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Abstract. Esophageal squamous cell carcinoma (ESCC) is 
a particularly aggressive form of cancer with high mortality. 
In the present study, a novel 8‑hydroxyquinoline derivative 
(91b1) was investigated for its anticancer activities in ESCC 
along with its associated mechanisms. The in vitro cytotoxic 
effect of 91b1 were evaluated across five ESCC cell lines 
using MTS assay, with cisplatin serving as a comparative 
standard. Changes in gene expression profile were identified 
by cDNA microarray and further validated by qualitative 
PCR and immunostaining. Additionally, protein levels of the 
most notably downregulated target in archival ESCC samples 
were also studied. 91b1 demonstrated comparable anticancer 
effect with cisplatin. Notably, chemokine ligand 5 (Ccl5) was 
identified as the most substantially downregulated gene, with 
its suppression at both mRNA and protein expression in ESCC 
cells, exhibiting a dose‑dependent manner. The recombinant 
human protein of CCL5 enhanced the invasion of ESCC 
cells using the Transwell assay. The upregulation of CCL5 

protein was also detected in 50% of ESCC cell lines. CCL5 
was also overexpressed in 76.9% of ESCC specimens. The 
overall results indicated that 91b1 could effectively induce 
anticancer effect on ESCC cells through downregulating 
CCL5 expression with suppression of tumor invasion. Overall, 
these findings suggested that 91b1 effectively inhibited ESCC 
cell proliferation and tumor invasion by downregulating CCL5 
expression, highlighting its potential as a therapeutic agent for 
ESCC treatment.

Introduction

Patients with esophageal squamous cell carcinoma (ESCC) 
usually have poor prognosis and high mortality rate due 
to the aggressiveness of the tumors  (1). In 2020, it was 
responsible for >604,100 new cases and ~544,076 mortali‑
ties worldwide (2). Currently, adjuvant chemotherapy plays a 
central role in the treatment of esophageal cancer as one third 
of patients are found with metastatic disease at the time of 
diagnosis. Chemotherapy comprising cisplatin (CDDP) results 
in response rates in esophageal carcinoma ≥40%. However, 
emergence of chemoresistance to chemotherapeutic drugs and 
severe side effect with toxicity lead to suboptimal survival 
rate (3,4), underscoring the urgent need for novel and more 
effective chemotherapeutic agents.

Chemokine ligand 5 (CCL5), part of the CC chemokine 
family, is recognized by CCR1, CCR3, and CCR5 recep‑
tors (5). Predominantly expressed in T cells, macrophages 
and cancer cells, CCL5 modulates the expression of the 
surface receptors, the phenotypes of cancer cells, or the 
tumor microenvironments reshaping to enhance cancer 
progression and metastases (6‑9). Although its involvement 
in liver (10), prostate (11) and pancreatic cancer (12) is well 
documented, its role in ESCC and its underlaying mecha‑
nisms remains to be elucidated. According to the pan‑cancer 
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analysis and Immunohistochemical (IHC) verification in 
ESCC cell lines and patients' samples in the present study, 
CCL5 was usually highly expressed in cancer cells or tumor 
tissue, suggesting its potential as a therapeutic target to 
ESCC.

Natural products, par ticularly quinoline and its 
derivatives, are well known for their diverse phar‑
macolog ica l  appl ica t ions   (13 ‑18).  For  exa mple, 
4 ‑hydroxy‑6 -methoxy‑quinol ine‑2‑ca rboxyl ic acid 
(Fig. 1A), which can be isolated from Ephedra pachyclada 
ssp. Sinaica, has been traditionally used to treating micro‑
bial, inflammation, allergy and cardiovascular diseases (13). 
Another notable quinoline derivative, quinine, from the bark 
of cinchona trees, is renowned for its efficacy in malaria 
treatment. In addition, propyl quinoline, which is one of the 
active ingredients in exudates of bark of Galipea. longiflora 
(Rutaceae) trees, is recognized for its effectiveness against 
leishmaniasis  (14). Among different quinoline‑based 
compounds, 8‑hydroxyquinoline derivatives, which can be 
extracted from the root of a plant Commelina. Diffusa (15), 
stand out due to their broad range of pharmacological effi‑
cacies (16‑18). As prominent in vitro and in vivo anticancer 
effects of 8‑hydroxylquinoline derivatives were also reported 
in our previous studies (19‑23), a series of novel quinoline 
derivatives were then synthesized by our group (23‑26). A 
total of 27 compounds were examined for anti‑cancer activi‑
ties against cancer cell lines of hepatocellular carcinoma 
(Hep3B), lung carcinoma (A549), and esophageal squamous 
cell carcinoma (HKESC‑1, HKESC‑4, and KYSE150). 
Compound 91b1 (its original name in our published patent 
is compound 2b) exhibited marked anti‑cancer activity (25). 
Additionally, other compounds with anti‑cancer effect were 
also studied and some of them have been reported. For 
example, quinoline compound 83b inhibits cancer growth 
in esophageal squamous cell carcinoma by downregulating 
COX‑2 and PGE2 (22). The cytotoxic potential 6 quino‑
line derivatives were examined in vitro and in vivo  (19). 
2‑formyl‑8‑hydroxy‑qinolinium chloride was prepared 
and its anti‑cancer activity was evaluated in  vitro and 
in vivo (20).

Subsequent molecular docking analysis on the synthe‑
sized 8‑hydroxylquinoline derivatives was performed 
to identity the potential protein targets involved in their 
anticancer actions. Recently a novel quinoline derivative 
91b1 (5,7‑dibromo‑1,2,3,4‑tetrahydro‑2‑methylquinolin‑8‑ol) 
(Fig. 1B) was reported which suppressed the tumor growth both 
in vitro and in vivo through downregulating the expression of 
Lumican (27).

In the present study, the biological actions of the most 
differentially expressed genes (DEGs) caused by 91b1 were 
investigated based on the microarray analysis for gene expres‑
sion profiling. The protein expression levels of the most DEGs 
were also examined on archival samples to underscore the 
therapeutic relevance of 91b1 in the treatment of ESCC. The 
findings highlighted that the 91b1‑induced cytotoxicity was 
associated with the downregulation of chemokine CCL5. Taken 
together with the overexpression of CCL5 being a common 
event in the ESCC patient samples, the overall results empha‑
sized the potential of 91b1 as a promising candidate for the 
treatment of ESCC.

Materials and methods

Bioinformatics analysis. Pan‑cancer analysis of Ccl5 
was conducted by Tumor Immune Estimation Resource 
(TIMER) 2.0  (28). Ccl5 was entered into the TIMER 2.0 
web interface (http://timer.cistrome.org/), ‘Gene_DE module’ 
was applied to study the differential expression between 
tumor and adjacent normal tissues across all TCGA tumors. 
Distribution of gene expression are displayed using box 
plots. The gene expression profiling of Ccl5 influence was 
obtained from GEO datasets GSE105042 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE105042). Then two 
wild type macrophages and two Ccl5 knock out macrophages 
was retrieved from a mouse dataset using the GPL21273 
HiSeq X Ten platform (Illumina, Inc.). The original gene 
expression profiles were analyzed to identify the upregulated 
or downregulated DEGs in Ccl5 knock out samples, respec‑
tively. The criteria for a DEG were |log2FC|>1 and adjusted 
P‑value <0.05. Gene Ontology (GO) enrichment analysis and 
Kyoto Encyclopedia or Genes and Genomes (KEGG) pathway 
analysis were performed using the R package cluster Profiler 
(v. 4.0.5; https://www.R‑project.org) with identified DEGs (29). 
GO enrichment analysis and KEGG pathway analysis were 
performed with the thresholds of a P‑value <0.05.

The Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) database (https://string‑db.org/) 
was used to construct the PPI network (30). DEGs were mapped 
to a STRING list to perform a search for multiple proteins and 
obtain a PPI network with interaction scores >0.4. Cytoscape 
(v. 3.9.0) was used to visualize the results from the PPI network 
and perform module analysis  (31). Module analysis was 
performed using the molecular complex detection (MCODE) 
plugin on the Cytoscape (v. 3.9.0) platform. The parameters 
set to identify enriched functional modules were as follows: 
Degree Cutoff=2, Node Score Cutoff=0.2, K‑Core=2 and 
Maximum. Depth=100. Modules with the MCODE score ≥4 
were identified as significant modules.

Preparation of Compound 91b1 (5,7‑dibromo‑1,2,3,4‑tetra‑
hydro‑2‑methylquinolin‑8‑ol). Compound 91b1 (Fig.  1B) 
was prepared by addition of Br2 into commercially available 
8‑hydroxy‑2‑methylquinolin‑8‑ol (MilliporeSigma) in MeOH, 
followed by asymmetric hydrogenation under optimal reaction 
condition as previously described (23). The structure of 91b1 
has been physically characterized using 1H‑ and 13C‑NMR 
and liquid chromatography mass spectrometry (LC‑MS) as 
previously reported (22). Dimethyl sulfoxide (DMSO) was 
used to dissolve 91b1 for the in  vitro biological assays as 
described below.

Cell lines. Esophageal squamous cell carcinoma (ESCC) 
cell lines of Japanese origin KYSE150, KYSE450, KYSE30 
and KYSE510  (32) were purchased from Leibniz‑Institut 
DSMZ‑Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH. ESCC cell lines of Hong Kong origin 
SLMT‑1 (33) and HKESC‑4  (34) were kindly provided by 
Professor Gopesh Srivastava in the Department of Pathology, 
The University of Hong Kong, China. Non‑neoplastic 
esophageal epithelial cell line NE‑3 (35) (immortalized by the 
induction of genes E6 E7 of human papillomavirus type 18) 
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was kindly provided by Professor George S.W. Tsao in the 
Department of Anatomy, The University of Hong Kong, China. 
Non‑neoplastic embryonic cell line 293 (36) was purchased 
from the American Type Culture Collection (ATCC). The 
culture medium for KYSE30, KYSE150, KYSE450, and 
KYSE510 was 45% RPMI with 45% F‑12 and 10% FBS; that 
for SLMT‑1, HKESC4, and 293 was 90% MEMα with 10% 
FBS; and that for NE3 was KSFM with complementary supple‑
ments. All the cells were cultured in media supplemented 
with 100 units/ml penicillin G and 100 µg/ml streptomycin 
and all cells were maintained in a humidified atmosphere of 
95% air and 5% CO2 at 37˚C. The cultures were passaged 
at preconfluent densities of ~80% using a solution of 0.25% 
trypsin (Invitrogen; Thermo Fisher Scientific, Inc.). Cells 
were washed briefly with phosphate‑buffered saline (PBS), 
treated with 0.25% trypsin, and harvested by centrifugation 
(300 x g for 5 min) at room temperature for subculturing.

ESCC patient specimens. Paraffin‑embedded specimens 
containing 26 cancer tissues and 15 non‑neoplastic tissues 
were collected after esophagectomy, with the consent of 
patients, at the Department of Surgery, Queen Mary Hospital, 
Hong Kong between January 1990 and December 2001 and 

the ethics approval for working on the specimens was obtained 
from the Hong Kong Polytechnic University (approval 
no. HSEARS20171213007). All the specimens were collected 
from patients who had received no prior treatment directed 
to the primary ESCC. The age of the patients ranged from 
45 to 77 years old, with a median of 65, comprising 23 males 
and 3 females. Oral informed consent was obtained in from 
all patients. The authors confirm that all methods were carried 
out in accordance with relevant guidelines and regulations. 
The clinical and histological information of ESCC patient 
specimens were reported by a pathologist (AKY Lam).

[3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑ 
(4‑sulfophenyl)‑2H‑tetrazolium] (MTS) cytotoxicity assay. 
The cytotoxic effect of 91b1 and CDDP on the ESCC 
cell lines and non‑neoplastic cell lines was examined by 
CellTiter‑96‑AQueous One Solution Cell Proliferation Assay 
(Promega Corporation) as previously described and expressed 
as the MTS50 values  (27). Each assay was performed in 
triplicate.

cDNA microarray analysis. Total RNA was extracted from 
2x108 cells of KYSE150 treated with 91b1 at 9.5 µg/ml (based 

Figure 1. Structure of quinoline derivatives. (A) 4‑hydroxy‑6‑methoxyquinoline‑2‑carboxylic acid. (B) 5,7‑dibromo‑1,2,3,4‑tetrahydro‑2‑methylquinolin‑8‑ol 
(91b1). (C) The synthesis of quinoline derivatives. Reagents: (a) SeO2, dioxane/H2O, reflux; (b) HCl, (c) RX (X=Cl or Br), (d) Br2.
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on the MTS50 value of 91b1 on KYSE150 with the signal of 
MTS cytotoxicity decreased by 50%) and DMSO (0.05%; 
MilliporeSigma) for 48 h using RNeasy Mini kit (Qiagen, 
Inc.). The cDNA microarray analysis and the associated 
quality control using Human Genome U133 Plus 2.0 arrays 
(Affymetrix; Thermo Fisher Scientific, Inc.) were performed 
at the Centre for Genomic Sciences of the University of Hong 
Kong according to the manufacturer's protocol as previously 
described  (4). The signals of the differentially expressed 
genes in 91b1‑treated KYSE150 were compared with the 
DMSO‑treated KYSE150 control.

Reverse transcription‑quantitative (RT‑q) PCR. The total 
RNA of non‑neoplastic cells, ESCC parental cells and 
91b1‑treated ESCC cells was extracted using RNeasy Mini 
kit (Qiagen, Inc.) as previously described  (4). cDNA was 
synthesized from total RNA using the GoScript Reverse 
Transcription System (Promega Corporation) according to 
manufacturer's instruction. The expression level of Ccl5 in 
the tested cells was determined by qPCR analysis using Go 
Taq qPCR Master Mix (Promega Corporation) and Thermo 
Scientific PikoReal Real‑Time PCR System (Thermo Fisher 
Scientific, Inc.) according to manufacturer's protocol. The 
synthesized cDNA (4 µl) was mixed with 10 µl of 2X qPCR 
Mastermix (Promega Corporation), 2 µl of 2 µM forward and 
reverse primers of either target gene or reference gene (β‑Actin 
was applied as reference gene), and 12 µl of RNase free water 
to get a total volume of 20 µl in a PCR tube. All 20 µl of sample 
mixtures were transferred into the wells of PikoReal 96‑well 
strips (n=3). qPCR reactions were carried out by PikoReal 
Real‑Time PCR System (Thermo Fisher Scientific, Inc.). The 
thermocycling conditions were: Polymerase activation at 95˚C 
for 2 min, then followed by 40 cycles of denaturation at 95˚C 
for 15 sec, annealing and primer extension at 60˚C for 1 min, 
then melt curve data were identified by gradually increasing 
temperature from 60‑95˚C until the fluorescent signal dropped 
to zero. Cq (cycle of quantification) of each sample was deter‑
mined and recorded by the program PikoReal Software 2.0 
(Thermo Fisher Scientific, Inc.). cDNA (~2 µg) produced by 
reverse transcription from the RNA was amplified using a 
specific Ccl5 and β‑Actin gene primer pairs (IDT). Primers 
for Ccl5 were 5'‑CGTGCCCACATCAAGGAG‑3' (forward) 
and 5'‑GGACAAGAGCAAGCAGAAA‑3' (reverse). Primers 
for β‑Actin were 5'‑ACCTTCTACAATGAGCTGCG‑3' 
(forward) and 5'‑CCTGGATAGCAACGTACATGG‑3' 
(reverse). Relative Ccl5 expression was determined by 
comparing with vehicle DMSO (0.05%) control, after being 
normalized with expression of β‑Actin. For all the qPCR 
reactions, the relative expression of target genes in different 
samples were calculated and compared by using the 2‑ΔΔCq 
method. The expression level of target genes was normalized 
by the reference gene β‑actin. Each independent experiments 
is conducted three times.

The calculation of 2‑ΔΔCq method was (37):

ΔCq of target gene=Cq of target gene‑Cq of reference gene

ΔΔCq of target gene=ΔCq of the target gene in treated 
group‑ΔCq of the target gene in control group

Therefore, the fold change of gene expression level=2‑(ΔΔCq of 

target gene)

The expression level was regarded as overexpression if the 
fold change of gene expression level ratio

was larger than 1.2; a ratio between 0.8 and 1.2 was considered 
as no significant change, while a ratio smaller than 0.8 was 
considered as under expression of the target gene (38).

IHC staining. Paraffin‑embedded cell‑line blocks of KYSE150, 
KYSE510, KYSE450, KYSE520 KYSE30, HKESC‑3 
HKESC‑4, SLMT‑1, NE‑3, DMSO‑treated (0.05%, 48 h) and 
91b1‑treated (6.5, 9.5 and 21 µg/ml 91b1) for 48 h KYSE150 
cells were prepared from ~5x106 cells of each respective cell 
line with formalin‑fixation (37% formalin and 15% methanol 
at room temperature for 48 h). Flowing fixation, tissues were 
rinsed under running water for 3 h. Then the tissues underwent 
a grade dehydration process starting with 50% ethanol for 2 h, 
followed by 70% ethanol for 2 h, 80% ethanol overnight, 90 
and 95% ethanol for 2 h each, and concluding twice in 100% 
ethanol for 2 h each time. Subsequently, the samples were 
placed in a mixture of ethanol:xylene (1:1) for 30 min and 
cleared in xylene for 30 min twice before being prepared for 
embedding in paraffin wax at 60˚C twice for 1 h each time. An 
automated embedding system was employed to encapsulate 
the tissues in paraffin. Dewaxed paraffin sections (8 µm) of 
cell‑line blocks and samples from patients with ESCC were 
immunostained using the streptavidin‑biotin‑peroxidase 
complex method. As pretreatment, microwave‑based antigen 
retrieval was be performed in 10 mM citrate buffer (pH 6.0). 
CCL5 mouse monoclonal antibody (1 mg/ml; Abnova) was 
applied at dilution of 1:100 for overnight incubation at 4˚C. 
Images of stained samples were captured under an inverted 
optical microscope (CKX41; Olympus Corporation) at magni‑
fication, x400 and four fields of images of stained sections 
were examined for the percentage of positively stained cells 
in cytoplasm by ImageJ (v 1.54; National Institutes of Health). 
Immunostaining results of ESCC cell line were compared 
with that of non‑tumor cell line NE‑3. Immunohistochemical 
staining images of stained sections were examined and graded 
according to the percentage of positively stained neoplastic 
cells as previously described (4).

Enzyme‑linked immuno‑sorbent assay (ELISA). Protein 
expression levels of CCL5 in cells were measured using 
RANTES (CCL5) Human SimpleStep ELISA kit (Abcam; 
cat. no. ab174446) according to the manufacturer's instruc‑
tions. Cells receiving no treatment, DMSO‑treatment (0.05%) 
or 91b1‑treatment in the concentration of 6.5, 9.5 and 21 µg/ml 
(with reference to the MTS50 value) were collected by cell 
scrapper after 48 h. Total protein concentration of each sample 
was determined using a Micro BCA Protein Assay kit (Thermo 
Fisher Scientific, Inc.) according to manufacturer's manual for 
normalization.

Transwell Matrigel invasion assay. The invasion ability 
of ESCC cells was evaluated using chambers with 
Matrigel‑coated membrane (8‑µm pore size; BD Biocoat; 
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Corning, Inc.) in 24‑well plate. The lower chamber was filled 
with RPMI 1640 medium (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% fetal bovine serum (FBS, Biosera) with 
recombinant human CCL5 protein (rhCCL5; Abnova) at 
concentration of 0, 50, 100 and 500 ng/ml. KYSE30 cells were 
cultured in 200 µl serum free RPMI 1640 medium in the upper 
chamber at a density of 2.5x105 cells/ml. The same number 
of cells were cultured on an uncoated membrane (8‑µm pore 
size) chamber as control. After 24 h, the uninvaded cells on 
the upper chamber were scraped off with a cotton swab. The 
transmembrane cells which migrated to the opposite side of 
the membrane were fixed in 100% methanol for 10 min and 
stained with 0.5% crystal violet solution (0.5 g crystal violet in 
75 ml methanol and 25 ml ddH2O) for 30 sec at room tempera‑
ture after washing twice with phosphate buffered saline (PBS). 
The transmembrane cells were counted under microscope in 
five random fields at magnification of x100. The percentage of 
invasion was calculated as follows:

Wound‑healing assay. A wound‑healing assay was 
performed to evaluate cell migration and growth. KYSE150 
cells (~1x106) were cultured in a 6‑well plate at 37˚C with 
5% CO2 overnight to let the cells adhere and grow to 70‑80% 
confluent monolayers. On the second day, the monolayer 
was gently scratched with a new 1 ml pipette tip across the 
center of the well to generate a wound area without changing 
the medium. After scratching, the well was gently washed 
twice with warm PBS buffer to remove detached cells, 
and the well was replenished with serum‑starved medium 
or different concentrations of compound 91b. The cells 
were incubated at 37˚C with 5% CO2 again and observed 
by microscope (Olympus CKX41; Olympus Corporation) 
at different time points (0, 12, and 24 h after scratching) 
for image capture. The number of cells invaded across 
the wound area was counted by ImageJ (v 1.54, National 
Institutes of Health).

Statistical analysis. The comparative ΔΔCq method was 
applied for relative quantification in qPCR analysis. Statistical 
significance of the differences among groups in MTS cyto‑
toxicity assay, qPCR analysis, ELISA, Transwell Matrigel 
invasion assay data were compared by two‑tailed t test or 
one‑way analysis of variance (ANOVA) followed by Dunnett's 
Correction using GraphPad Prism 7 (Dotmatics). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Bioinformatics analysis of the function of Ccl5 in cancers. 
According to the pan‑cancer analysis in Fig. 2A, Ccl5 was 
differentially expressed in several types of cancer, in which 
Ccl5 was notably high expressed in breast invasive carcinoma, 
esophageal carcinoma, glioblastoma multiforme, head and 
neck squamous cell carcinoma, kidney renal clear cell carci‑
noma, kidney renal papillary cell carcinoma and metastasis 
skin cutaneous melanoma, suggesting the possible roles of 
Ccl5 in tumorigenesis and tumor metastasis.

GO enrichment analysis results are in Fig. 2B. The most 
enriched GO molecular functions were identified as ‘small 
GTPase mediated signal transduction’, ‘regulation of GTPase 
activity’, ‘lymphocyte differentiation’, ‘regulation of protein 
serine/threonine kinase activity’, ‘regulation of MAP kinase 
activity’, ‘cell‑substrate adhesion’, ‘protein folding’, ‘wound 
healing’, ‘actin filament organization’ and ‘positive regula‑
tion of kinase activity’. KEGG pathway analysis results are 
in Fig. 2C, indicating that the DEGs were enriched in nine 
pathways, ‘coronavirus disease’, ‘prion disease’, ‘human T‑cell 
leukemia virus 1 infection’, ‘regulation of actin cytoskeleton’, 
‘ribosome’, ‘lipid and atheroselerosis’, ‘non‑alcoholic fatty liver 
disease’, ‘growth hormone synthesis, secretion and action’, 
‘antigen processing and presentation’ and ‘viral myocarditis’.

A total of 1,579 interactions were obtained with interaction 
scores >0.4 using the STRING database. The PPI network was 
then constructed and presented with the Cytoscape (v. 3.9.0) 
platform (Fig.  2D). The top 10 hub genes included Itgb2, 
Pik3cg, Pik3r1, Cbl, Pten, Syk, Pik3cb, Ptprc, Met and Inpp5d. 
A total of four modules were obtained through MCODE anal‑
ysis. The function of key proteins, such as PIK3, PTEN, and 
ATM were associated with metastases, IFNG, CD74, CD40, 
and CD3g were associated with immune response.

CCL5 is usually high expressed in ESCC cell lines and patient 
samples. Immunostaining was employed to detect the cyto‑
plasmic protein expression level of CCL5 in eight ESCC cell 
lines and non‑tumor esophageal cell line NE‑3. Upregulation of 
CCL5 was detected in 7/8 (87.5%) ESCC cell lines (KYSE510, 
KYSE450, KYSE520, KYSE150, HKESC‑3, HKESC‑4 and 
SLMT‑1) when compared with NE‑3 (Fig. 3A and B). In addi‑
tion, high expression level of CCL5 was also observed in 20/26 
(76.9%) of ESCC tissues and only 6/15 (40%) of non‑neoplastic 
esophageal tissues. ESCC expressing CCL5 protein in high level 
was more frequently observed than non‑neoplastic esophageal 
mucosa (P=0.018). Immunohistochemical staining showed high 
expression and low expression of CCL5 in ESCC (Fig. 3C).

The effect of CCL5 on the invasion ability of KYSE30 was 
examined by Transwell Matrigel invasion assay. As shown in 
Fig. 3E, no transmembrane cells were detected in the invasion 
assay after 24 h without the addition of recombinant human 
CCL5 protein (rhCCL5). Increasing numbers of transmembrane 
cells were detected with increasing rhCCL5 concentration. 
The percentage of invasion increased with the concentration 
of rhCCL5 (Fig. 3G), suggesting that CCL5 enhanced the 
invasion ability of ESCC cells. Moreover, to evaluate the cell 
migration and growth properties affected by compound 91b1, 
wound healing analysis was performed on KYSE510 cell line. 
A wound gap was created by scratching, and healing progress 
was captured at different time points. Cancer cells were treated 
with low (5 µg/ml) or high (10 µg/ml) dose of compound 91b1 
(Fig. 3D and F). After 12‑h, or 24‑h incubation, fewer cells of 
compound 91b1 treatment groups migrated into the scratched 
area than the control groups, indicating the reduction of cell 
migration of the cancer cells following 91b1 treatment.

Compound 91b1 downregulated the expression of Ccl5 in 
ESCC cells. cDNA microarray analysis was performed to 
study the changes of gene expression caused by compound 
91b1 in cancer cells. Density plots (Fig.  4A) showed the 
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different expression profile of KYSE150 cells treated with 
compound 91b1 compared with a blank control. The fold 
changes of normalized signal intensity of each gene obtained 

from the microarray analysis were evaluated. The five most 
downregulated genes were Ccl5, Lumican, Ston1, Igfb5 and 
Cp while the five most upregulated genes were C7orf57, Zbed2, 

Figure 2. CCL5 plays a critical role in several types of cancers, and its related functions mainly enriched in metastasis and immunology. (A) Pan‑cancer 
analysis of CCL5 by TIMER 2.0, upregulated or downregulated genes in the tumors were compared with normal tissues for each cancer type, as displayed in 
gray columns when normal data were available; red dots indicate tumor tissue, blue dots indicate normal tissue, purple dots indicate metastasis tumor tissue, 
*P<0.05; **P<0.01; ***P<0.001; (B) GO enrichment analysis; (C) KEGG pathway analysis; (D) PPI analysis. PPI network for all the overlapping DEGs was 
constructed and followed by module analysis using the MCODE plugin on the Cytoscape (v. 3.9.0) platform. Modules with a red border are significant modules. 
The size of circles reflects the degree of connectivity. CCL5, chemokine (C‑C motif) ligand 5; PPI, protein‑protein interaction; GO, Gene Ontology; KEGG, 
Kyoto Encyclopedia or Genes and Genomes; DEGs, differentially expressed genes.
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Figure 3. CCL5 is usually highly expressed in ESCC cell lines and patient samples, enhanced cancer cell invasion which can be suppressed by compound 91b1. 
(A) Immunohistochemical staining of CCL5 in eight ESCC cell lines, non‑tumor cell line NE‑3 with (B) quantitative analysis, Original magnification, x400; 
scale bar, 200 µm. (C) Representative images of immunohistochemical staining for CCL5 in ESCC specimens graded as low expression (upper photo) and high 
expression (lower photo), Original magnification, x400; scale bar, 200 µm. Red triangles represent IHC staining of CCL5 protein in cancer cells or specimens. 
(D) Images of wound healing progress of KYSE150 cells under 5 µg/ml or 10 µg/ml compound 91b1 at 0, 12 and 24 h respectively with average cell count 
invaded across the wound area, Original magnification, x100; scale bar, 2 mm (F); (E) Cell Invasion assay using Transwell Matrigel chamber with 0 ng/ml 
rhCCL5 (control), 50 ng/ml rhCCL5, 100 ng/ml rhCCL5, and 500 ng/ml rhCCL5. Transmembrane cells were stained by crystal violet, Original magnification, 
x200; scale bar, 200 µm; (G) Average invaded cell count of KYSE150 co‑cultured with different concentrations of rhCCL5 (0, 50, 100, 500 ng/ml). The invaded 
cells were counted under a microscope in four random fields. *P<0.05; **P<0.01. CCL5, chemokine (C‑C motif) ligand 5; ESCC, esophageal squamous cell 
carcinoma.
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Clgn, Csf2 and Slc16a6 (Table I and Fig. 4B). Ccl5 was found 
to be downregulated in 91b1‑treated KYSE150 cells with the 
highest fold change (‑2.12 times), thus 91b1 was a promising 
anti‑cancer compound to inhibit metastasis by targeting Ccl5.

The effect of 91b1 on mRNA expression and protein 
expression of CCL5 in ESCC cells were examined by qPCR 
analysis and ELISA. All the tested ESCC cell lines showed the 
reduction in CCL5 mRNA (Fig. 5A-D) and protein expression 
(Fig. 5E-H) after the treatment with 91b1, which is in agree‑
ment with the microarray results using KYSE150. In general, 
the suppressing effect of 91b1 on CCL5 expression was dose 
dependent. The results thus confirmed that CCL5 is one of the 
affected downstream candidates for the cytotoxicity induced by 
91b1. The suppression effect of 91b1 on CCL5 protein expression 
was also demonstrated by IHC staining with CCL5 antibody on 

KYSE150 cells. The number of cells with cytoplasmic staining 
signals revealed the relative protein expression level of CCL5. 
Dark-brownish stained cells in the vehicle-control revealed 
the high CCL5 protein expression (Fig. 5I) with quantitative 
analysis (Fig. 5J). Fewer CCL5 positive cells were evident after 
being treated with increasing concentration of 91b1 for 48 h, 
suggesting that the protein expression of CCL5 was reduced 
with 91b1 treatment in a dose-dependent manner.

In vitro cytotoxicity assay of compound 91b1. The anticancer 
effect of 91b1 on the four ESCC cell lines (KYSE30, KYSE150, 
KYSE450 and HKESC‑4) and two non‑tumor cell lines (NE‑3 
and 293) was evaluated using MTS cytotoxicity assay using 
CDDP as the positive control (Fig.  6). The MTS50 values 
(concentration of tested compounds that had 50% inhibition on 

Table I. List of the five most down‑ and upregulated genes in KYSE150 cells treated with 91b1 (9.5 µg/ml) for 48 h compared 
with the vehicle control.

A, Genes downregulated in 91b1‑treated KYSE150 cells

Probe set ID 	 Gene name	 Fold‑change

1405_i_at 	 Ccl5, chemokine (C‑C motif) ligand 5	 ‑2.12
201744_s_at 	 LUM, Lumican	 ‑2.07
213413_at 	 STON1, Stonin 1	 ‑1.80
211959_at 	 Igfbp5, insulin‑like growth factor binding protein 5	 ‑1.79
1558034_s_at 	 Cp, ceruloplasmin	 ‑1.79

B, Genes upregulated in 91b1‑treated KYSE150cells

1557636_a_at 	 C7orf57, chromosome 7 open reading frame 57	 1.89
219836_at 	 Zbed2, zinc finger, BED‑type containing 2	 1.71
205830_at 	 Clgn, calmegin	 1.66
210229_s_at 	 Csf2, colony stimulating factor 2	 1.65
230748_at 	 Slc16a6, solute carrier family 16, member 6	 1.58

Figure 4. CCL5 is the gene most downregulated by compound 91b1. (A) Density plots of microarray data of KYSE150 cells treated with compound 91b1 
for 48 h vs. blank medium control. (B) the five top genes up‑ or downregulated by compound 91b1 as identified by microarray analysis. CCL5, chemokine 
(C‑C motif) ligand 5.
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MTS activity; Table II). 91b1 showed stronger cytotoxic effect 
in ESCC cell lines and lesser cytotoxic effect in non‑neoplastic 
cells (NE‑3 and 293) than CDDP.

Discussion

Quinoline derivatives have frequently demonstrated anti‑
cancer properties in previous studies (19,20,39). In the current 

study, a novel quinoline derivative 91b1 was prepared from the 
naturally occurring core structure of the 8‑hydroxyquinoline. 
The anticancer effect of 91b1 on esophageal cancer and its 
effect on the gene expression profile of esophageal cancer cells 
were evaluated to assess its potential to be explored as a novel 
anticancer agent.

The present study confirmed by MTS cytotoxicity assay 
that cytotoxic effects of 91b1 on the five ESCC cells (KYSE30, 

Figure 5. Compound 91b1 downregulates the expression of CCL5 in ESCC cell lines. CCL5 mRNA expression levels in ESCC cell lines (A) KYSE150, 
(B) KYSE450, (C) KYSE510 and (D) HKESC‑4 after 48‑h treatment of 91b1 in different concentrations. Each test was performed in triplicate and relative 
CCL5 expression levels were determined by comparing with cells treated with vehicle DMSO (0.05%) following normalized with the expression of β‑actin. 
CCL5 protein expression of (E) KYSE150, (F) KYSE450, (G) KYSE510 and (H) HKESC‑4 after 48‑h treatment of 91b1 in different concentrations vs. vehicle. 
Each assay was performed in triplicate. (I) Immunohistochemical staining of CCL5 for KYSE150 treated with vehicle control (DMSO), 6.5, 9.5 and 21 µg/ml 
91b1 for 48 h; original magnification, x400; (J) The staining signals were quantitatively analyzed by ImageJ (National Institutes of Health). *P<0.05; **P<0.01; 
ns, not significant. CCL5, chemokine (C‑C motif) ligand 5; ESCC, esophageal squamous cell carcinoma.
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KYSE150, KYSE450, KYSE510 and HKESC‑4) were compa‑
rable to that of the first‑line chemotherapeutic drug CDDP. CDDP 
is a well‑known chemotherapeutic drug to treat non‑small cell 
lung cancer, ESCC and gastrointestinal cancer (40‑42), which 
was applied as the positive control to assess the anti‑cancer 
potential of compound 91b1. In addition, 91b1 demonstrated 
less cytotoxicity to non‑neoplastic cell lines (NE‑3 and 293) 
than CDDP by 1.6 and 2.1 times respectively. Hence, the current 
results provided the first evidence about the anticancer potential 
of 91b1 with lesser cytotoxicity induced on non‑tumor cells.

Among the five ESCC cell lines tested, KYSE150 showed 
sensitivity to CDDP treatment (MTS50; 13.16  µg/ml) but 
responded positively to the novel quinoline derivative 91b1 
(MTS50; 4.55 µg/ml). Subsequent cDNA microarray analysis 
of KYSE150 identified Ccl5 as the most downregulated in 
91b1‑treated KYSE150 cells. Ccl5, also known as Human 
Regulated on Activation in Normal secreted T‑cell Expression 
and Secreted, is one of the members in CC‑chemokine 
family. It is also a well‑known chemokine to stimulate tumor 
progression (5). It mediates its biological effect by activating 
G protein‑coupled receptors CCR1, CCR3 and CCR5 with 
CCR5 as the dominant receptor (43). The most important role 
for the interaction between CCL5 and its receptor CCR5 in 
tumor development is the regulation of metastasis process. 
The mechanism of metastasis mediated by elevated level of 
CCL5 remains to be elucidated. However, studies have demon‑
strated the influence of the CCL5/CCR5 activity on invasion. 
Secretion of CCL5 by stromal cells in bone marrow was found 
to enhance the invasion ability of hepatocellular carcinoma 
cells (44‑46).

In the present study, qPCR analysis, ELISA and immu‑
nostaining collectively demonstrated the dose‑dependent 
suppression of CCL5 induced by of 91b1, suggesting the 
anticancer effect is strongly related to the expression of CCL5. 
Notably, for the expression status of CCL5 in ESCC, 87.5% 
(7/8) of ESCC cell lines were found to overexpress compared 
with non‑neoplastic esophageal epithelial cells, as revealed 
by immunostaining. The elevated expression of CCL5 was 
also observed in ESCC specimens by immunohistochemistry 
with 76.9% of ESCC tissues showed high expression level for 

Figure 6. Compound 91b1 shows stronger cytotoxic effect in ESCC cell lines and less cytotoxic effect in non‑neoplastic cells. Cytotoxic effects of 91b1 
on ESCC cell lines (A) KYSE30, (B) KYSE150, (C) KYSE450, and (D) HKESC‑4; and non‑neoplastic cell lines (E) NE‑3 and (F) 293 were examined 
by MTS cytotoxicity assay with CDDP as the positive control. Each test was performed in triplicate. ESCC, esophageal squamous cell carcinoma; MTS, 
[3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑(4‑sulfophenyl)‑2H‑tetrazolium]; CDDP, cisplatin.

Table II. MTS50 (µg/ml) of 91b1 and CDDP for four ESCC 
cell lines and two non‑tumor cell lines. Results were expressed 
with mean ± SD from triplicate. experiments.

	 MTS50

	-----------------------------------------------------------------------------
Cell lines	 91b1 (µg/ml)	CDD P (µg/ml)

KYSE30	 6.50±0.41	 8.00±1.08
KYSE150	 4.55±0.77	 13.16±2.54
KYSE450	 1.80±0.23	 6.69±0.34
HKESC‑4	 4.75±1.83	 11.88±1.52
NE‑3	 1.94±0.29	 1.18±0.21
293	 4.55±0.87	 2.19±0.25

MTS, [3‑(4,5‑dimethylthiazol‑2‑yl)‑5‑(3‑carboxymethoxyphenyl)‑2‑
(4‑sulfophenyl)‑2H‑tetrazolium]; CDDP, cisplatin; ESCC, esophageal 
squamous cell carcinoma.
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CCL5. It has been reported that CCL5 may be involved in 
the early stage of carcinogenesis of ESCC, playing the role in 
transformation of pre‑invasive lesions to cancer as reported in 
oral squamous cell carcinoma (45). Future investigations could 
be conducted to elaborate the roles of CCL5 overexpression in 
pre‑malignant lesions of ESCC and other cancers.

Previous reports demonstrate the role of CCL5 in tumor 
progression including increased invasive abilities  (44,46). 
The ability of CCL5 to enhance the invasion of ESCC cells 
was further examined by Transwell Matrigel invasion assay, 
reinforcing its role in tumor progression. Notably, CCL5 
(50‑500 ng/ml) induced the invasion ability of KYSE30 in 
the Transwell Matrigel invasion assay, implying that CCL5 
can enhance the invasion ability of ESCC cells. To strengthen 
the association of CCL5 treatment and cell invasion, more 
experiments, including knock down Ccl5 by siRNA in a series 
of ESCC cells, will be performed in the future studies. From 
the present study, CCL5 expression in the tumor cells can 
be suppressed by 91b1 and the inhibition of tumor progres‑
sion based on the suppression of CCL5 expression has been 
postulated (5). Thus, the overall findings illustrated, for the 
first time to the best of the authors' knowledge, the potential 
of 91b1 in suppressing the invasion and progression of ESCC 
cells through CCL5 suppression.

Some previous studies also suggest that different organs 
or tissues may secrete different chemokines (including CCL5) 
along with specific types of lectins and integrins. These 
molecules facilitate the adhesion of cancer cells to organs, 
potentially leading to metastasis (47,48). This suggests that 
the overexpression of CCL5 in other tissues may also increase 
the risk of tumor metastasis. According to the results of the 
present study, 91b1 can suppress the expression of CCL5 
which may also involve the suppression of metastasis of ESCC 
cells to other tissue sites. Further studies should explore the 
anti‑metastatic effects of 91b1 on a large across different 
cancer types.

The present study demonst rated that a novel 
8‑hydroxyquinoline derivative (5,7‑dibromo‑1,2,3,4‑tetra‑
hydro‑2‑methylquinolin‑8‑ol; 91b1) showed a cytotoxic effect 
on ESCC cells with relatively lower cytotoxicity to non‑tumor 
cells compared with CDDP. 91b1 induced the suppression of 
mRNA and protein expression of the most downregulated 
target Ccl5 in ESCC cells in the dose‑dependent manner. 
CCL5 also enhanced invasive ability of ESCC cells in vitro 
and was found frequently upregulated in ESCC cell lines and 
tumor tissues. Considering the critical function of CCL5 in 
cancer development and metastasis, the strategy of suppressing 
the expression of CCL5 opens a new path for studies on the 
possible treatment of ESCC using 91b1 and possibly such an 
approach can be extended to other types of cancer in future. 
By contrast, the application of quinoline compound is limited 
by its solubility, retention time, or multi‑drug resistance. With 
the development of novel biological materials, integrating 
this compound with innovative biomaterials presents a viable 
pathway to enhance its therapeutic potential and applicability 
in anti‑cancer therapy. Nanomaterials can be employed as 
carriers to enhance solubility and bioavailability, or designed 
with specific function for tumor cells to reduce systemic side 
effects (49). Hydrogels can act as scaffolds due to its biocom‑
patibility and controlled degradation rates for sustained drug 

delivery  (50). Loading 91b1 within hydrogel might offer 
controlled release for maintaining therapeutic concentrations 
of drug in tumor or tumor microenvironment over extended 
period. These strategies aim to address the challenges asso‑
ciated with the clinical application of novel small molecule 
anticancer drugs such as 91b1 with the unique properties of 
advanced biomaterials.

The novel quinoline compound 91b1 demonstrated 
promising anticancer effect to ESCC cells compared with 
CDDP through the downregulation of CCL5 expression with 
suppression of tumor invasion. CCL5 was found frequently 
upregulated in ESCC cell lines and tumor tissues, indicating 
the high potential use of compound 91b1 for the treatment 
of ESCC in future. Furthermore, in the present study, while 
in vitro data provide valuable insights, they do not always 
predict in  vivo behavior due to the complexity of living 
organisms. Hence, subsequent in vivo studies are crucial 
for confirming the present findings and understanding the 
biological relevance of the gene functions studied in ESCC 
or other types of cancers. Future research should focus on 
expanding the scope of animal experiments to include 
mechanism such as related signaling pathway, long‑term 
studies and the evaluation of potential side effects, which 
will enhance the translational potential of our findings into 
clinical applications.
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