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Abstract
Chemotherapy is one of the effective ways to treat esophageal squamous cell carcinoma (ESCC), but the
development of chemoresistance during chemotherapy lowers drug e�cacy. Although previous studies
have shown that the ribosomal protein S15A (RPS15A) involved in the progression and overall survival of
malignancies, its function in chemoresistance is unknown. This study sought to elucidate the function of
RPS15A in chemoresistance in ESCC. Our results show that knocking down or overexpressing RPS15A in
ESCC cell lines can signi�cantly change the sensitivity of chemotherapeutic drugs and affect cisplatin-
induced apoptosis. Moreover, an increase in chemotherapeutic drug concentration leads to increased
expression of RPS15A and CD44 proteins. When we utilized the ESCC cisplatin-resistant cell line to
corroborate our �ndings, we found that the levels of RPS15A and CD44 proteins were substantially
greater in daughter than parental cells. Subsequent experiments indicated that RPS15A modulated
chemoresistance by controlling the expression of CD44 and the cell stemness in ESCC. Hence, our data
suggest that RPS15A participates in the chemoresistance in ESCC by controlling the expression of CD44
and regulating cell stemness. Taken together, our study provides plausible mechanisms for RPS15A-
mediated chemoresistance in ESCC cells and suggests that the inhibition of the RPS15A/CD44 pathway
may be a potential target for improving chemotherapy e�cacy.

Introduction
Esophageal cancer currently accounts for a sixth of all cancer-related deaths across the world,[1] and
esophageal squamous cell carcinoma (ESCC), for which effective treatment options are limited, is the
most prevalent pathological type in China.  Chemotherapy is the main treatment strategy for advanced
unresectable/metastatic ESCCs.[2, 3] However, the emergence of acquired resistance to chemotherapy is
the main cause of chemotherapy failure. The causes of acquired resistance are complex, so elucidation
of the speci�c mechanisms by which acquired resistance occurs is urgently needed.

The highly conserved 40S ribosomal protein S15A (RPS15A) is vital for cellular growth, differentiation
and apoptosis.[4] As an oncogene, RPS15A is involved in the progression and overall survival of
malignancies such as hepatocellular carcinoma,[5] non-small cell lung cancer,[6] and gastric carcinoma.
[7] RPS15A also plays an important role in the regulation of oncogenic signal transduction cascades, for
example, Wnt/β-catenin,[5] p53[8] and Akt/IKK-β/NF-κB.[7] These �ndings suggest that new cancer
therapies could target RPS15A. It is unclear what, if any, role RPS15A plays in the progression of ESCC;
therefore, this study explored the possible functional mechanism of RPS15A in ESCC.

CD44 is involved in various cellular processes,[9] especially in stemness maintenance and
chemoresistance.[10] The activation of CD44 correlates with radiation resistance[11] and
chemoresistance[12, 13]. Targeting CD44 has been shown to be effective in cancer treatment.[14, 15]
With continuous chemotherapy, increased expression of CD44 contributes to chemoresistance and
correlates with poor prognosis in ESCC.[16] Therefore, strategies that modulate the expression of CD44
may be bene�cial in the treatment of ESCC.
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We detected a signi�cant association between the expression of RPS15A and chemoresistance when we
modi�ed the expression of RPS15A in ESCC cells with or without chemotherapy drugs. We also found
that RPS15A could regulate the expression of CD44 to maintain ESCC cell stemness and impart
chemoresistance. Our results highlight the importance of RPS15A in chemoresistance, which may lead to
possible novel mechanisms for reversing chemoresistance in ESCC.

Materials And Methods
Cell lines and culture conditions

TE-1, Kyse510, Kyse450, Kyse140, Eca109, and Eca109/CDDP cells were grown in RPMI-1640 media
(Gibco, 22400089, USA) containing 10% fetal bovine serum (Excell Bio, FND500, New Zealand), 100 U/mL
penicillin/streptomycin (Gibco, 15140122, USA). Add 1µg/mL CDDP (HANSOH PHARMA, China) to
Eca109/CDDP cell medium to maintain its resistance to chemotherapy drugs.

Flow cytometry analysis of cell apoptosis

Cells were incubated with CDDP for 24 hours, then harvested and washed with cold PBS prior to staining
with AnnexinV Alexa Fluor647/PI (FXP023-100, 4A Biotech, China). Apoptosis was measured by �ow
cytometry using a FACSCanto analyzer (BD, USA).

Cell viability analysis

The effect of chemotherapeutic drugs on the viability of ESCC cells was measured using CCK-8 (CK04-
3000T, Dojindo, Japan). In brief, ESCC cells were plated into 96-well cell culture dishes (Excell Bio) at
3000 cells/per well 24 hours before the experiment and treated with varying amounts of CDDP or 5-Fu
(Shanghai Xudong Haipu Pharmaceutical Co.,Ltd, China) for 24 hours or 48 hours and then incubated in
CCK-8 for 4 hours. Absorbance (450 nm) was readed using an Elx800 microplate reader (BioTek, USA).
Cells incubated with medium only were used as the negative control, with medium only wells used as the
blank control.

Cell transfection with overexpression and knockdown Lentiviral vectors

The human RPS15A gene sequence was obtained from GenBank (NM_001019, transcript variant 2).
Lentiviral vectors were constructed by Cyagen Biosciences. The target sequence that interfered with
RPS15A is CCGGTTTCTCACTGTGATGAT with the EGFP-T2A-Puro plasmid. The over-expression RPS15A
vector carrying the CDS sequence was derived from GenBank (NM_001030009.1, CDS sequence is
conservative) with the EGFP-T2A-Puro maker too. Cyagen Biosciences provided the transfection strategy
manual. The �uorescence was observed 48 hours after lentiviral transfection, and the CCK-8 method was
used to screen the concentration of Puromycin that did not affect the survival of the lentivirus-transfected
cells. The knockdown and overexpression e�ciency were then measured.

Colony formation assay
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ESCC cells were treated with trypsin to form suspensions of single cells and then 40,000 cells/well were
plated into 6-well cell dishes (NEST biotechnology, China) with varying concentrations of CDDP. Following
168 hours of incubation, Giemsa was used to stain the cells, and colonies were counted.

In vitro tumorsphere formation assays

ESCC cells were treated with trypsin to generate a suspension of single cells, washed twice in ice-cold
PBS, and then 10,000 cells/well were placed into 6-well plates (3471, Corning). A total of 3 ml tumor-
sphere medium supplemented with B27 (12587010, Gibco), basic �broblast growth factor (PHG0266,
Gibco), and EGF (PHG0311L Gibco) were added to the plates for 1 week and the number of tumorspheres
were counted. The data are presented as a percentage ratio of the amount of tumorspheres over the
initial amount of cells seeded.

Side population (SP) assay

Single ESCC cells were incubated in 10 µg/mL Hoechst 33342 (FXP138-500, 4A Biotech) at room
temperature for 90 minutes with gentle agitation every 10 minutes. The isotype control sample used
was100 µM verapamil (S4202, Selleck Chemicals). The PI staining solution was then added to the
samples, and after gently mixing, the samples were incubated in the dark for 15 minutes. After passing
the samples through a 70 µm cell strainer (352350, Corning) to get rid of clumped cells, the single cells
were analyzed using �ow cytometry.

Quantitative real-time PCR

Trizol reagent (DP424, Tiangen, China) was used to extract total RNA which was then then reverse-
transcribed into cDNA using the PrimerScript Master mix (RR036A, Takara, China) using the product
manual. Gene expression was assessed by quantitative PCR (q-PCR) using TB GreenTM premix Ex
TaqTM  (TaKaRa, RR820A) and a C1000 Thermal Cycler (CFX96 Real-Time System, Bio-Rad). The
expression levels of β-actin or GAPDH mRNA were used as internal controls. The primer pairs we used are
listed below:
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RPS15A F-5'-CTCCAAAGTCATCGTCCGGTT-3' R-5'-TGAGTTGCACGTCAAATCTGG-3'

MDR1 F-5'-TCTATGGTTGGCAACTAACACT-3' R-5'-CTCCTGAGTCAAAGAAACAACG-3'

CD44 F-5'-CGGACACCATGGACAAGTTT-3' R-5'-GAAAGCCTTGCAGAGGTCAG-3'

CD133 F-5'-TGGATGCAGAACTTGACAACGT-3', R-5'-ATACCTGCTACGACAGTCGTGGT-3'

Oct-4 F-5'-CTGGGTTGATCCTCGGACCT-3' R-5'-CCATCGGAGTTGCTCTCCA-3'

Sox2 F-5'-GCCGAGTGGAAACTTTTGTCG-3' R-5'-GGCAGCGTGTACTTATCCTTCT-3'

Nanog F-5'-TTTGTGGGCCTGAAGAAAACT-3' R-5'-AGGGCTGTCCTGAATAAGCAG-3'

β-Actin F-5'-CCTCGCCTTTGCCGATCC-3' R-5'-GGATCTTCATGAGGTAGTCAGTC-3';

GAPDH F-5'-GAGTCAACGGATTTGGTCGT-3' R-5'-GACAAGCTTCCCGTTCTCAG-3'

Western blot analysis

Trident RIPA Lysis Buffer (GTX400005, GeneTex, USA) was used to prepare cell lysates from harvested
cells. SDS-PAGE was used to separate the proteins, which were then transferred onto PVDF membranes
(Millipore, MA, USA) as previously described.[17] The membranes were treated overnight at 4℃ with
primary antibodies, washed and incubated with secondary antibodies for 2 hours at 25℃. The
�uorescence intensity of target proteins was detected using an Enhanced Chemiluminescence
Minescence Kit (4 A Biotech, Beijing, China) with β-Actin or GAPDH as the loading control. Antibodies
against p-gp (13342), MRP-1 (72202), Caspase-3 (14220), PARP (9532), c-Caspase-3 (9664), c-PARP
(5625), Bcl-2 (3498), CD44 (37259), CD133 (64326), Oct-4 (75463), Sox2 (23064), Nanog (4903), Erk1/2
(4695), mTOR (2983), p38 (8690), AKT (4691), β-Actin (4970), GAPDH (5174), Anti-rabbit IgG HRP (8889)
and Anti-mouse IgG HRP (8890) were obtained from Cell Signaling Technology, USA (CST; Beverly, MA).
Anti-RPS15A antibody (AP4804a) was purchased from ABGENT, USA. All the antibodies were diluted
according to the product manuals.

Statistical analysis

The data are presented as means ± standard deviations of triplicate experiments. Differences between
two treatment groups were assessed using a two-tailed unpaired Student's t-test; three or more groups
were evaluated using one-way multiple comparison ANOVAs. P<0.05 was regarded as statistically
signi�cant.

Results
RPS15A is highly expressed in ESCC cells

To assess the expression of RPS15A in ESCC, we measured both mRNA and protein expression in
multiple human ESCC cell lines using RT-PCR and WB: Eca109, Eca9706, and TE-1 (Fig.1a, b) and
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Kyse510, Kyse450, and Kyse140 (Fig.S1a, S1b); human immortalization esophageal epithelial cell line
(SHEE) and normal esophageal epithelial cells (HEEC) were used as controls. Our results show that both
mRNA and protein levels of RPS15A were elevated in the ESCC cells compared to the levels in the
esophageal epithelial cell lines. Then, we assessed RPS15A expression in ESCC patients using the
GSE53625 dataset. The results show that there was signi�cantly increased expression of RPS15A in
ESCC compared to the surrounding tissues (p=0.0022; Fig.S1c). These results suggest that RPS15A is
highly expressed in ESCC.

To examine the function of RPS15A in ESCC, we used the lentiviral knockdown/overexpression system to
assess the effect of RPS15A deletion or overexpression in Eca109, TE-1 and Kyse510 cells. The infection
e�ciency is shown in Fig.S1d, and the e�ciency of the RPS15A knockdown/overexpression was
con�rmed using RT-qPCR and WB (Fig.1c, d and Fig.S1e). Our results show that the designed
overexpression lentiviral vector can upregulate the RPS15A mRNA level by 2.350 ± 0.192-fold compared
with the control. Conversely, our interference sequence (CCG GTT TCT CAC TGT GAT GAT) reduced the
RPS15A mRNA level by 0.081 ± 0.014-fold compared with the control, and the interference e�ciency
reached 91. 9%.

RPS15A is crucial in ESCC sensitivity to chemotherapeutic intervention

We then used �uorescence microscopy to evaluate the transfection e�ciency and �ow cytometry to
analyze the percentage of transfected cells and observed some cell death when we knocked down
RPS15A. We hypothesized that the absence of RPS15A may increase cells' sensitivity to chemotherapy
drugs and therefore assessed the effect of RPS15A on chemosensitivity in ESCC cells. The cells were
treated once with CDDP and 5-�uorouracil (5-FU), common chemotherapeutic agents used to treat ESCC,
for 48 hours prior to assessment of cell viability using CCK-8 assay. In Eca109 cells, sensitivity to
chemotherapeutic agents signi�cantly increased when RPS15A was absent (Fig.2a, b); in contrast, the
sensitivity to chemotherapeutic agents signi�cantly decreased when RPS15A was overexpressed (Fig.2c,
2d). We also observed similar results in Kyse510 cells (Fig.S2a, S2b). We performed colony formation
assays to corroborate these �ndings and found that the knockdown of RPS15A enhanced ESCC cells'
sensitivity to CDDP (Fig.S2c). In RPS15A-deleted Eca109 cells that were treated for 48 hours with 0.4
μg/mL CDDP, WB data show that the levels of expression of apoptosis-related proteins, such as the
cleaved form of Caspase-3, and PARP, increased signi�cantly (Fig.S2d). Detection of apoptosis by �ow
cytometry, similarly, showed that after RP15A deletion, cell apoptosis became more pronounced as the
sensitivity to chemotherapeutic drugs increased (Fig.S3). RPS15A expression also regulated levels of
both the multidrug resistance-associated protein 1 (MDR-1, p-gp) and multidrug resistance protein 1
(MRP1) proteins (Fig.2e). These results demonstrate that absence of RPS15A enhances the sensitivity of
ESCC cells to chemotherapy drugs. Thus, RPS15A may be a key regulator in the resistance of ESCC cells
to chemotherapy.

RPS15A modulates the chemoresistance of ESCC cells by regulating CD44 expression
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To explore the mechanism by which RPS15A regulates chemoresistance in ESCC cells, we used the
CDDP-resistant cell line. First, we compared the ability to proliferate and to tolerate CDDP in CDDP-
resistant Eca109/CDDP cells and the parental Eca109 cells using clone formation assay and CCK-8
assay, respectively. CDDP resistance increased while proliferation ability decreased in the Eca109/CDDP
cells compared with Eca109 cells (Fig.S4). MDR1 gene expression level was higher in Eca109/CDDP than
in Eca109 cells (Fig.3a); at the protein level, we observed similar results (Fig.3b). Simultaneously, we
found that the level of both CD44 mRNA and protein was higher in Eca109/CDDP than those in Eca109
cells (Fig.3b, 3c). Interestingly, RPS15A and CD44 showed the same expression tendency (Fig.3b, 3c). We
then examined the effect of CDDP on RPS15A and CD44 expressions and found that the concentration of
CDDP was positively correlated with p-gp, RPS15A, and CD44 (Fig.3d). Concomitantly, RPS15A deletion
signi�cantly decreased p-gp and CD44 whereas RPS15A overexpression lead to a signi�cant increase in
the expression of p-gp and CD44 (Fig.3e). Consistent with the results presented above, the expression
level of CD44 signi�cantly decreased with the RPS15A deletion in CDDP-treated ESCC cells, which was
accompanied by an increase in cell apoptosis (Fig.3f). Collectively, these results provide evidence that
knockdown RPS15A enhances the ESCC cells' sensitivity to chemotherapy drugs reagents by regulating
p-gp and CD44 expression.

RPS15A and CD44 are highly up-regulated in ESCC stem-like cells

CD44, used as a marker of cancer stem cell (CSC), is upregulated in several cancers. An increasing
number of recent reports suggest that CD44 participates in multiple cellular processes including
chemoresistance. The CSC phenotype, on the other hand, is one of the key characteristics of
chemoresistance in tumor cells, and this prompted us to explore the regulatory mechanism of RPS15A on
CSC participation in chemoresistance. We �rst con�rmed the existence of CSCs in ESCC by serum-free
suspension cultures experiment and found that ESCC cells could form tumorspheres (Fig.4a and
Fig.S5a), which we named ESCC stem cell-like cells (ESCLCs). Next, we evaluated the expression of a
number of stem cell markers, including Nanog, OCT-4, Sox2, CD44, and CD133 using WB (Fig.4b and
Fig.S5b) and RT-PCR (Fig.4c and Fig.S5c). Our results indicate that the stemness of tumorspheres
signi�cantly increased compared with the parent cells. Notably, the expression of RPS15A signi�cantly
increased in these ESCLCs (Fig.4b, 4c and Fig.S5b, S5c). We also found that the deletion of RPS15A
signi�cantly decreased the ESCC cells' tumorsphere formation ability; conversely, overexpression of
RPS15A signi�cantly increased that ability regardless of primary or secondary tumorsphere formation
(Fig.4d, 4e and Fig.S5d, S5e). These �ndings suggest that RPS15A and CD44 are highly expressed in
ESCC stem-like cells concurrently, and RPS15A plays a role in stemness maintenance in ESCLCs.

RPS15A promotes chemoresistance in ESCC cells by altering cell stemness

As our results have shown that RPS15A is important in maintaining stemness in ECSLCs, we decided to
explore the effect of RPS15A on the CSC phenotype, which is one of the key chemoresistant
characteristics of tumor cells. We �rst detected mRNA and protein levels of three stem cell markers
Nanog (Fig.5a and Fig.S6a), OCT-4 (Fig.5b and Fig.S6b), SOX-2 (Fig.5c and Fig.S6c) by qRT-PCR and WB
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(Fig.5d and Fig.S6d). As seen with the effect of RPS15A in regulating CD44 expression, Nanog, OCT-4,
and SOX-2 were signi�cantly reduced in the RPS15A knockdown and increased with RPS15A
overexpression. We then investigated the modulation of RPS15A on the expression of key signal
transducers involved in the maintenance of stemness (Fig.5e and Fig.S6e). We observed a similar trend in
the master regulators for CSCs, such as Erk 1/2, mTOR, p38, and AKT. These results are consistent with
the �ndings that RPS15A could signi�cantly regulate the ability of ESCC cells to form spheres.

Since side population (SP) cells have CSC-like characteristics and display elevated chemoresistance, we
investigated the effect of RPS15A in these cells as well. We analyzed SP cells which was stained with
Hoechst 33342, using �ow cytometry. Our results show that both the proportion and number of SP cells
signi�cantly decreased when RPS15A was knocked down and signi�cantly increased when RPS15A was
overexpressed (Fig.6). Collectively, these results demonstrate that RPS15A modulates chemotherapeutic
resistance in ESCC cells by regulating cell stemness.

Discussion
Chemoresistance is a major issue in cancer treatment as it leads to failure of chemotherapy. ESCC, an
especially aggressive cancer, is largely resistant to current treatments.[18] In this study, we explored how
RPS15A imparts chemoresistance to the ESCC cells. Changes in the expression of ribosomal proteins
have been used in some studies to differentiate cancerous from normal cells; such differences may have
predictive or prognostic value.[4, 19] Studies have shown that dysregulation of the expression and
translation of ribosomal proteins leads to tumor progression,[20] and chemoresistance.[21] It has been
reported that RPS6 inhibition could prevent anti-HER2 resistance to chemotherapeutic drugs in gastric
cancer patients,[22] and dysregulation of the phosphorylation of RPS6 induced drug resistance in skin
cancer.[23] In this study, we found that RPS15A sensitized ESCC cells to chemotherapeutic drugs by
regulating CD44 expression. Furthermore, we show that RPS15A participates in the maintenance of
stemness in ESCC cells. These factors are functionally important in the chemoresistance of ESCC cells.

In the present study, data from WB and RT-qPCR con�rmed that the expression of RPS15A in ESCC cells
was signi�cantly greater than in the esophageal epithelial cells. We observed some cell death after
RPS15A knockdown, which could be due to increased apoptosis caused by lack of RPS15A expression as
reported before.[24] Interestingly, with CDDP and 5-Fu, two chemotherapy drugs used as the �rst-line
therapy for ESCC, the ESCC chemosensitivity to both CDDP and 5-Fu increased after RPS15A knockdown.
Conversely, RPS15A overexpression protected ESCC cells against chemotherapeutic agents. As there has
not been any clinically proven therapeutic target for ESCC, our results suggest that RPS15A may be a
novel treatment target for the inhibition of chemoresistance in ESCC.

Excretion of the anticancer agents from the cells by the drug extrusion pump is currently thought to be the
main reason for chemoresistance in ESCC.[25] Our data support this notion as the expressions of ABCB1
and ABCC1 were regulated by RPS15A. Our results further demonstrate that RPS15A has a function in the
multidrug resistance (MDR) of ESCC cells. Apart from the drug extrusion pump, many other factors are
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involved in the development of chemoresistance; speci�cally, DNA damage repair (DDR) is another
important mechanism.[26] An increase in excision repair cross complementation group 1 (ERCC1) protein
is associated with an enhanced clearance of DNA-platinum adducts and increased resistance to CDDP.
[27] Although the effect of RPS15A on ERCC1 levels was not enhanced in our study, we con�rmed that
RPS15A can participate in the drug resistance of ESCC cells by regulating DDR. We also found that the
deletion of RPS15A increases the cleavage of poly ADP-ribose polymerase (PARP, Fig.3f and Fig.S2d),
which is important for DDR and cell apoptosis.[28] Therefore, RPS15A might be involved in the
chemoresistance of ESCC through different mechanisms.

CD44, a CSC marker, is crucial in the regulation of self-renewal, the inception of tumors, metastasis, and
chemotherapy resistance and is widely overexpressed in a variety of cancerous cells.[29] CD44 is
involved in tumor cell resistance to chemotherapy mainly through the regulation of cancer cells’ stemness
and cell adhesion mediated drug resistance.[29, 30] Hyper-expression of CD44 and p-gp has been linked
to resistance to chemotherapeutic drugs resistance and tumor progression.[31, 32] Here, we found that in
CDDP resistant cell line Eca109/CDDP, RPS15A, CD44, and p-gp had signi�cantly higher expression.
Moreover, RPS15A, CD44, and p-gp expression was positively associated with increasing concentration of
CDDP; p-gp and CD44 signi�cantly decreased with the RPS15A deletion and increased with the RPS15A
overexpression. Regulation of p-gp by RPS15A could further affect the number and proportion of stem-
like cancer cell side-population (SP) cells (Fig.6) through the e�ux mechanism for chemoresistance.[33]
In CDDP-treated ESCC cells, the expression level of CD44 signi�cantly decreased and apoptosis increased
concurrently upon RPS15A deletion (Fig.3). Our �ndings are similar to a previous report that showed that
CD44 inhibition reduced the adhesion of multiple myeloma cells and reversed the resistance to
lenalidomide.[34] Taken together, our �ndings indicate that regulation of CD44 expression by RPS15A
may be crucial in ESCC chemoresistance.

As CD44 is a surface marker for CSCs in a number of cancers including ESCC,[35, 36] and CSCs in ESCC
play a key role in therapy resistance,[25, 37] we hypothesized that RPS15A may play a role in modulating
cells’ stemness in ESCC. Hence, we examined the effect of RPS15A on ESCC stem cell-like cells (ESCLCs).
In addition to CD44, we selected CD133 which has been utilized as a marker of CSC in a number of
carcinomas,[37, 38] as another ESCLC marker. CD133 was signi�cantly associated with the overall
survival rate of ESCC patients due to its involvement in tumor recurrence and therapy resistance.[39, 40]
In this study, we detected high levels of both CD44 and CD133 expression in ESCLSs. CSCs have also
been referred to as “sphere-forming cells”,[41] and our data con�rm that ESCC cells formed tumorspheres
in serum-free suspension culture experiments and the stemness of tumorsphere cells increased
compared to the parent cells. A previous study compared the cancer drug resistance using CDDP and
doxorubicin in ESCC tumorsphere cells and showed that cancer drug resistance had increased.[42] As
expected, in this study, the absence of RPS15A signi�cantly reduced the tumorsphere formation ability of
the ESCC cells, and then increased their sensitivity to chemotherapeutic drugs. We also showed that the
expression of Nanog, Oct-4 and Sox-2 signi�cantly decreased with the RPS15A deletion and increased
with the RPS15A overexpression. These results suggest that RPS15A may be involved in
chemoresistance by regulating the stemness of ESCC cells.
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A large number of recent studies have shown the links between PI3K/Akt/mTOR signaling pathway and
CSC biology, including chemoresistance.[43] In advanced hepatocellular carcinoma, activation of the
PI3K/Akt/mTOR cascade is crucial in modulating the generation of liver CSCs in acquired resistance to
Sorafenib.[44] In breast CSCs, PD-L1 promotes OCT4 and Nanog expression following sustained
PI3K/Akt/mTOR activation.[45] In this study, we found that the RPS15A overexpression upregulated the
key signaling proteins in the PI3K/Akt/mTOR pathway, which further explains the role of RPS15A in
maintaining ESCC cells' stemness phenotypes. Identi�cation and further elucidation of speci�c markers
and signaling molecules that ESCC stem cells might lead to seminal therapeutic strategies for the
elimination of cancerous stem cells in ESCC. Our data show that a subpopulation of ESCC cells that
exhibit ESCLCs properties may contribute to chemoresistance and that RPS15A could impart therapeutic
resistance by impinging the stemness properties of ESCC cells.

In summary, elevated expression of CD44 in a subset of cancerous cells leads to enhanced
chemoresistance in ESCC. In this study, we demonstrated that RPS15A modulates chemosensitivity in
ESCC by regulating CD44 expression. Finding new CSC targets or formulating drugs that can modulate
the current molecular targets could lead to better clinical outcomes in ESCC patients, and our �ndings
provide a possible new adjuvant ESCC treatment strategy that targets RPS15A. Overall, our study reveals
a unique perspective on drug resistance in ESCC and may provide a novel therapeutic new molecular
target to overcome chemoresistance.
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Figures

Figure 1

Increased expression of RPS15A in human ESCC cells A and B, RT-qPCR and WB analysis of relative
RPS15A mRNA (A) and protein levels (B) in ESCC cell lines, human immortalized esophageal epithelial
cell line SHEE, and normal esophageal epithelial cells HEEC. C and D, RT-qPCR and WB analysis of
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RPS15A mRNA and protein levels after lentiviral transfection (MOI=20) in Eca109 cells. ***P < 0. 001 vs
Control.

Figure 2

RPS15A expression modulates ESCC cells’ sensitivity to chemotherapeutic agents A and B, The effects of
RPS15A on the sensitivity of Eca109-shRPS15A cells to CDDP (A) and 5-Fu (B) examined by CCK-8 assay.
C and D, The effects of RPS15A on the sensitivity of Eca109-oeRPS15A cells to CDDP (C) and 5-Fu (D)
examined by CCK-8 assay. E, The effects of RPS15A knockdown or overexpression on the p-gp and MRP-
1 proteins detected by WB. β-Actin were used as a loading control. **P < 0. 01, ***P < 0. 001.
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Figure 3

RPS15A regulates CD44 expression A, Relative expression of MDR1 mRNA in Eca109 and Eca109/CDDP
cells. B, WB analysis of RPS15A, CD44, and p-gp in Eca109 and Eca109/CDDP cells. C, Relative
expression of CD44 mRNA in Eca109 and Eca109/CDDP cells. D, WB analysis of RPS15A, CD44, and p-gp
in Eca109 cells incubated with varying concentrations of CDDP for 48 hours. E, WB analysis of CD44 and
p-gp in Eca109 cells following changes in RPS15A expression. F, WB analysis of CD44, PARP, and
Caspase-3 in Eca109 cells with or without RPS15A knockdown after 48 hours of 0.4μg/ml CDDP
treatment. β-Actin was used as a reference in RT-qPCR and β-Actin used as a loading control in WB. **P < 
0. 01, ***P < 0. 001.
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Figure 4

RPS15A regulates the spherogenesis ability of Eca109 cells A, Comparison of cell morphology between
Eca109 parental cells (left) and tumorspheres (right). B, WB analysis of RPS15A, Nanog, OCT-4, Sox2,
CD44, and CD133 proteins in Eca109 parental cells and tumorspheres. C, Relative expressions of
RPS15A, Nanog, OCT-4, Sox2, CD44, and CD133 in Eca109 parental cells and tumorspheres. D and E,
Representative images of tumorsphere formation capacity of primary (top panel) and secondary (lower
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panel) and a histogram showing the number of sphere-formed (E). GAPDH was used as a reference in RT-
qPCR and β-Actin was used as a loading control in WB analysis. *P < 0. 05, ***P < 0. 001.

Figure 5

RPS15A regulates the expression of stem cell markers and critical signaling molecules that maintain
Eca109 cell stemness A-C, The relative expression of Nanog (A), OCT-4 (B), Sox2 (C) mRNA in Eca109
cells after RPS15A knockdown and overexpression, analyzed by RT-qPCR. D and E, WB analysis of the
levels of protein expression of Nanog, OCT-4, and Sox2 (D) and Erk1/2, mTOR, p38, and AKT in Eca109
cells with RPS15A silenced and overexpressed. GAPDH was used as a reference in RT-qPCR and as a
loading control in WB analysis. **P < 0. 01, ***P < 0. 001.
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Figure 6

RPS15A regulates SP cells in ESCC A and B, Hoechst 33342 dye staining pro�les of Eca109-shRPS15A
and SP cells analyzed using �ow cytometry and quanti�cation of the percentage of SP cells (B). C and D
Hoechst 33342 dye staining pro�les of Eca109-oeRPS15A cells and SP cells analyzed using �ow
cytometry and quanti�cation of the percentage of SP cells (D). ***P < 0. 001.
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