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Abstract. Esophageal squamous cell carcinoma (ESCC) is a 
cancer type with limited treatment options. The present study 
aimed to screen for small molecules that may inhibit ESCC 
cell viability. The small‑molecule‑perturbed signatures were 
extrapolated from the library of integrated network‑based 
cellular signatures (LINCS) database. Since LINCS does not 
include small‑molecule‑perturbed signatures of ESCC cells, it 
was hypothesized that non‑ESCC cell lines that display tran‑
scriptome profiles similar to those of ESCC may have similar 
small‑molecule‑perturbated responses to ESCC cells and 
that identifying small molecules that inhibit the viability of 
these non‑ESCC cells may also inhibit the viability of ESCC 
cells. The transcriptomes of >1,000 cancer cell lines from 
the Cancer Cell Line Encyclopedia database were analyzed 
and 70 non‑ESCC cell lines exhibiting similar transcriptome 
profiles to those of ESCC cells were identified. Among 
them, six cell lines with transcriptome signatures upon drug 
perturbation were available in the LINCS, which were used as 
reference signatures. A total of 20 ESCC datasets were analyzed 
and 522 downregulated and 461 upregulated differentially 
expressed genes (DEGs) that were consistently altered across 
>50% of the datasets were identified. These DEGs together 
with the reference signatures were then used as inputs of the 
ZhangScore method to score small molecules that may reverse 
transcriptome alterations of ESCC. Among the top‑ranked 
50 molecules identified by the ZhangScore, four candidates that 

may inhibit ESCC cell viability were experimentally verified. 
Furthermore, 2‑[(aminocarbonyl)amino]‑5‑(4‑fluorophenyl)‑3‑
thiophenecarboxamide (TPCA‑1), an inhibitor of the NF‑κB 
pathway, was able to preferentially inhibit the viability of 
ESCC cells compared with non‑tumorigenic epithelial Het‑1A 
cells. Mechanistically, TPCA‑1 induced ESCC KYSE‑450 
cell apoptosis by inhibiting the phosphorylation of inhibitor 
of NF‑κB kinase subunit β, leading to IκBα stabilization and 
NF‑κB signaling pathway inhibition. Collectively, these results 
demonstrated that LINCS‑based drug repositioning may 
facilitate drug discovery and that TPCA‑1 may be a promising 
candidate molecule in the treatment of ESCC.

Introduction

Esophageal cancer is the 7th most common type of cancer with 
~572,000 estimated new cases and ~509,000 deaths in 2018 (1) 
and a five‑year survival rate of <20% (2). The predominant 
histological subtype is esophageal squamous cell carcinoma 
(ESCC), which accounts for >85% of esophageal cancers (3). 
There are various known risk factors for ESCC, including 
alcohol consumption, cigarette smoking, chewing tobacco, 
hot drinks, indoor air pollution, pickles, preserved meat, a 
low intake of fruits and vegetables (4). The mainstay treat‑
ment for early‑stage ESCC is surgery (endoscopic resection 
or esophagectomy). For advanced ESCC, surgery is frequently 
combined with neoadjuvant treatments, such as chemotherapy 
or chemoradiotherapy (5). However, the poor prognosis of 
ESCC highlights the urgent requirement for the development 
of novel therapeutics.

To aid the discovery of novel drug candidates or the repur‑
posing of approved drugs, the National Institutes of Health 
(NIH) have launched the Library of Integrated Network‑based 
Cellular Signatures (LINCS) (6). Using L1000 technology, 
LINCS has detected transcriptional signatures for 1.4 million 
genetic (CRISPR knock‑out, shRNA knockdown and open 
reading frame overexpression) and small‑molecule (drug and 
tool compound) perturbations spanning 50 cell types of varied 
lineages (6). It has been proven by several studies that LINCS 
is useful for drug discovery. For head and neck squamous cell 
carcinoma with mutant p53, the phosphatidylinositol‑3‑kinase 
α‑selective inhibitor alpelisib was found, using the LINCS 
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approach, to disrupt the interaction of MYC, mutant p53 
and Yes‑associated protein with MYC target promoters (7). 
A recent study indicated that crizotinib, celastrol and 
GSK1059615 may be combined with erlotinib to inhibit 
erlotinib‑resistant PC9 lung cancer cells (8). In addition, it 
was discovered that aurora inhibitors and JQ1 synergistically 
inhibit glioblastoma and that mitoxantrone or imatinib may 
synergize with gemcitabine (9). ZhangScore is an algorithm 
that is able to evaluate the similarity of transcriptomes based 
on drug‑perturbated gene expression data. Lin et al (10) indi‑
cated that the ZhangScore method (11), which may provide 
the significance level of a small molecule by bootstrapping, is 
superior to other methods and has high accuracy in identifying 
potential drugs.

NF‑κB signaling is an important pathway that regulates 
various biological processes, including inflammation, survival, 
proliferation and immune response  (12). NF‑κB signaling 
is frequently constitutively activated in numerous cancer 
types, which relies on the phosphorylation and degradation 
of its specific inhibitor IκB protein by the IκB kinase (IKK) 
complex (13‑15). Degradation of IκB protein leads to the release 
of the p65/RELA‑p50 (canonical) or p52‑RELB complexes 
into the nucleus, inducing the transcription of multiple target 
genes involved in pro‑inflammation, angiogenesis, cell prolif‑
eration, anti‑apoptosis and cell‑matrix remodeling (16). Thus, 
targeting NF‑κB signaling is considered a promising strategy 
for cancer treatment. 2‑[(Aminocarbonyl)amino]‑5‑(4‑fluorop
henyl)‑3‑thiophenecarboxamide (TPCA‑1) is a potent selective 
inhibitor of IKKβ (17). It was reported that flubendazole, an 
inhibitor of NF‑κB signaling, may induce apoptosis in ESCC 
cells (15). However, whether TPCA‑1 is able to inhibit ESCC 
has remained elusive.

In the present study, the extensive data on the small 
molecule‑perturbed transcription signatures in the LINCS 
project were used to identify potential small inhibitory 
molecules for ESCC. A list of 50  small molecules was 
compiled and prioritized, and the four top‑scoring candidate 
molecules (nutlin‑3a, vemurafenib, TPCA‑1 and CID2858522) 
were experimentally verified to inhibit ESCC cell viability. 
In particular, it was determined that TPCA‑1, which targets 
the IKKβ protein, was able to inhibit the viability of ESCC 
cells more effectively than that of non‑tumorigenic esophageal 
epithelial cells.

Materials and methods

Dataset collection. The analytical workflow of the present study 
is illustrated in Fig. 1. A total of 20 gene expression datasets of 
ESCC were obtained from the Xena (https://xena.ucsc.edu/), 
Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.
gov/sra) and Gene Expression Omnibus (GEO, https://www.
ncbi.nlm.nih.gov/geo) databases. A total of 911 samples were 
included, of which 515 were tumor samples or tumor cell 
lines and 396 were normal esophagus or nontumorigenic cell 
lines. Gene expression data and corresponding annotation files 
for >1,000 human cancer cell lines were downloaded from 
the Cancer Cell Line Encyclopedia (CCLE, https://portals.
broadinstitute.org/ccle). The preprocessed level  5 GCTX 
format data of small‑molecule‑perturbed gene expression files, 
as well as the corresponding cell annotation and experimental 

annotation files, were downloaded from the GEO database 
(accession no. GSE92742).

Identification of the consensus differentially expressed genes 
(DEGs) in ESCC. For ESCC expression chips, the Limma 
package  (18) was used to perform background correction, 
standardization and differential expression analysis. For 
RNAseq data from the SRA database, align‑free aligner 
Salmon (19) was used to perform quantification. Gene‑level 
expression data were then imported into the R environ‑
ment by the tximport package (20) and DEG analysis was 
performed using the DESeq2 (21) package. For RNAseq data 
from The Cancer Genome Atlas (TCGA), the expression data 
were obtained from Xena and gene expression data were 
extracted for ESCC and normal tissues. DESeq2 was then 
used to perform DEG analysis. DEGs were defined as adjusted 
P<0.05 and |log2 FoldChange|>1 in each dataset. To obtain the 
consistent transcriptional changes in ESCC, DEGs that were 
shared by >50% of the 20 datasets were further identified as 
consensus DEGs. The ClusterProfiler (22) package was used 
to perform Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genome (KEGG) enrichment analysis and 
visualization for DEGs.

Screening for the cancer cells most similar to ESCC cells at 
the gene expression level. As the current version of LINCS 
has no small‑molecule‑perturbed experiment performed 
on ESCC cells, the cell lines most similar to ESCC cells 
at the transcriptome level were first identified using the 
CCLE dataset. The R‑package GGally (23) was used to first 
identify the most representative ESCC cell lines with a high 
pair‑wise Pearson correlation coefficient (PCC). The mean 
PCC between one ESCC cell line and all other representa‑
tive ESCC cell lines was >0.7. The mean value for each 
gene was then calculated among the representative cell lines 
as the representative profile of ESCC. The PCCs between 
the representative profile of ESCC and no‑ESCC cell lines 
were computed in LINCS. The cancer cell lines with a 
PCC >0.83 (determined by the inflection point presented 
in Fig. S1B) were defined as similar to ESCC cells at the 
transcriptome level. Finally, six cell lines (A375, CORL23, 
HT115, HT29, SNUC5 and SW620) were indicated to be 
similar to ESCC cells and to have small‑molecule perturba‑
tion data in LINCS.

Candidate small molecule screening using LINCS data. 
The SignatureSearch  (24) package was used to parse and 
extract gene expression data prior to and after small molecule 
treatment for the six cell lines similar to ESCC cells in the 
LINCS. Next, the RCSM (10) package was used to calculate 
the ZhangScore  (11) between DEGs of ESCC (query gene 
signatures) and the small‑molecule‑perturbed gene expression 
(reference gene signatures). The molecules were ordered by 
ZhangScore in ascending order for each of the six cell lines. 
Finally, RobustRankAggreg (RRA) (25) was used to integrate 
the ranking results of molecules from the six cell lines. The 
significant level of each of the top‑ranking small molecules 
among all six rank lists was obtained. The final list was ranked 
based on the sum of the ZhangScore across the six cell lines 
in ascending order.
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Cell culture. KYSE‑150, KYSE‑180 and KYSE‑450 cell 
lines were from German collection of microorganisms and 
cell cultures. TE‑1 cell line was from the RIKEN BRC cell 
bank. Eca‑109 cell line was from China center for type culture 
collection. The immortalized human esophageal epithelial cell 
line, Het‑1A was from American type culture collection. All 
cell lines used in the present study were cultured at 37˚C in 
a thermostatic cell incubator (Thermo Fisher Scientific, Inc.) 
with saturated humidity and 5% CO2. Cells were cultured in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (HyClone; Cytiva) and 1% double 
resistance (100 U/ml penicillin and 100 µg/ml streptomycin; 
HyClone; Cytiva).

Cell viability assay. ESCC cells were seeded in 96‑well plates 
at a density of 2,000  cells/100  µl and cultured overnight 
at 37˚C with 5% CO2. Following treatment with the indicated 
concentrations of small molecules for different durations, 
their survival was measured with an MTS kit (Thermo Fisher 
Scientific, Inc.) using an enzyme labeler (Varioskan Flash; 
Thermo Fisher Scientific, Inc.). The absorbance was measured 
at a wavelength of 490 nm and cell viability was calculated 
as follows: Viability=[Optical density (OD)Drug‑ODBlank]/
(ODControl‑ODBlank).

Colony‑forming assay. Cells (700/well) were exposed to 
various concentrations (0, 0.5, 1, 2 and 4 µM) of TPCA‑1 
(MedChemExpress, Inc.) in 6‑well plates and then cultured for 
2 weeks at 37˚C in an incubator with 5% CO2. Following gentle 
washing with PBS once at room temperature, 1 ml methanol 
was used to fix each well for 10 min at room temperature. Each 
well was then dyed with 1 ml crystalline purple for 10 min 
at room temperature. Finally, each well was washed several 
times with PBS. A gel imager (ChemiDoc XRS Plus; Bio‑Rad 

Laboratories, Inc.) with bright light optics was used to acquire 
images.

Cell apoptosis analysis. KYSE‑450 cells were treated with 
different concentrations of TPCA‑1 (0, 0.5, 1, 2 and 4 µM) for 
48 h. Cells were washed twice with pre‑cooled PBS, digested 
with trypsin (Gibco; Thermo Fisher Scientific, Inc.) and 
centrifuged at 1,000 x g for 5 min at room temperature. The 
supernatant was then discarded and 195 ml Annexin V‑FITC 
binding buffer was added to gently resuspend the cells. Finally, 
5 ml Annexin V‑FITC and 10 ml propidium iodide staining 
solution (Beyotime Institute of Biotechnology) were added to 
the cell suspension with gentle mixing. Following incubation 
at room temperature (20‑25˚C) in the dark for 10 min, stained 
cells were analyzed using a flow cytometer (FACSCalibur, BD 
Biosciences).

Western blot analysis. KYSE‑450 and Het‑1A cells were 
treated with different concentrations of TPCA‑1 (0, 0.5, 1, 
2 and 4 µM) for 48 h. Cells were scraped down and centri‑
fuged in pre‑warmed PBS. After extracting the cell lysate 
with lysis buffer (50 mM Tris·HCl pH 8.0, 250 mM NaCl, 
40  mM NaF, 0.5  mM NaVO4, 0.5% Nonidet P‑40, 1  mM 
PMSF, 2 µg/ml leupeptin and 2 µg/ml aprotinin), the total 
protein concentration was measured with Bradford reagent 
(B6916; MilliporeSigma) using a spectrophotometer (Thermo 
Fisher Scientific, Inc.). Equal amounts of total protein (50 µg 
for each lane) were subjected to SDS‑PAGE separation with 
10% polyacrylamide gel, followed by electro‑transfer to a 
polyvinylidene difluoride membrane (Bio‑Rad Laboratories, 
Inc.) in a Mini‑PROTEAN Tetra vertical electrophoresis cell 
(Bio‑Rad Laboratories, Inc.). The membrane was then blocked 
with 5% skimmed milk (cat. no. P0126; Beyotime Institute of 
Biotechnology) for 1 h at room temperature and then incubated 
with specific antibodies at 4˚C for 16 h. The primary antibodies 
for IκBα (cat.  no.  4814; 1:1,000 dilution), phosphorylated 
(p)‑IKKβ (cat. no. 2697; 1:1,000 dilution), IKKβ (cat. no. 2678; 
1:1,000 dilution), p‑P65 (cat. no. 3033; 1:1,000 dilution), P65 
(cat.  no. 8242; 1:1,000 dilution), caspase 3 (cat.  no. 9662; 
1:1,000 dilution) and cleaved caspase 3 (cat. no. 9662; 1:1,000 
dilution) were purchased from Cell Signaling Technology, Inc. 
Antibodies for GAPDH (cat. no. 0037; 1:3,000 dilution) and 
Bim (cat. no. AY1380; 1:1,000 dilution) were purchased from 
Abways Technology. The HRP‑conjugated goat anti‑mouse 
(cat. no. sc‑2005; 1:3,000 dilution) and goat anti‑rabbit IgG 
antibodies (cat. no. sc‑2004; 1:1,000 dilution) were purchased 
from Santa Cruz Biotechnology, Inc. The bands were visual‑
ized by enhanced chemiluminescence (cat. no. P10100; New 
Cell & Molecular Biotech Co., Ltd.) in a gel imager (ChemiDoc 
XRS Plus; Bio‑Rad Laboratories, Inc.).

Statistical analysis. All bioinformatics analyses and calcu‑
lations were performed in R. Values are expressed as the 
mean ± standard error of the mean. All statistical analysis 
was performed using GraphPad Prism 8 software (GraphPad 
Software, Inc.). An unpaired Student's t‑test was used to deter‑
mine the significance of differences between groups with and 
without TCPA‑1 treatment in each cell line. Two‑way ANOVA 
followed by Tukey's post‑hoc test was used to determine 
the significance of differential responses of KYSE‑450 and 

Figure 1. Workflow for screening small molecules that can inhibit ESCC cell 
growth. ESCC, esophageal squamous cell carcinoma; TCGA, The Cancer 
Genome Atlas; LINCS, Library of Integrated Network‑based Cellular 
Signatures; CCLE, Cancer Cell Line Encyclopedia; GEO, gene expression 
omnibus.
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Het‑1A cells to TPCA‑1 treatment. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Consensus DEGs in ESCC. To obtain DEGs in ESCC compared 
with normal controls, 20 ESCC gene expression datasets from 
the GEO, SRA or Xena databases consisting of 911 samples 
(515 tumor and 396 normal samples) were analyzed (Fig. 2A) 
and DEGs were identified in each dataset (adjusted P<0.05 and 
|log2FoldChange|>1). DEGs identified in at least 10 datasets 
(≥50%) were considered as DEGs of ESCC in the present 

study. In total, 521 downregulated and 460 upregulated genes 
were identified (Table SI). Of note, several cell matrix‑related 
proteins, including MMP‑1, ‑13 and ‑10, were among the top 
10 upregulated DEGs (Fig. 2B), suggesting that the alteration 
of cell matrix‑related gene expression may have an important 
role in ESCC development.

GO enrichment analyses indicated that the upregulated 
DEGs were mainly related to extracellular matrix (Fig. 2C) 
and the downregulated DEGs were mainly associated 
with peptidase inhibitor and arachidonic acid epoxygenase 
(Fig.  2D). KEGG pathway analysis suggested that the 
upregulated DEGs were primarily enriched in extracellular 

Figure 2. Screening for consistent DEGs in esophageal squamous cell carcinoma and enrichment analysis. (A) Bar chart indicating the number of tumors 
and normal samples in the 20 different ESCC datasets. (B) Heat map presenting the fold changes of the top 10 upregulated and top 10 downregulated genes 
that were common in the 20 datasets. Gray colour indicates the gene was not detected in the corresponding dataset. (C and D) GO enrichment analysis of 
(C) upregulated DEGs and (D) downregulated DEGs. (E and F) Enrichment analyses of KEGG pathways for (E) upregulated DEGs and (F) downregulated 
DEGs. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; DEG, differentially expressed gene; TCGA, The Cancer Genome Atlas.
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Table I. Targets and current status in clinical trials of the top 50 small molecules.

Rank	 Molecule	 Target protein (classes)	 PMID	 Indications/clinical trials/classification

  1	 TPCA‑1	 IKKβ (inhibitor)	 15316093	 Unknown
  2	 Vemurafenib	 BRAFV600E (inhibitor)	 35045748	 Melanoma
  3	 Selumetinib	 MAP2K1 (inhibitor)	 32504375	 Melanoma/neurofibromatosis type 1/
				    thyroid cancer
  4	 Valdecoxib	 PTGS2 (inhibitor)	 23517091	 Rheumatoid arthritis [withdrawn]
  5	 KU‑0063794	 mTOR (inhibitor)	 19402821	 Mild atopic asthma (Phase 2)
  6	 PP‑110	 Unknown	 Not available	 Unknown
  7	 Trichostatin‑a	 HDAC (inhibitor)	 25923331	 Relapsed or refractory hematologic
				    malignancies (Phase 1)
  8	 Vorinostat	 HDAC (inhibitor)	 35158962	 Cutaneous T‑cell lymphoma/ESCC
				    (NCT00537121, Phase 1)
  9	 AS‑605240	 PIK3CG (inhibitor)	 24935930	 Unknown
10	 YM‑155	 Survivin (inhibitor)	 21737502	 Melanoma (Phase 2)/metastatic breast
				    cancer (Phase 2)
11	 Sirolimus	 mTOR (inhibitor)	 34415233	 Organ rejection/prostate cancer (Phase 2)/
				    pancreatic cancer (Phase 2)
12	D orsomorphin	 AMPK (inhibitor)	 18026094	 Unknown
13	 Curcumin	 PPARG (inhibitor)	 23534763	 Periodontitis (Phase 4)/advanced pancreatic
				    cancer (Phase 2)/prostate cancer (Phase 3)
14	 Methylene‑blue	 GUCY1A2 (inhibitor)	 30666126	 Methaemoglobinaemia /colorectal cancer
				    (Phase 3)
15	 BMS‑536924	 IGF1R (inhibitor)	 16134929	 Unknown
16	 AZD‑8055	 mTOR (inhibitor)	 21333749	 Recurrent Gliomas (Phase 1)/advanced
				    tumors (Phase 1)
17	 PAC‑1	 Caspase‑3 (activator)	 19281821	 Uveal melanoma (Phase 2)/advanced
				    malignancies (Phase 1)
18	 GW‑405833	 Unknown	 20863899	 Unknown
19	 ISOX	 HDAC (inhibitor)	 29867749 	 Unknown
20	C ytochalasin‑b	 Unknown	 Not available	 Unknown
21	 lonidamine	 HK (inactivator)	 16986056	 Prostatic hyperplasia (Phase 2/3, terminated)
22	 PIK‑75	 PI3K (inhibitor)	 17362206	 Unknown
23	 DL‑PDMP	 Unknown	 21571032	 Unknown
24	 IKK‑2‑inhibitor‑V	 IKKβ (inhibitor)	 23211970	 Unknown
25	 Phloretin	 Unknown	 14019989	 Flavors
26	 Menadione	C ytochrome P450	 27167070	 Vitamins
		  (suppressor)		
27	 BRD‑K56411643	 Unknown	 Not available	 Unknown
28	 L‑690488	 Unknown	 Not available	 Unknown
29	C AY‑10618	 Unknown	 Not available	 Unknown
30	 Nutlin‑3a	 MDM2 (antagonist)	 14704432	 Unknown
31	 Fostamatinib	 SYK (inhibitor)	 16946104	 Advanced colorectal, non‑small cell lung, 
				    head and neck hepatocellular and renal cell
				    carcinomas among other cancers (Phase 2)/
				    thrombocytopenia (Phase 2)/COVID‑19
				    (Phase 2/3)
32	 Tosedostat	 aminopeptidase (inhibitor)	 18701491	 Acute myeloid leukaemia (phase 1/2)
33	 Ro‑28‑1675	 Unknown	 20161845	 Unknown
34	 Wortmannin	 PIK3CG (inhibitor)	 24654606	 Radiation‑sensitizing/insulin antagonists/
				    immunosuppressive
35	 Rottlerin	 Protein kinase (inhibitor)	 8123051	 Unknown
36	 NSC‑95397	 Cdc25 (inhibitor)	 11901209	 Unknown
37	 TG‑101348	 JAK2 (inhibitor)	 32346607	 Primary or secondary myelofibrosis
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matrix‑receptor interaction and cell cycle regulators (Fig. 2E) 
and the downregulated DEGs in fatty acid degradation and 
cytochrome P450 (Fig. 2F). Both the arachidonic acid epoxy‑
genase and fatty acid degradation pathways are associated 
with inflammation (26,27), suggesting that disrupted immune 
response may be involved in ESCC development.

Identification of cancer cell lines with similar gene expression 
patterns to ESCC cells. Although LINCS (28) has transcriptome 
profiles derived from a variety of human cancer cells treated 
with various small molecules, there is a lack of perturbation 
data for ESCC cells. Thus, it was hypothesized that non‑ESCC 
cell lines that display transcriptome profiles similar to that 
of ESCC in LINCS may have similar cellular responses to 
treatment of ESCC cells with small molecules and that the 
small molecules that inhibit the viability of these non‑ESCC 
cells may also inhibit the viability of ESCC cells. To do this, 
the gene expression data of >1,000  human cancer cell lines 
from CCLE were analyzed (29), including 22 ESCC cell lines. 
Gene expression datasets derived from both RNAseq and 
microarrays were used to calculate the PCC in each pair from a 
total of 22 ESCC cell lines. As presented in Fig. S1A, the PCCs 
of seven ESCC cell lines, including OE21, KYSE‑510, TE‑11, 
KYSE‑70, KYSE‑520, KYSE‑180 and TE‑14, exhibited high 
pairwise similarities (PCC>0.7). The mean expression values 
of each gene in the seven cell lines were calculated and then 
used as a reference profile for ESCC cells to calculate the PCCs 
between this reference profile and the transcriptome profiles 
of non‑ESCC cancer cells in CCLE. A total of 70 non‑ESCC 
cancer cell lines with a PCC>0.83 (determined by inflection 
point) exhibited a similar transcriptome profile to that of 
ESCC cells (Fig. S1B). Among them, transcriptome profiles of 
small‑molecule perturbations were available for six cell lines, 

including A375 human melanoma, CORL23 human lung large 
cell carcinoma, HT115 human colon carcinoma, HT29 human 
colorectal cancer, SNUC5 human cecum adenocarcinoma and 
SW620 human colon adenocarcinoma cell lines (Fig. S1C) in 
LINCS. Of note, data for 31,398 perturbations were available 
for the six cell lines (Fig. S1D).

ZhangScore and RRA methods for ranking candidate small 
molecules that may reverse the aberrant gene expression 
of ESCC. The ZhangScore algorithm is able to calculate the 
reversing extent of a small‑molecule‑perturbed signature, 
termed reference signature, compared with a disease signature, 
termed query signature. The more negative the ZhangScore, the 
higher the potential of the small molecule to reverse the altered 
expression of malignant cells back to their non‑malignant 
state (11). Therefore, DEGs shared in ESCC were used as the 
query signature and small‑molecule‑perturbed signatures were 
used as the reference signatures (each reference signature was 
derived from the transcriptome of cells treated with a combina‑
tion of small molecule, concentration and duration) from six 
cell lines identified above. The ZhangScore was first calculated 
for each small‑molecule‑perturbed signature from each cell 
line. The smallest negative ZhangScore of each small molecule, 
among various combinations of concentrations and durations, 
was used for candidates ranking in each cell line (Table SII). 
The RRA method (25) was then used to integrate the ranking 
results from the six cell lines. The final ranking was based on 
the sum of ZhangScores (SumZS) derived from the six cell 
lines and presented in ascending order (Table I presents the top 
50 molecules). In Fig. 3, the heatmap illustrates that the majority 
of the top 50 small molecules had a negative ZhangScore (in 
green color) in all the six cell lines, suggesting that these small 
molecules were likely able to reverse the expression of DEGs 

Table I. Continued.

Rank	 Molecule	 Target protein (classes)	 PMID	 Indications/clinical trials/classification

38	 PIK‑90	 PI3K (inhibitor)	 16864657	 Unknown
39	 BRD‑K73261812	 β‑catenin (inhibitor)	 19382889	 Unknown
40	 Tacrolimus	 FKBP1A (inhibitor)	 23228564 	 Transplant rejection/leukemia or lymphoma
				    (Phase 3)
41	 Niguldipine	 Calcium Channel	 2548881	 Antineoplastic/antihypertensive/calcium
		  (Blockers)		  channel blockers
42	 Forskolin	 AC (activator)	 24559688 	 Cardiotonic/vasodilator/bronchodilator/
				    immunologic
43	 CD‑1530	 RARG (agonist)	 27336223	 Unknown
44	 CAY‑10594	 Phospholipase D2 inhibitor	 31076618	 Unknown
45	 CHEMBL‑399379	 Unknown	 Not available	 Unknown
46	 NVP‑BEZ235	 mTOR (inhibitor)	 20804212	 Orally bioavailable antineoplastic agents
47	 m‑3M3FBS	 PLCβ (activator)	 34625112	 Unknown
48	 Temsirolimus	 mTOR (inhibitor)	 18543327	 Advanced renal‑cell carcinoma/mantle
				    cell lymphoma
49	 CID2858522	 PKC (inhibitor)	 23469385	 Unknown
50	 MK‑2206	 Akt (inhibitor)	 23917345	 Orally bioavailable antineoplastic activity

PMID, PubMed ID for related papers.
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upon small molecule perturbation. The RRA scores labeled in 
red indicate the top‑ranking small molecules that had the most 
consistent effects among all six cell lines.

The top‑ranking small molecules included several 
known and clinically used anti‑cancer drugs, such as vemu‑
rafenib (ranked 2nd) for the treatment of melanoma  (30) 
and vorinostat (ranked 8th) for the treatment of cutaneous 
T‑cell lymphoma (31). Several drugs identified are involved 
in immune regulation, such as sirolimus (ranked 11th) and 
tacrolimus (ranked 40th), which are used to counteract organ 
rejection (32). Of note, certain natural products from edible 
plants or their analogs, such as curcumin (ranked 13th), 
phloretin (ranked 25th) and menadione (ranked 26th), were 
also identified.

Experimental validation of the effects of selective molecules on 
ESCC cell viability. To verify the effectiveness of the screening 

methods used in the present study, the effects of TPCA‑1 (IKKβ 
inhibitor; ranked 1st), vemurafenib (BRAFV600E inhibitor, 
Food and Drug Administration‑approved for the treatment 
of melanoma; ranked 2nd), nutlin‑3a (MDM2 antagonists; 
ranked 30th) and CID2858522 (PKC inhibitor; ranked 49th) 
on the viability of ESCC cells and a non‑tumorigenic human 
epithelial Het‑1A cells were examined. These results indicated 
that, although different ESCC cells exhibited variable sensi‑
tivity to TPCA‑1, nutlin‑3a, vemurafenib or CID2858522, these 
four small molecules markedly inhibited ESCC cell viability 
in a dose‑dependent manner (Fig. 4A‑D, Table II). Of note, 
while KYSE‑450 cells appeared to be somewhat resistant, 
Het‑1A cells exhibited marked resistance to the treatment with 
these molecules (Table II). Furthermore, TPCA‑1 was more 
potent in inhibiting ESCC cell viability than nutlin‑3a, vemu‑
rafenib or CID2858522, as evidenced by the lowest IC50 values 
(Table II). Of note, TPCA‑1 significantly inhibited the growth 

Figure 3. Heatmap displaying the top 50 small molecules that may potentially reverse the expression changes in esophageal squamous cell carcinoma. Rows 
represent small molecules and columns represent cell lines (clustered by column). Red indicates positive ZhangScores, green indicates negative ZhangScores 
and gray indicates a lack of experimental data. The RRAScore indicates the level of significance (P‑value) calculated using the RobustRankAggreg package 
based on the ranking results of the six cell lines. SumZS is the sum of the ZhangScore calculated in the six cell lines for each listed molecule.
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of ESCC cells (Fig.  4E‑H) and had higher selectivity for 
inducing death of KYSE‑450 cells compared with non‑tumor‑
igenic Het‑1A cells (Fig. S2). To substantiate the differential 
inhibitory effects of TPCA‑1 on ESCC and non‑tumorigenic 
epithelial cells, colony formation assays were performed. As 
indicated in Fig. 4I, 0.5 µM TPCA‑1 significantly inhibited the 
colony formation ability of KYSE‑450 cells. By contrast, the 
same dose of TPCA‑1 only had a minor effect on the colony 
formation ability of Het‑1A cells. These results indicated that 
TPCA‑1 inhibits KYSE‑450 cells more significantly than 
non‑tumorigenic epithelial Het‑1A cells.

TPCA‑1 induced apoptosis in ESCC cells through inhibition 
of NF‑κB signaling. To explore the mechanisms through 

which TPCA‑1 inhibits the growth of ESCC cells, the effects 
of TPCA‑1 on KYSE‑450 cell apoptosis were examined using 
flow cytometry. As presented in Fig. 5A, TPCA‑1 significantly 
induced KYSE‑450 cell apoptosis in a dose‑dependent manner. 
Of note, as presented in Fig. 5B, the NF‑κB pathway was 
significantly activated in KYSE‑450 but not in Het‑1A cells, 
as evidenced by the lower IκBα expression and higher levels 
of p‑KKβ and p‑p65 compared with Het‑1A cells. Treatment 
of KYSE‑450 cells with TPCA‑1 led to the inhibition of both 
p‑IKKβ and p‑p65, ultimately resulting in increased Bim 
protein expression, cleaved caspase 3 and apoptosis. Despite 
the observation that TPCA‑1 also inhibited IKKβ phosphory‑
lation in Het‑1A cells, the expression level of IκBα remained 
high and suppression of p‑p65 was barely observed. Of note, 

Figure 4. Effects of TPCA‑1, nutlin‑3a, vemurafenib or CID2858522 on the viability and growth of ESCC cells and Het‑1A cells. (A‑D) Reduction of the 
viability of ESCC or Het‑1A cells by indicated small molecules. (A) TPCA‑1, (B) nutlin‑3a, (C) vemurafenib or (D) CID2858522. IC50 values are listed in 
Table II. (E‑H) Inhibition of ESCC cell growth by TPCA‑1, a potent inhibitor of IKKβ protein. (E) Eca‑109, (F) KYSE‑150, (G) KYSE‑180 and (H) TE‑1. 
P‑values were calculated based on the fold changes of cell viability between 20 µM TPCA‑1 treated cells and untreated cells at 72 h. (I) Effects of TPCA‑1 on 
the growth of Het‑1A or KYSE‑450 cells by colony‑formation assay. Images of cells in each well (35 mm in diameter) are provided (scale bar, 10 mm). Data 
are derived from three independent experiments and presented as the mean ± standard error of the mean. **P<0.01, ***P<0.001. TPCA‑1, 2‑[(aminocarbonyl)
amino]‑5‑(4‑fluorophenyl)‑3‑thiophenecarboxamide; ESCC, esophageal squamous cell carcinoma; OD490, optical density at 490 nm.
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treatment with 4 µM TPCA‑1 was still able to trigger apoptosis 
in Het‑1A cells, suggesting that TPCA‑1 promotes apoptosis 
in Het‑1A cells only when used at higher doses. Collectively, 
these results indicated that Het‑1A cells are less dependent on 
the activation of NF‑κB signaling for survival and are thus less 
sensitive to the TPCA‑1‑mediated inhibition of IKKβ.

Discussion

The LINCS project has generated millions of small‑mole‑
cule‑perturbed transcription signatures in a variety of different 
cell lines  (28,33). Using a LINCS‑based approach, it was 

previously determined that crizotinib, celastrol or GSK1059615 
may be combined with erlotinib to inhibit the growth of 
erlotinib‑tolerant PC9 lung cancer cells (8), while mitoxan‑
trone or imatinib may synergize with gemcitabine to inhibit 
glioblastoma (9). However, LINCS does not currently contain 
the transcription signatures of small‑molecule perturbations 
in the ESCC cell lines. Thus, the small‑molecule‑perturbed 
transcription signatures cannot be used to screen for putative 
drugs against ESCC directly using the LINCS datasets. It 
may therefore be hypothesized that non‑ESCC cell lines that 
display transcriptome profiles similar to that of ESCC in the 
LINCS may have similar cellular responses to small‑molecule 

Table II. IC50 values (µM) of esophageal squamous cell carcinoma cell lines treated with the indicated small molecules for 72 h.

Molecule	 Het‑1A	 KYSE‑150	 KYSE‑180	 KYSE‑450

TPCA‑1	 4.26 (3.43‑5.41)	 2.63 (2.30‑3.03)	 3.45 (2.62‑4.61)	 3.56 (3.00‑4.15)
Nutlin‑3a	 38.30 (35.68‑41.28)	 25.43 (23.73‑27.19)	 26.84 (24.67‑29.11)	 35.38 (31.59‑39.64)
Vemurafenib	 37.17 (34.08‑40.66)	 18.51 (13.30‑27.42)	 15.37 (12.34‑18.70)	 19.36 (17.50‑21.51)
CID2858522	 11.77 (10.85‑13.05)	 8.26 (7.59‑9.01)	 6.45 (5.80‑7.12)	 10.28 (8.93‑11.85)

The 95% confidence interval is presented in parentheses.

Figure 5. TPCA‑1, a potent inhibitor of IKKβ protein, induces Het‑1A and KYSE‑450 cell apoptosis. (A) Effects of TPCA‑1 on KYSE‑450 cell apoptosis, as 
indicated by flow cytometric analyses. (B) Western blot analysis of the expression of proteins in the NF‑κB signaling pathway and apoptosis markers in Het‑1A 
and KYSE‑450 cells. The effects of short‑ and long‑term exposures on IKKβ and IκBα are presented. The percentage of cleaved caspase 3 was measured by 
ImageJ with images of full‑length and cleaved caspase 3 at the same exposure duration. (C) Mechanistic model for TPCA‑1‑induced apoptosis through the 
inhibition of the NF‑κB pathway. TPCA‑1, 2‑[(aminocarbonyl)amino]‑5‑(4‑fluorophenyl)‑3‑thiophenecarboxamide; Q, quadrant; p‑p65, phosphorylated p65.
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treatment in ESCC cells and that identifying small molecules 
that inhibit the viability of these non‑ESCC cells may also 
inhibit the viability of ESCC cells. In the present study, the 
LINCS datasets, Zhang Score and RRA methods were used to 
screen for the small molecules that may reverse the transcrip‑
tome aberration of ESCC cells. Among the 50 top‑ranking 
molecules, four molecules were selected for experimental 
verification: TPCA‑1 (IKKβ inhibitor; ranked 1st), vemu‑
rafenib (BRAFV600E inhibitor; ranked 2nd), nutlin‑3a (MDM2 
antagonists; ranked 30th) and CID2858522 (PKC inhibitor; 
ranked 49th). It was indicated that all four molecules were able 
to significantly inhibit the growth and viability of multiple 
ESCC cells, suggesting that the approach used in the present 
study may be applicable in small molecule screening for 
different cancer types without small‑molecule‑perturbated 
profiles in the LINCS.

The top‑ranking small molecules may be divided into 
several categories, including inhibitors of growth signaling 
pathways, molecules targeting epigenetic modification and 
immune modulation drugs. These pathways are known to be 
important for cancer progression and treatment. Of note, several 
small molecules are clinically approved drugs or currently 
part of a clinical trial for cancer treatment. For instance, 
vemurafenib (ranked 2nd) is a BRAFV600E inhibitor used for 
the treatment of melanoma (34). Selumetinib (ranked 3rd) 
is a MAP2K1 inhibitor used for the treatment of melanoma, 
neurofibromatosis type 1 and thyroid cancer (35). Vorinostat 
(ranked 8th) is an HDAC inhibitor that has completed a 
phase I clinical trial on cutaneous T‑cell lymphoma (31). Of 
note, several further drugs have been approved for the treat‑
ment of other diseases, such as valdecoxib (ranked 4th) which 
targets PTGS2 and is used for the treatment of rheumatoid 
arthritis (36). Furthermore, it has been reported that certain 
molecules may inhibit ESCC cells in vitro or in animal models, 
such as curcumin (37,38) and menadione (39).

In the present study, it was determined that TPCA‑1, a 
molecule targeting IKKβ, exhibits a greater inhibitory effect 
on ESCC KYSE‑450 cells than non‑tumorigenic epithelial 
Het‑1A cells. The results indicated that NF‑κB signaling was 
activated in KYSE‑450 cells, in keeping with the observation 
that NF‑κB signaling is frequently constitutively activated in 
ESCC (40). The activation of NF‑κB signaling relies on the 
phosphorylation of IKKβ, which in turn promotes the phos‑
phorylation and degradation of IκBα, resulting in the activation 
and nuclear localization of the NF‑κB complex, thus facili‑
tating cell survival (14,15). The present study demonstrated 
that TPCA‑1 potently inhibits NF‑κB signaling in KYSE‑450 
cells, resulting in apoptosis. By contrast, treatment with 
low‑dose TPCA‑1 (0.5‑2 µM) failed to influence the levels of 
IκBα protein and phosphorylated p65 in Het‑1A cells, which 
may explain why TPCA‑1 is more potent in killing KYSE‑450 
cells than Het‑1A cells. Of note, a higher dose of TPCA‑1 may 
still trigger apoptosis of Het‑1A.

Among the tested ESCC cell lines, KYSE‑450 cells exhibited 
a certain amount of resistance to the four tested molecules. By 
searching the cancer dependency map (41), a unique missense 
mutation of SMAD4, SMAD4D255N, was identified in KYSE‑450, 
but not in KYSE‑150 or KYSE‑180 cells. SMAD4 is a critical 
tumor suppressor. The inactivation of SMAD4 by point muta‑
tions or deletions has been indicated to cause drug resistance in 

colon cancer (42) and pancreatic ductal adenocarcinoma (43). 
Low SMAD4 expression is also associated with cetuximab 
resistance in head and neck squamous cell carcinoma, a cancer 
type similar to ESCC (44). Taken together, the SMAD4D255N 
mutation may contribute to the drug resistance observed in 
KYSE‑450 cells, which should be further investigated.

Several limitations of the approach used in the present study 
require to be noted. First, the ranking of small molecules in the 
present study was primarily based on the drugs' potential to 
reverse the transcriptome change of ESCC. This strategy does 
not consider the regulation of gene expression levels other than 
transcription, such as mRNA translation, post‑translational 
modification and protein stability. Furthermore, the screening 
process is unable to take the targets of drugs into consider‑
ation, which may lead to the truly valuable drugs for clinical 
application being missed.

In conclusion, based on small‑molecule‑perturbed tran‑
scriptome profiling of cell lines that are similar to ESCC cells, 
candidate molecules that may perturb the transcriptome signa‑
tures in ESCC were identified. A list of the top‑ranking 50 small 
molecules that may potentially reverse the aberrant transcrip‑
tome alterations of ESCC was compiled. Numerous candidates 
are known to target crucial pathways in ESCC, including the 
RAS/RAF/MEK/MAPK, PI3K/AKT/mTOR and NF‑κB 
pathways. It was experimentally verified that four candidates, 
TPCA‑1, nutlin‑3a, vemurafenib and CID2858522, were able to 
inhibit the viability of multiple ESCC cell lines. TPCA‑1 (ranked 
1st), a potent inhibitor of IKKβ, exerted a higher inhibitory 
effect on ESCC cells compared with non‑tumorigenic epithelial 
Het‑1A cells. Mechanistically, TPCA‑1 exerts its anti‑tumor 
activity by suppressing the NF‑κB signaling pathway. Of note, 
NF‑κB signaling is activated in ESCC cells, which are sensitive 
to the inhibition of TPCA‑1. The high expression of IκBα in 
Het‑1A cells may confer resistance to drug treatment. Thus, the 
potent and selective killing of ESCC cells may make TPCA‑1 
a potential small molecule in ESCC treatment. The screening 
procedure used in the present study may serve as a novel virtual 
screening method for drug discovery.
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