidenced by 
the increased sphere-forming ability, ALDH activity, percent-
age of CD90+ cells, and protein levels of CD271, ABCG2, BMI-
1, NANOG, OCT4, and SOX2. However, the ΔNp63α-induced 
CSC properties were largely abolished by RSK4 knockdown. We 
also obtained similar results in TE10 cells, in which the reduc-
tion in CSC properties through ΔNp63 knockdown was partially 
rescued by RSK4 overexpression (Figure 5, A–C, and Supple-
mental Figure 4B). With respect to radioresistance, ESCC cells 
with ΔNp63α overexpression had a significantly increased col-
ony-forming ability and decreased caspase-3 activity after irra-
diation, whereas ΔNp63α-induced radioresistance was largely 
impaired by RSK4 knockdown. By contrast, RSK4 overexpres-
sion greatly restored the radioresistance of ΔNp63-knockdown 
cells (Figure 5, D and E). The activating phosphorylation of 
checkpoint proteins ATM and CHK2 induced by irradiation was 
significantly increased in ΔNp63α-overexpressing ECA109 cells, 
whereas ΔNp63α-induced DNA damage checkpoint responses 
were largely impaired by RSK4 knockdown. Similar results were 
also obtained in TE10 cells, in which the inhibition of DNA dam-
age checkpoint responses through ΔNp63 knockdown was par-
tially rescued by RSK4 overexpression (Figure 5F). The comet 
assay showed that ESCC cells with ΔNp63α overexpression had a 
markedly increased DNA damage repair efficiency; however, the 
ΔNp63α-induced DNA repair efficiency was largely abolished 
by RSK4 knockdown. By contrast, RSK4 overexpression greatly 
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Figure 4. ΔNp63α directly transactivates RSK4 expression in ESCC. (A) Predicted binding sites for p63 in the promoter regions of RPS6KA6. (B) IHC analysis 
of ΔNp63 and RSK4 proteins showing an identical coexpression pattern in serial sections of the esophageal epithelial basal and suprabasal layers. Scale bar: 
50 μm. (C) Correlation between the RPS6KA6 and TP63 mRNA expression patterns in the GTEx esophagus mucosa data set. (D) mRNA levels of ΔNp63 and 
RPS6KA6 in 30 ESCC samples were determined by real-time PCR. GAPDH was used as a loading control. (E) Expression of ΔNp63 and RSK4 in 30 ESCC sam-
ples was detected by Western blotting. The results of other samples are presented in Supplemental Figure 3G. Protein expression was normalized to β-actin 
levels. (F) Representative IHC images of ΔNp63 and RSK4 protein expression in patients with ESCC. Scale bar: 100 μm. Histograms show the correlation of 
the IHC data for high or low RSK4 expression relative to the level of ΔNp63. (G) ΔNp63α overexpression upregulated, whereas ΔNp63 silencing reduced, RPS-
6KA6 mRNA expression in ESCC cells (n = 3 independent experiments). (H) ΔNp63α overexpression upregulated, whereas ΔNp63 silencing reduced, RSK4 
protein expression in ESCC cells. (I) ΔNp63α induced reporter activity of the WT RPS6KA6 promoter rather than the p63 responsive element deletion mutant 
(MUT) promoter, as determined by a luciferase reporter assay in HEK293T cells (n = 3 independent experiments). (J) Exogenous and endogenous ChIP analy-
sis of the interaction between ΔNp63 protein and the RPS6KA6 promoter in ESCC cells (n = 3 independent experiments). Data represent the mean ± SD. **P 
< 0.01 and ***P < 0.001. Differences were tested using an  unpaired, 2-sided Student’s t test (G, I, and J) and a χ2 test (F). The correlation was determined by 
Pearson’s correlation test (C–E).
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F, and Supplemental Figure 5D). Molecular mapping using trun-
cated RSK4 revealed that the N-terminal kinase domain (NTKD) 
was responsible for the interaction with GSK-3β (Figure 6G).

The correlation between RSK4 and p–GSK-3β (Ser9) was also 
found in ESCC samples by IHC (Supplemental Figure 5E). Clin-
ical association studies found that upregulation of the p–GSK-3β 
(Ser9) protein was associated with lymph node metastasis and 
vascular invasion (Supplemental Table 5), similar to that seen 
with RSK4. Kaplan-Meier survival analysis showed that patients 
with ESCC patients who had higher p–GSK-3β (Ser9) protein lev-
els had worse OS and PFS than did their counterparts with low 
expression levels (Supplemental Figure 5F). In summary, RSK4 
phosphorylates GSK-3β (Ser9) through direct interactions in 
ESCC cells, and coexpression of RSK4 and p–GSK-3β has prog-
nostic value for clinical ESCC.

RSK4 stabilizes β-catenin through phosphorylation of GSK-3β 
(Ser9) in ESCC cells. It has been reported that the Wnt/β-caten-
in signaling pathway is closely involved in the maintenance and 
associated radioresistance of CSCs (39). The protein expres-
sion and nuclear localization of β-catenin are tightly regulated 
by GSK-3β, with phosphorylation of GSK-3β at Ser9 leading to 
reduced degradation of β-catenin, followed by its subsequent 
nuclear translocation (40). Here, we examined whether this 
pathway is altered in response to the modulation of RSK4 in 
ESCC cells. Western blotting showed that higher RSK4 levels in 
ESCC cells were associated with a longer half-life and reduced 
ubiquitination of β-catenin (Figure 7, A and B). By contrast, RSK4 
depletion or treatment with BI-D1870 accelerated β-catenin deg-
radation, which was reversed by the addition of MG132, a protea-
some inhibitor (Figure 7C). Moreover, RSK4 stabilized β-catenin 
in the presence of GSK-3β WT but not GSK-3β S9A in ESCC cells, 
which was similar to overexpression of GSK3β S9D (constitu-
tively inactivated mutation) or addition of the GSK3β inhibitor 
AR-A014418 (Figure 7, D and E), further highlighting the impor-
tance of GSK-3β (Ser9) phosphorylation by RSK4 for β-catenin 
stabilization. In addition, RSK4 promoted CSC properties and 
radioresistance in the presence of GSK-3β WT but not GSK-3β 
S9A in ESCC cells (Figure 7, F and G).

ΔNp63α overexpression dramatically increased the ratio 
of nuclear β-catenin and β-catenin protein levels in both the 
cytoplasm and nucleus, whereas the increase was largely abol-
ished by RSK4 knockdown in ECA109 cells. By contrast, TE10 
cells with ΔNp63 downregulation exhibited significant res-
toration of β-catenin activity when RSK4 was overexpressed 
(Figure 7H and Supplemental Figure 5G). The importance of 
these effects was strengthened by the assessment of the total 
and phosphorylated (inactive state) protein levels of β-catenin 
and expression of the Wnt/β-catenin pathway downstream tar-
gets MYC, CD44, and TCF1 (Figure 7I). In addition, RPS6KA6 
mRNA levels were positively correlated with HNF1A (encoding 
TCF1) and CD44 in ESCC specimens from the GEO cohorts 
(Supplemental Figure 5H). To demonstrate that RSK4-depen-
dent ESCC CSC properties and radioresistance are mediated 
through Wnt/β-catenin signaling, we treated RSK4-overex-
pressing ECA109 cells with the Wnt/β-catenin inhibitor iCRT3. 
Notably, inhibition of Wnt/β-catenin signaling greatly reduced 
the sphere-forming ability of CSCs and increased caspase-3 

restored the DNA repair efficiency of ΔNp63-knockdown cells 
(Supplemental Figure 4C). This result was further confirmed by 
assessing the dynamic changes in γ-H2AX levels after irradia-
tion (Figure 5G). Altogether, these results suggest that RSK4 is 
essential for ΔNp63α-mediated CSC properties and the radiore-
sistance of ESCC cells.

RSK4 directly phosphorylates GSK-3β (Ser9) in ESCC. To further 
investigate the mechanism underlying the role of RSK4 in ESCC, 
we performed a MAPK pathway phosphorylated antibody  array 
analysis (Supplemental Table 4) of ESCC cell lines with exoge-
nous RSK4 expression after treatment with the RSK inhibitor 
BI-D1870. With respect to the identified phosphorylated proteins, 
we found GSK-3β, a major serine/threonine kinase that is aber-
rantly activated in various cancer types and is involved in CSC 
properties and therapy resistance (38), to be highly phosphorylat-
ed at serine residue 9 (Ser9) in ECA109 cells expressing RSK4, 
whereas treatment with the RSK inhibitor BI-D1870 decreased 
the level of GSK-3β (Ser9) phosphorylation (Figure 6A). More-
over, Western blotting showed that RSK4 knockdown reduced the 
ΔNp63α-induced phosphorylation of GSK-3β (Ser9), whereas the 
reduction in phosphorylated GSK-3β (p–GSK-3β) (Ser9) through 
ΔNp63 knockdown was rescued by RSK4 overexpression (Figure 
6B). Sequence alignment analysis showed that Ser9 of GSK-3β 
is highly conserved from fruit fly to human, suggesting that this 
phosphorylation site may have important biological functions 
(Supplemental Figure 5A). On the basis of these results, we pro-
pose that RSK4 may directly phosphorylate GSK-3β (Ser9). The 
results of an in vitro kinase assay showed that active RSK4 pro-
tein directly phosphorylated GSK-3β (Ser9), with phosphorylation 
of RPS6 at Ser235/236 used as a positive control (Figure 6C). We 
found that the phosphorylation level of GSK-3β was inhibited 
in vitro when treated with BI-D1870 (Supplemental Figure 5B), 
which we confirmed using an antibody that specifically detected 
the level of p–GSK-3β (Ser9) (Figure 6D). Moreover, RSK4 and 
GSK-3β colocalized in ESCC cells (Supplemental Figure 5C), and 
the results of glutathione S-transferase–pulldown (GST- pull-
down) assays as well as exogenous and endogenous co-IP assays 
confirmed the direct binding of RSK4 to GSK-3β (Figure 6, E and 

Figure 5. RSK4 is essential for ΔNp63α-mediated CSC properties 
and radioresistance of ESCC cells. (A) Knockdown of RSK4 abolished 
ΔNp63α-enhanced sphere formation ability, whereas RSK4 overex-
pression partially restored the effects of ΔNp63-suppressed sphere 
formation (n = 3 independent experiments). Scale bars: 100 μm. (B) 
Flow cytometric analysis of ALDH activity and the proportion of CD90+ 
cells in ESCC cells from the indicated groups (n = 3 independent experi-
ments). (C) Western blot analysis of ESCC CSC markers in the indicated 
groups. (D) Clonogenic survival assays of ESCC cells in the indicated 
groups at IR doses of 0, 3, and 6 Gy (n = 3 independent experiments). 
(E) Relative caspase-3 activity 24 hours after IR (10 Gy) of ESCC cells 
in the indicated groups (n = 3 independent experiments). (F) Western 
blot analysis of phosphorylated and total amounts of the checkpoint 
proteins ATM and CHK2 from the indicated groups 1 hour after 10 Gy 
IR. (G) ESCC cells from the indicated groups were treated with 10 Gy 
IR and recultured under normal conditions for 1 and 6 hours, and then 
subjected to Western blot analysis with γ-H2AX antibody. 0 h, cells 
with IR treatment but with no time for DNA repair. Data represent the 
mean ± SD. **P < 0.01 and ***P < 0.001. Differences were tested using 
an unpaired, 2-sided Student’s t test (A, B, D, and E).
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tumor-bearing mice with BI-D1870 and irradiation also reduced 
the growth and weight of ESCC xenograft tumors more signifi-
cantly than did treatment with each alone (Figure 8I). Altogeth-
er, these results indicate that disruption of the RSK4 pathway 
by BI-D1870 suppressed the CSC properties and enhanced the 
radiosensitivity of ESCC cells.

It has been reported that BI-D1870 has other targets such as 
PLK1 and Aurora B, whose IC50 values are 7-fold and 23-fold high-
er, respectively, than that of RSK4 in vitro (41). To verify whether 
BI-D1870 had an off-target effect on PLK1 and Aurora B in ESCC 
cells, we performed a dose-response analysis to determine the 
BI-D1870 concentration that would not inhibit PLK1 and Aurora 
B in TE10 cells. We found that the expression levels of PLK1 and 
Aurora B proteins and the phosphorylation of their downstream 
substrates were not affected by BI-D1870 at a concentration of 5 
μM (Supplemental Figure 6L). At this concentration, GSK-3β (Ser9) 
phosphorylation was strongly inhibited in TE10 cells (Supplemen-
tal Figure 6B). Next, we tested whether BI-D1870 enhanced the 
radiosensitivity of ESCC cells at the 5-μM concentration. Com-
bined treatment of BI-D1870 and irradiation achieved the stron-
gest proliferation inhibition and highest caspase-3 activity com-
pared with each treatment alone (Supplemental Figure 6, M and 
N). Moreover, combined treatment with BI-D1870 and irradiation 
resulted in higher DNA content in the comet tail and higher γ-H2AX 
levels 6 hours after irradiation than did treatment with irradiation 
alone (Supplemental Figure 6, O and P). These results suggest that 
BI-D1870 can improve the radiosensitivity of ESCC cells at a con-
centration that does not inhibit PLK1 and Aurora B activity.

RSK4 inhibition with BI-D1870 sensitizes radiotherapy in ESCC 
patient–derived xenografts. Patient-derived xenograft (PDX) 
tumors are known to closely resemble primary tumors, and 
their use has transformed anticancer drug research, enabling 
the study of therapeutic responses and accelerating the transi-
tion from the bench to the clinic (42). We obtained ESCC tumor 
specimens from 28 patients to establish PDX models, and nearly 
80% of these tumors  expressed the RSK4 protein at a high lev-
el, indicating that RSK4 overexpression is a common event in 
ESCC. However, we detected no significant differences in RSK4 
expression between successful PDX models and unsuccessful 
ones (Supplemental Figure 7A). Two PDX tumors (cases 03 and 
06) with high RSK4 expression and 1 PDX tumor (case 02) with 
negative RSK4 expression were selected for further analysis 
by IHC staining of grafted tumors collected from the animals. 
These tumors were all RSK2 protein negative (Supplemental Fig-
ure 7B). BI-D1870 strongly attenuated the growth and weight of 
high RSK4-expressing PDX tumors; in sharp contrast, BI-D1870 
failed to reduce the growth and weight of RSK4-negative PDX 
tumors (Figure 9A and Supplemental Figure 7C). The levels of 
Wnt/β-catenin pathway–associated and CSC-associated pro-
teins and the Ki-67 index were greatly reduced, whereas apopto-
sis and DNA damage were significantly increased in RSK4-high, 
but not RSK4-negative, PDX tumors after BI-D1870 treatment 
(Figure 9, B–D). Moreover, the growth curves of body weight; 
the histology of the liver, lung, and kidney; and the results of 
functional tests of the liver and kidney from mice treated with 
BI-D1870 or vehicle suggest that BI-D1870 is a well-tolerated 
agent without severe toxicity to these organs (Supplemental 

activity after irradiation in RSK4-overexpressing cells (Fig-
ure 7, J and K, and Supplemental Figure 5I), showing that this 
pathway mediates the upregulation of RSK4-dependent CSC 
properties and radioresistance in ESCC cells. Altogether, these 
results indicate that RSK4 phosphorylation of GSK-3β (Ser9) is 
essential for activating the Wnt/β-catenin pathway to promote 
ESCC CSC properties and radioresistance.

Disruption of the RSK4 pathway reduces CSC properties and 
improves the radiosensitivity of ESCC. On the basis of a compu-
tational simulation, we constructed a model of the 3D structure 
of RSK4 NTKD by homology modeling and in silico docking of 
BI-D1870, a highly specific and potent inhibitor of the NTKD of 
RSKs (41), to the ATP-binding site of RSK4. BI-D1870 had strong 
intermolecular interactions with the NTKD of RSK4 by forming 
2 hydrogen bonds with the hinge region and another 2 hydrogen 
bonds with residues Lys105 and Asp216 (Supplemental Figure 
6A). BI-D1870 inhibited GSK-3β (Ser9) phosphorylation in ESCC 
cells in a dose-dependent manner, with nearly 100% inhibition at 
a concentration of 10 μM (Supplemental Figure 6B). At this con-
centration, BI-D1870 greatly suppressed CSC properties as well as 
β-catenin activity and expression of the Wnt/β-catenin pathway 
downstream targets of ESCC cells. However, RSK4-knockdown 
cells were not sensitive to BI-D1870 treatment compared with 
control cells, indicating that RSK4 is a key target of BI-D1870 for 
the inhibition of CSC properties and the Wnt/β-catenin pathway 
in ESCC cells (Figure 8, A–D, and Supplemental Figure 6, C–F). 
Furthermore, BI-D1870 inhibited ESCC CSC growth but had lit-
tle effect on matched non-stem ESCC cells (Supplemental Figure 
6G), indicating that BI-D1870 specifically disrupted ESCC CSC 
growth and maintenance. On the other hand, treatment of ESCC 
cells with BI-D1870, with RSK4 knockdown, or with both did not 
significantly change the expression levels of RSK1–3 proteins or 
the phosphorylation of their downstream substrates, indicating 
that RSK1–3 may not be involved with BI-D1870 in inhibiting the 
malignant phenotypes of ESCC (Supplemental Figure 6H).

We next examined whether RSK4 inhibition by BI-D1870 
could improve the therapeutic efficacy of radiotherapy for 
treating ESCC. BI-D1870 or irradiation treatment each sup-
pressed ESCC cell proliferation, whereas the combined treat-
ment achieved the strongest inhibition of proliferation (Fig-
ure 8E). BI-D1870 or irradiation treatment each induced cell 
apoptosis, and the combined treatment again exhibited the 
strongest effect (Figure 8F and Supplemental Figure 6I). These 
observations were supported by an assessment of the protein 
levels of the apoptosis markers cleaved caspase-3 and cleaved 
PARP (Supplemental Figure 6J). Furthermore, the activat-
ing phosphorylation of checkpoint proteins ATM and CHK2 
induced by irradiation was markedly decreased with BI-D1870 
treatment (Figure 8G), demonstrating that disruption of the 
RSK4 pathway reduced checkpoint activation in response to 
DNA damage. In addition, as assessed by immunofluorescence 
staining for γ-H2AX, combined treatment with BI-D1870 and 
irradiation induced more DNA damage than did treatment 
with irradiation alone (Figure 8H). We further confirmed this 
result by the comet assay after irradiation (Supplemental Fig-
ure 6K), which indicated that DNA damage repair was impaired 
by disruption of the RSK4 pathway. Concomitant treatment of 
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activating the Wnt/β-catenin pathway, enhancing CSC properties, 
and increasing ESCC resistance to radiotherapy. Most import-
ant, pharmacologic inhibition of RSK4 using BI-D1870 markedly 
attenuated CSC properties and enhanced the antitumor activity of 
radiotherapy in both nude mice and PDX models.

Our findings provide further evidence of the role of p63 as a 
key regulator in ESCC. ΔNp63α is the predominant p63 isoform 
expressed in basal epithelial cells and is essential for squamous 
epithelial development (43). Furthermore, ΔNp63α is frequently 
overexpressed in ESCC and has been implicated in CSC proper-
ties (44, 45). Meera et al. reported that ΔNp63α is associated with 
the B56α regulatory subunit of protein phosphatase 2A (PP2A), 
leading to inhibition of PP2A-mediated GSK-3β reactivation, 
which induces nuclear accumulation of β-catenin and activates 
β-catenin–dependent transcription in SCC (46). PP2A is a phos-
phatase that can mediate GSK-3β dephosphorylation, thereby 
increasing its activity (47). However, how ΔNp63α inhibits the 
activity of PP2A is not clear. Here, we identified the functional link 
between p63 and the new target gene RSK4 and demonstrated 

Figure 7, D–F). Finally, the combination of BI-D1870 and irra-
diation was even more effective at reducing tumor growth and 
weight in ESCC PDX models than treatment with either alone 
(Figure 10A). Furthermore, IHC staining of cleaved caspase-3 
and Ki-67 demonstrated that, whereas BI-D1870 or irradiation 
treatment alone induced apoptosis and reduced the prolifera-
tion of tumor cells in ESCC PDX models, combined treatment 
resulted in substantially more apoptosis and greater prolifera-
tion inhibition (Figure 10B). Taken together, these results con-
firm that BI-D1870 inhibited tumor growth and improved the 
therapeutic efficacy of radiotherapy in ESCC PDX models and 
that RSK4 expression levels positively correlated with the ther-
apeutic response.

Discussion
Here, we revealed RSK4 to be an oncogenic driver in ESCC that 
promotes CSC properties and radioresistance. First, we systemat-
ically identified RSK4 as a direct target of ΔNp63α that was fre-
quently amplified in ESCC. RSK4 phosphorylates GSK-3β at Ser9, 

Figure 6. RSK4 directly phosphorylates GSK-3β (Ser9). (A) MAPK pathway phosphorylated antibody microarray analysis shows that p–GSK-3β (Ser9) 
was significantly increased when RSK4 was stably overexpressed and decreased when treated with 10 μM BI-D1870 (an inhibitor of RSK) for 12 hours (n 
= 3 independent experiments). (B) Western blot analysis showing that downregulation of RSK4 resulted in a reduced level of ΔNp63α-induced p–GSK-3β 
(Ser9) (S9) (left), whereas RSK4 overexpression partially reversed the reduction in phosphorylation levels through ΔNp63 knockdown (right). (C) Active 
RSK4 phosphorylated GSK-3β at Ser9 in vitro in the presence of [γ-32P] ATP as visualized by an autoradiograph. The RPS6 (Ser235/236) peptide was used 
as a positive control. The input was confirmed by silver staining. (D) Validation of p–GSK-3β (Ser9) phosphorylation levels in an in vitro kinase assay 
by Western blotting. The levels of p–GSK-3β were inhibited when treated with BI-D1870 for 2 hours. WT GSK-3β and mutant GSK-3β S9A were used as 
substrates for active RSK4. (E) An in vitro GST-pulldown assay was performed to verify the interaction of RSK4 with purified His–GSK-3β protein (left) or 
GSK-3β from TE10 cell lysates (right). Retrieved proteins were evaluated by immunoblotting. GST-only protein was used as a negative control. GST fusion 
proteins were confirmed by silver staining. (F) The interaction of RSK4 and GSK-3β was confirmed by an endogenous co-IP assay in TE10 cells. IgG served 
as a negative control. (G) Mapping analyses of full-length and truncated RSK4 with representative co-IP assays in HEK293T cells showing that the NTKD 
of RSK4 was responsible for the interaction with GSK-3β. C, CTKD; K, kinase interaction motif (KIM); N, NTKD. Data represent the mean ± SD. *P < 0.05. 
Differences were tested using 1-way ANOVA with Tukey’s post hoc test (A).
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(24). Distinct RSK4 isoforms may explain, to some extent, why 
RSK4 acts so differently in multiple cancers, as different iso-
forms may have unique or even opposite functions, such as the 
roles of STAT3 α and β in ESCC (48). In the present study, we 
used an antibody developed by The Human Protein Atlas proj-
ect to study the role of RSK4 in ESCC, which, we believe, makes 
our study more meaningful and consistent.

With regard to other members of the RSK family, RSK2 was 
reported to be involved in SCC progression (12). In the present 
study, we found no significant difference in RSK2 mRNA levels 
between ESCC and adjacent nontumor tissues. Moreover, the 
protein levels of RSK2 and phosphorylation of its downstream tar-
gets were not significantly affected by ΔNp63 overexpression or 
downregulation in ESCC cells. In addition, RNA-Seq data generat-
ed under conditions of p63 depletion in human keratinocytes and 
SCC cell lines showed that only RSK4, rather than the other mem-
bers of the RSK family, was downregulated by p63 knockdown. 
Furthermore, ESCC cells treated with BI-D1870 did not evidently 
have altered levels of the RSK1–3 proteins or phosphorylation of 
their downstream substrates. Altogether, these findings suggest 
that RSK4, but not other RSK family members, plays a key role in 
ESCC CSC properties and radioresistance.

Canonical Wnt/β-catenin signaling supports the formation 
and maintenance of CSCs and radioresistance (39). Consistent 
with the physiological roles of GSK-3β in negatively regulating 
canonical Wnt/β-catenin signaling, inhibition of GSK-3β is a 
prerequisite for the maintenance of CSC properties and radio-
resistance (40). Although it has been reported that RSK2 can 
phosphorylate GSK-3β at Ser9 (49), we found that GSK-3β was a 
binding partner and substrate of RSK4. To our knowledge, GSK-
3β is the first direct substrate of RSK4 to our date to be identified 
with direct evidence. RSK4 phosphorylated GSK-3β at Ser9 and 
reduced its activity, resulting in the enhancement of ESCC CSC 
properties and radioresistance by stabilizing β-catenin. Surpris-
ingly, using an in vitro kinase assay, we also discovered that GSK-
3β may directly phosphorylate RSK4 in turn (Figure 5C). It is well 
known that a number of proteins phosphorylated by GSK-3β are 
targeted by E3-ubiquitin ligases, leading to subsequent proteaso-
mal degradation, such as of β-catenin (50), Snail (51), and Mcl-1 
(52). Therefore, we speculate that RSK4 phosphorylated by GSK-
3β may also be degraded in a proteasome-dependent manner, 
thus leading to more stabilized RSK4 when GSK-3β is inactivated 
by RSK4 phosphorylation, which is likely a previously unknown 
RSK4–GSK-3β feedback loop in ESCC.

Radiotherapy is a primary treatment option for locally 
advanced or unresectable ESCC; however, there have been 
no significant improvements in OS of patients with advanced 
ESCC (53). The current concept to account for the increased 
mortality and therapy failure is that CSCs are mainly respon-
sible for radioresistance and are the principal cause of cancer 
relapse (6, 54), suggesting that elimination of CSCs is crucial 
for improving ESCC treatment and overcoming its therapeutic 
resistance. However, CSC-targeting drugs are still unavailable 
in ESCC clinical practice. Thus, the development of anti-CSC 
therapeutics based on ESCC CSC–specific targets is promis-
ing for curing this type of cancer. In the search for CSC-spe-
cific functional targets in ESCC, we identified RSK4 as a 

the transcriptional regulation of RSK4 by ΔNp63α to activate the 
Wnt/β-catenin signaling pathway in ESCC, which could be anoth-
er potential mechanism for ΔNp63α to promote CSC properties 
and radioresistance.

RSK4 has previously been reported to play different roles 
in multiple cancers. Dewdney et al. reported that RSK4 is fre-
quently hypermethylated in endometrial cancer compared 
with normal endometrial tissues (17). It was also found that 
RSK4 expression limits the oncogenic, invasive, and metastatic 
potential of breast cancer cells (18). These findings suggest that 
RSK4 may have an antitumor effect, which is further support-
ed by the downregulation of RSK4 expression in ovarian cancer 
(19) and acute myeloid leukemia (20). By contrast, Thakur et al. 
(25) observed that the expression of RSK4 mRNA was higher in 
transgenic mouse mammary tumors and human breast cancer 
tissues than in normal mammary tissues. Furthermore, RSK4 
overexpression is associated with sunitinib resistance in kidney 
carcinoma and melanoma cell lines (21) and can mediate resis-
tance to PI3K pathway inhibitors in breast cancer (22), indicat-
ing that RSK4 may regulate treatment resistance and can pro-
mote tumor progression. Our laboratory previously discovered 
that RSK4 is overexpressed in RCC as well as promotes cell-cy-
cle progression and enhances the invasive and metastatic capa-
bility of RCC cell lines (23). This study advanced our knowl-
edge of the association of RSK4 in ESCC. Our data not only 
reveal roles for RSK4 in promoting ESCC CSC properties and 
radioresistance but also identify RSK4 as a potential target for 
treating ESCC through pharmacologic inhibition. Using a panel 
of antibodies, we have previously reported that RSK4 protein 
may exist as several isoforms besides the known 84-kDa form 

Figure 7. RSK4 activates the Wnt/β-catenin pathway. (A) Control or 
RSK4-overexpressing ECA109 cells were incubated with CHX (10 μg/
mL) for the indicated durations. High RSK4 expression prolonged the 
half-life of β-catenin degradation (n = 3 independent experiments). (B) 
HEK293T cells were transfected with the indicated plasmids, and cell 
extracts were immunoprecipitated with an anti-His antibody. Ubiq-
uitinated β-catenin was detected by immunoblotting. (C) Control or 
RSK4-silenced TE10 cells were incubated with CHX (10 μg/mL), CHX plus 
BI-D1870 (10 μM), or  MG132 (10 μM) for the indicated durations. The 
indicated proteins were detected by immunoblotting (n = 3 independent 
experiments). (D) HEK293T cells were transfected with the indicated 
plasmids and incubated with CHX (10 μg/mL) for the indicated dura-
tions. The indicated proteins were detected by immunoblotting (n = 3 
independent experiments). (E) HEK293T cells were transfected with the 
indicated plasmids, and cell extracts were immunoprecipitated with an 
anti-His antibody. Ubiquitinated β-catenin was detected by immuno-
blotting. (F and G) ECA109 cells were transfected with the indicated 
plasmids, and then CSC markers (F) and caspase-3 activity after IR 
(10 Gy) (G) of the indicated groups were detected (n = 3 independent 
experiments). (H) Representative images of the nuclear localization of 
β-catenin in ESCC cells from the indicated groups detected using immu-
nofluorescence microscopy. Scale bars: 100 μm. (I) Effects of knockdown 
or overexpression of RSK4 on the indicated proteins in ΔNp63α-over-
expressing or ΔNp63-suppressing ESCC cells. (J and K) Treatment of 
RSK4-overexpressing cells with 50 μM iCRT3 (an inhibitor of β-catenin 
signaling) for 24 hours greatly reduced their sphere-forming ability (J) 
and increased caspase-3 activity after IR (K) (n = 3 independent exper-
iments). BI, BI-D1870; AR, AR-A014418. Data represent the mean ± SD. 
*P < 0.05 and **P < 0.01. Differences were tested using 1-way ANOVA 
with Tukey’s post hoc test (G, J, and K).
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the test results were negative. Cells were cultured in DMEM (Thermo 
Fisher Scientific) with 10% FBS (Gibco, Thermo Fisher Scientific) at 
37°C in an incubator with 5% CO2. BI-D1870, AR-A014418, iCRT3, and 
MG-132 were purchased from Selleckchem Inc., and cycloheximide 
(CHX) was purchased from MedChemExpress (MCE). The cells and 
mice were irradiated by x-rays using the MBR-1520R-3 system (Hitachi 
Medico Technology) with the indicated dosages.

Tissue microarray. Multiple human normal and tumor organ tissue 
arrays were purchased from US Biomax Inc. (MC5003c). This array 
contained 20 types of normal human tissues (n = 5 specimens for 
each tissue type) and corresponding tumor tissues (n = 20 specimens 
for each tissue type), including stomach, skin, prostate, brain, ovary, 
breast, testis, colon, bladder, uterus, thyroid, lung, head and neck, 
lymph node, soft tissue, liver, pancreas, kidney, cervix, and esopha-
gus (Supplemental Table 1). ESCC specimens and matched adjacent 
normal tissues were used to construct a tissue microarray (HEso-Squ-
180Sur-03, Shanghai Biochip).

IHC. Paraffin-embedded tissues were sectioned at 4-μm thick-
ness. Slides were baked at 60°C for 1 hour and then deparaffinized, 
rehydrated, and treated with 3% hydrogen peroxide for 10 minutes. 
Antigen retrieval was performed in citrate buffer, pH 6.0, in a steamer 
for 2 minutes or in Tris-EDTA buffer, pH 9.0, at 100°C for 20 minutes. 
After the slides were blocked with 5% BSA in PBS for 30 minutes, tis-
sue sections were incubated overnight at 4°C with the indicated prima-
ry antibodies. Antibody information is shown in Supplemental Table 
6. Subsequently, a standard rapid EnVision (Dako) technique was 
used to detect the protein conjugates and develop the color. Finally, 
the sections were visualized after counterstaining with hematoxylin. 
Serial sections of ESCC were run in parallel with the primary antibody 
replaced by PBS and mouse IgG1 (Santa Cruz Biotechnology) as blank 
and negative controls.

Evaluation of IHC staining. The sections were photographed under 
an optical microscope (BX51, Olympus), and photos were captured 
with the software DP2-BSW (Olympus). IHC staining was evaluated 
simultaneously by 2 observers who had no knowledge of the clinico-
pathological features of the patients. The H-score was calculated by 
adding the multiplication of the different staining intensities in 4 gra-
dations (0, 1+, 2+, 3+), with each percentage of positive cells: H-score 
= 1× (% cells 1+) + 2× (% cells 2+) + 3× (% cells 3+). Finally, a score 
from 0–300 points was obtained (58). We used the median H-score 
in the cohort as a cutoff to distinguish between high and low protein 
expression levels.

Clonogenic assay. Equal numbers of ESCC cells were plated in 
6-cm tissue culture dishes at a clonogenic density (100 cells/dish) and 
allowed to adhere overnight. Subsequently, cells were irradiated with 
a single dose of 0, 3, or 6 Gy. Clonogenic assay procedures were per-
formed as described previously (59). The survival fraction was calcu-
lated as follows: (number of colonies/number of cells plated)irradiated/
(number of colonies/number of cells plated)nonirradiated.

In vitro kinase assay. RSK4 active kinase and 10× kinase buf-
fer were purchased from MilliporeSigma. His-GSK-3β WT protein 
was purchased from Sino Biological (10044-H07B). GSK-3β S9 
peptide was synthesized by GL Biochem, and RPS6 peptide was 
purchased from Abcam (ab204879). His–GSK-3β S9A protein was 
expressed in E. coli BL21 bacteria. Bacteria were grown at 37 °C to 
an absorbance of 0.6–0.8 at 600 nm and induced with 1 mM iso-
propyl β-d-thiogalactopyranoside (IPTG) at 30°C for 4 hours. All 

molecular target and therapeutic candidate, as evidenced by 
its strong sphere-forming ability and in vivo tumor-initiating 
potential. These results are in line with evidence that RSK4 is 
constitutively activated under serum-starved conditions (16), 
which partly contributes to tumor sphere formation for acquir-
ing stemness under serum-free conditions. There are several 
potential advantages of targeting RSK4 therapeutically: first, 
the preferential RSK4 upregulation in ESCC cells compared 
with normal esophageal epithelium suggested a favorable ther-
apeutic index for RSK4 inhibition in ESCC; second, RSK4 was 
critical for ESCC CSC proliferation and maintenance of CSC 
self-renewal and tumorigenic potential, and thus its pharma-
cological disruption would eradicate CSCs; third, inhibition of 
RSK4 significantly disrupted DNA damage checkpoint respons-
es and DNA damage repair and increased the radiosensitivity 
of ESCC cells, suggesting a synergistic potential of RSK4 inhi-
bition with radiotherapy in ESCC; and fourth, RSK4 is a kinase 
with ATP-binding sites in its kinase domain, which makes it 
amenable for the development of irreversible and specific 
small-molecule inhibitors (9). Our current study demonstrates 
that the combination of BI-D1870 and irradiation markedly 
attenuated tumor growth in ESCC xenografts and PDX mod-
els, suggesting that combinatorial RSK4-targeted therapy may 
enhance the efficacy of radiotherapy in ESCC.

Several small-molecule inhibitors have been reported that 
specifically target the NTKD or C-terminal kinase domain 
(CTKD) of RSKs. However, current RSK inhibitors target more 
than just 1 RSK isoform, which may limit their efficacy as thera-
peutic agents (55). BI-D1870 is a dihydropteridinone that revers-
ibly binds the ATP pocket of the NTKD and is a more potent 
inhibitor of RSK4 than other RSK family members, given its low-
er IC50 for RSK4 than for other RSKs (41). However, the disad-
vantages of BI-D1870 include its poor pharmacokinetic profile 
due to its poor stability, its high clearance, and its short plasma 
half-life (56, 57). It is suggested that the structural divergence 
between the NTKDs of the RSK isoforms could be exploited for 
the design of isoform-selective RSK inhibitors (55). Considering 
that RSK4 plays a significant role in ESCC progression, high- 
efficiency and specific RSK4 isoform–selective inhibitors urgent-
ly need to be developed.

In conclusion, we established RSK4 as a key oncogenic factor 
in ESCC (Supplemental Figure 8). This study not only describes 
a ΔNp63α/RSK4/GSK-3β axis to promote CSC properties and 
radioresistance in ESCC, but also reveals a clinical opportunity 
involving combined RSK4 inhibitor and radiotherapy for treating 
patients with ESCC. These findings establish a working model 
encompassing the function of RSK4 action on malignant progres-
sion and prognostic prediction in ESCC and reveal a promising 
drug target for the treatment of these aggressive malignancies.

Methods
Further details on methods can be found in the Supplemental Methods.

Cell culture, reagents, and irradiation. HEK293T cells and the human 
ESCC cell lines ECA109, EC9706, TE10, and TE11 were obtained 
from the Type Culture Collection of the Chinese Academy of Scienc-
es (Shanghai, China). All cell lines were verified through short tandem 
repeat DNA profiling. Mycoplasma contamination was checked, and 
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(NEG502A, Thermo Fisher Scientific). The samples were added 
to 5× SDS buffer and then resolved by SDS-PAGE and visual-
ized by autoradiography or Western blotting. The input was con-
firmed using an identical experimental set with a Silver Stain Kit 
(CW2012, CW Biotech).

PDX tumors and drug sensitivity assay. PDX tumors were gen-
erated as described previously (60). Fresh tumor specimens were 
procured from previously established PDX models (passages 2–3) 

proteins were purified using nickel-nitrilotriacetic acid agarose 
(QIAGEN) overnight at 4°C and eluted with 200 mM imidazole. 
After protein quantitation, the samples were separated by 10% 
SDS-PAGE and visualized by Coomassie brilliant blue staining. 
The GSK-3β WT and GSK-3β S9A substrate (1 μg) and the active 
kinase (0.2 μg) in a 30-μL reaction were incubated at 37 °C for 
40 minutes with 1× kinase buffer containing 100 μmol/L unla-
beled ATP (9804, Cell Signaling Technology) or 1 μCi [γ-32P] ATP 

Figure 8. Disruption of the RSK4 pathway reduces CSC properties and improves the radiosensitivity of ESCC. (A and B) Sphere formation assay (A) 
and flow cytometric analysis (B) of TE10 cells treated with BI-D1870 (10 μM), RSK4 knockdown, or both (n = 3 independent experiments). (C) Immunoblot 
analyses of BMI-1, NANOG, ABCG2, OCT4, SOX2, and CD271 in TE10 cells with the indicated treatments. (D) Immunoblot analyses of β-catenin, p–β-catenin 
(Ser33/37/Thr41, inactive state), p–GSK-3β (Ser9), GSK-3β, MYC, CD44, and TCF1 in TE10 cells with the indicated treatments. (E) Cell viability assay of TE10 
cells treated with BI-D1870 (10 μM) for 12 hours, IR (10 Gy), or both (n = 3 independent experiments). (F) FACS analyses of apoptosis of TE10 cells treated 
with BI-D1870 (10 μM) for 12 hours, IR (10 Gy), or both (n = 3 independent experiments). (G) Western blot analysis of phosphorylated and total amounts 
of the checkpoint proteins ATM and CHK2 from TE10 cells treated with or without BI-D1870 (10 μM) before treatment (–) and 1 hour after 10 Gy IR (+). (H) 
Immunofluorescence staining of γ-H2AX in TE10 cells with the indicated treatments (n = 3 independent experiments). Scale bar: 100 μm. (I) ESCC-derived 
xenografts in mice treated with vehicle control, BI-D1870 (50 mg/kg/day, i.p. injection), and/or IR (5 Gy, twice). The growth curve of tumor size and average 
tumor weight are presented (n = 5 mice each). Data represent the mean ± SD. *P < 0.05 and **P < 0.01. Differences were tested using 1-way ANOVA with 
Tukey’s post hoc test (A, B, E, F, H, and I).
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tic regimen in PDX models, when tumors had grown to a volume 
of 100–200 mm3, mice were randomized into 4 groups (6 mice/
group): vehicle; vehicle plus ionizing radiation (IR); BI-D1870; and 
BI-D1870 plus IR. A total of 10 Gy (5 Gy, 2 times) was delivered to 
animals restrained in custom lead jigs for localized IR treatment 
at the seventh and 14th day after dividing the mice into groups. 
BI-D1870 was administered at 50 mg/kg by daily i.p. injection. 
Animals were raised for 25 days, and tumor volume was measured 
every 5 days and calculated as follows: length × width2 × 0.5. All 
animals were housed in a virus-free facility and maintained in a 
temperature- and light-controlled (12-hour light/12-dark cycle) 
animal facility.

Data mining. The ESCC cohort of TCGA database (https://
portal.gdc.cancer.gov/) was used to analyze mRNA expression of 
RSK4 in ESCC and its association with clinical data and the CSC 
marker ALDH1. The Genotype-Tissue Expression (GTEx) database 
(https://www.gtexportal.org/) was used to detect the correlation 
between TP63 and RSK4 mRNA in esophageal mucosa. The JASPAR  

and cut into small tissue blocks (~50 mm3) before being engraft-
ed subcutaneously into male BALB/c nude mice. Xenografts were 
allowed to grow until they reached a size of 100–200 mm3, and 
then mice were randomized into 2 groups (6 animals/group) for 
treatment. BI-D1870 (50 mg/kg) dissolved in DMSO and sterile 
saline was administered daily by i.p. injection for 28 consecutive 
days. Drug vehicle–treated mice received daily injections of an 
identical solution without BI-D1870. Tumor size was measured 
every 3 days with a digital caliper using the following formula: 
length × width2 × 0.5. Investigators were blinded to the case num-
ber and the correspondent RSK4 level during the experiment. At 
the end of treatment, all mice were euthanized, and tumors were 
excised and weighed. The lungs, liver, and kidneys of mice were 
removed for pathological examination, and serological examina-
tion of alanine transaminase (ALT), aspartate amino transferase 
(AST), blood urea nitrogen (BUN), and creatinine (Cr) was per-
formed with a Chemray 240 Automatic Biochemical Analyzer 
(Rayto). To evaluate changes in tumor volume after each therapeu-

Figure 9. BI-D1870 inhibits tumor growth in ESCC PDXs. (A) Tumor volume growth curve and tumor weight of PDX mice with different RSK4 expression 
levels treated with BI-D1870 (50 mg/kg/day, i.p. injection) or vehicle for 28 days (n = 6 mice each). (B–D) Immunoblotting, IHC, and terminal deoxynucle-
otidyl transferase–mediated dUTP labeling (TUNEL) analyses of the indicated markers in PDX tumor numbers 3 (B), 6 (C) and 2 (D) treated with BI-D1870 
(50 mg/kg/day, i.p. injection) or vehicle. Scale bars: 100 μm. Data represent the mean ± SD. *P < 0.05 and **P < 0.01. Differences were tested using an 
unpaired, 2-sided Student’s t test (A).
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Figure 10. BI-D1870 improves the therapeutic efficacy of radiotherapy in ESCC PDXs. (A) PDX tumor number 6 treated with the vehicle control, BI-D1870 
(50 mg/kg/day, i.p. injection), and/or IR (5 Gy, twice). The growth curve of the tumor size and average tumor weight are presented (n = 6 mice each). (B) 
IHC analyses of cleaved caspase-3 and Ki-67 in the indicated groups. Scale bars: 100 μm. Data represent the mean ± SD. *P < 0.05 and **P < 0.01. Differ-
ences were tested using 1-way ANOVA with Tukey’s post hoc test (A).
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