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Abstract. Cytokeratin 18 (CK18), one of the major components 
of intermediate filaments (IF) in simple epithelial cells, under-
goes caspase‑mediated cleavage upon epithelial cell necrosis 
and apoptosis. CK18 has been used as a biomarker of several 
cancers and has been reported to be dysregulated in cervical 
cancers. The effects of dysregulated expression of CK18 at a 
molecular level are, however, unclear. In the present study, 
the function of CK18 in HeLa cells, a cell line derived from 
a cervical cancer cells, was investigated using shRNA knock-
down. Reduced levels of CK18 led to a significant decrease in 
cell apoptosis, compared with control cells. Notably, RNA‑seq 
analysis of the transcriptomes of HeLa cells, with or without 
CK18 knockdown, revealed that genes in the NF‑κB pathway, 
and certain apoptosis pathways, were under global transcrip-
tional and alternative splicing regulation. Quantitative RT‑PCR 
confirmed the CK18‑regulated transcription of apoptotic 
genes FAS and FADD, as well as immune genes CXCL2 and 
CD79B, in addition to alternative splicing of FAS and CTNNB1. 
Western blot analysis further revealed that CK18 knockdown 
led to reduced expression of CASP8. In conclusion, the present 
study indicated that CK18 played a role in apoptosis, which may 
be mediated via a feed‑back regulation loop and may involve 
regulation of transcription and alternative splicing of a number 
of genes in apoptotic pathways.

Introduction

Cervical cancer is one of the most common malignant tumors 
among women worldwide, with more than 85% of cervical 

cancer‑related deaths occurring in developing countries (1). 
Although the development of diagnosis techniques has 
improved the detection of cervical cancer and the use of 
vaccines can effectively prevent the disease, the overall 
survival rate of cervical cancer patients at five years remains 
only ~50% since most patients are diagnosed when the cancer 
is at an advanced stage (2). It is, therefore, crucially important 
to develop effective novel therapeutic strategies to improve the 
survival rate of patients.

Keratins, also known as cytokeratins, are the interme-
diate filament (IF)‑forming proteins of epithelial cells. The 
primary role of keratins is to protect epithelial cells from both 
mechanical and non‑mechanical stressors (3). Keratins have 
also been reported to have many roles in cancer, including as 
diagnostic markers (4‑7) and prognostic markers in epithelial 
tumors (8‑10), as well as roles in tumorigenesis (11,12) and 
drug responsiveness (13‑16).

Keratins 8, 18 and 19 (CK8, CK18 and CK19), which 
are the most abundant keratins in simple epithelial cells, are 
extensively used as the diagnostic markers (17,18). CK18, also 
known as KRT18, and its caspase‑cleaved fragment can be 
released into the circulation and are indicative of epithelial 
cell necrosis and apoptosis, respectively. Caspase‑cleaved 
CK18 (M30) and full length CK18 (M65) are assessed using 
tissue polypeptide antigen (TPA) and tissue polypeptide 
specific antigen (TPS) (19). The M30 and M65 assays may 
provide important prognostic and predictive biomarkers in 
many malignancies (14,18,20‑23).

Notably, several studies have revealed that CK18 is not 
only a biomarker but also a regulator in many diseases, 
including cancer (24,25). CK18 knockdown can decrease cell 
migration and increase chemosensitivity in non‑small cell 
lung cancer (15), decrease cell migration in renal carcinoma 
(RCC5) cells (26), and increase cytokine‑induced apoptosis 
in HeLa cells (27), suggesting that CK18 gene positively 
regulates tumorigenesis. Conversely, CK18 has been reported 
to suppress tumor aggressiveness and paclitaxel‑resistance in 
paclitaxel‑resistant prostate cancer (DU145‑TxR) cells (16), as 
well as to induce cell adhesion and regression of malignancy 
in breast cancer (28). However, it remains unclear how CK18 
exerts these biological functions.
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Notably, CK18 has been reported to physically interact with 
LRP16, also known as O‑Acetyl‑ADP‑Ribose Deacetylase 
MACROD1, thereby sequestering LRP16 in the cytoplasm 
and thus inhibiting the proliferation of ERα‑positive breast 
tumor cells (29). It could be possible that CK18 regulates gene 
expression via protein‑protein interaction. CK18 has also been 
revealed to be associated with mRNAs and could, therefore, 
be an RNA binding protein (RBP) (30). RBPs are known to 
coordinate RNA processing and post‑transcriptional gene 
regulation (31). It is, however, unclear whether CK18 is able 
to affect post‑transcriptional gene regulation in the context of 
exerting biological functions.

In the present study, we firstly aimed to elucidate the func-
tion of CK18 in HeLa cells, which are derived from cervical 
cancer cells. It was revealed that knockdown of CK18 led 
to significantly reduced apoptosis. RNA‑seq analysis of the 
effect of CK18 on the transcription and alternative splicing 
of the HeLa transcriptome revealed that CK18 regulated 
the expression and alternative splicing of a number of genes 
involved in apoptosis, including FAS, FADD and CASP8. 
Additionally, CK18 was revealed to regulate the transcrip-
tion and alternative splicing of many genes enriched in 
immunity and cancer‑related pathways. Our study revealed 
a novel apoptotic function of CK18, which was linked to a 
feedforward regulation of apoptosis genes FAS and CASP8, 
and to CK18‑regulated transcriptomes favoring apoptosis at 
both the transcription and alternative splicing levels. These 
findings elucidated the dysregulated expression of CK18 
in cancers and supported an important role for CK18 in 
tumorigenesis.

Materials and methods

Cell culture and transfections. HeLa (immortalized human 
cervical cancer) cells were purchased from the Institute 
of Biochemistry and Cell Biology, Chinese Academy of 
Sciences, HepG2 (immortalized human liver cancer) cells 
were purchased from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). The cell lines were identified 
by short terminal repeat (STR) genotyping, which revealed a 
correspondence of >80% of the markers tested (32). Cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
with 10% fetal bovine serum (FBS).

To knockdown CK18, different shRNAs against human 
CK18 (shRNA1: 5'‑GAT GAC ACC AAT ATC ACA CGA‑3'; 
shRNA2: 5'‑CTT CAT GAA GAA GAA CCA CGA‑3'; shRNA3: 
5'‑CCT GCT GAA CAT CAA GGT CAA‑3') were designed, and 
scrambled shRNA (Scr‑shRNA) that targeted a non‑specific 
sequence (5'‑ACT GGA CCA GGC AGC AGC GTC AGA AGA 
CT‑3') was used as the control. These shRNAs were transfected 
into HeLa cells using Lipofectamine 2000 transfection reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), according to the manufacturer's protocol. Transfected 
cells were harvested after 48 h for analysis.

Assesment of knockdown by shRNA. Total RNA was isolated 
from cells using TRIzol reagent (Ambion; Thermo Fisher 
Scientific, Inc) and cDNA synthesis was carried out using 
standard procedures. qPCR was performed on the Bio‑Rad 
S1000 Thermal Cycler, using Bestar SYBR‑Green RT‑PCR 

Master Mix (DBI Bioscience, Shanghai, China). The PCR 
conditions are consisted of denaturing at 95˚C for 10 min, 
40 cycles of denaturing at 95˚C for 15 sec, annealing and 
extension at 60˚C for 1 min. The primers of CK18 used for 
quantitative real‑time PCR (qPCR) were: Forward, AAA G 
GC CTA CAA GCC CAG AT and reverse, CAC TGT GGT GCT 
CTC CTC AA. Gene expression levels were calculated using 
the 2-ΔΔCq method (33) and CT values were normalized using 
glyceraldehyde 3‑phosphate dehydrogenase (GAPDH) as an 
internal standard. The primers of GAPDH were: Forward, 
GGT CGG AGT CAA CGG ATT TG and reverse, GGA AGA 
TGG TGA TGG GAT TTC.

MTT assay. An MTT assay was used to assess cell prolif-
eration. Briefly, HeLa cells were cultured in 96‑well plates 
and transfected with the vector using Lipofectamine 2000, 
according to the manufacturer's protocol. The cells were 
then incubated at 37˚C for 48 h. Subsequently, MTT solution 
(5 mg/ml, 0.025 ml) was added to each well, and the cells were 
incubated for another 4 h. After centrifugation at 4,000 rpm 
for 15 min, the supernatant was removed from each well. The 
colored formazan crystals produced from MTT in each well 
were dissolved in DMSO (0.15 ml) and the optical density 
(OD) values were measured at 490 nm.

Flow cytometric analysis of cell apoptosis. HeLa cells (5x104) 
were seeded in 24‑well culture plates. Once the cells reached 
70% confluence, the cells were were transfected with the vector 
using Lipofectamine 2000, according to the manufacturer's 
protocol. The cells were then incubated at 37˚C for 48 h and 
viable cells were harvested and washed twice with phos-
phate‑buffered saline (PBS). Viable cells were double‑stained 
with fluorescein isothiocyanate (FITC)‑conjugated Annexin V 
and 7‑amino actinomycin D (7‑AAD) (4A Biotech Co., Ltd. 
Beijing, China).

The percentage of cell apoptosis was defined as the sum of 
the right lower quadrant and upper quadrant.

Library preparation and sequencing. The RNA was treated 
with RQ1 DNase (Promega Corp., Madison, WI, USA) to 
remove DNA. The quality and quantity of the purified RNA 
were assessed by measuring the absorbance at 260 nm/280 nm 
(A260/A280) using SmartSpec Plus spectrophotometer 
(BioRad Laboratories, Inc., Hercules, CA, USA). The integrity 
of each RNA sample was further verified by 1.5% agarose gel 
electrophoresis.

For each sample, a total of 1 µg RNA was used for RNA‑seq 
library preparation. PolyA mRNAs were purified and concen-
trated with oligo (dT)‑conjugated magnetic beads (Invitrogen; 
Thermo Fisher Scientific, Inc.) before directional RNA‑seq 
library preparation. The fragmented RNAs were end repaired 
and an adaptor sequence was ligated at the 5'end. Reverse tran-
scription was then performed using an RT primer harboring 
a 3'adaptor sequence and randomized hexamer. The cDNAs 
were purified, amplified, and stored at ‑80˚C until they were 
used for sequencing.

For high‑throughput sequencing, the libraries were prepared 
following the manufacturer's instructions. An Illumina HiSeq 
4000 sequencing system (ABLife, Inc., Wuhan, China) was 
used to collect data from 151‑bp pair‑end sequencing.
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Clean and alignment of RNA‑Seq raw data. Raw reads were 
filtered to remove the adaptors, PolyN reads, and low‑quality 
bases using FASTX‑Toolkit (version 0.0.13). Short reads, 
less than 16 nt, were also discarded. Clean reads were then 
aligned to the GRCh38 genome using TopHat2 software (34), 
with four mismatches. Uniquely mapped reads were used to 
calculate the reads number and FPKM value (fragments per 
kilobase of transcript per million fragments mapped) for 
each gene.

Analysis of differentially expressed genes (DEGs). EdgeR 
software (35) was used to measure FPKM values and to 
analyze the differential expression of genes using RNA‑Seq 
data, in order to identify DEGs. To determine whether a 
gene was differentially expressed, the results were analyzed 
based on the fold change (fold change ≥2 or ≤0.5) and a false 
discovery rate (FDR<0.05).

We also analyzed the two replicates separately (named 
as simple pair). In detail, the DEGs were identified between 
shCK18‑1st vs. Ctrl‑1st and shCK18‑2nd vs. Ctrl‑2nd, respec-
tively. We then obtained the overlapping genes from the DEGs 
of each replicate. The upregulated and downregulated DEGs 
shared by these two simple pairs were then overlapped with 
those identified by edgeR as biological replicates.

Gene Ontology (GO) and enriched KEGG pathway 
analyses were carried out using the KOBAS 2.0 server (36) 
to predict the gene function and calculate the frequency 
distribution of functional categories. The hypergeometric test 
and Benjamini‑Hochberg FDR controlling procedure were 
used to define the enrichment of each pathway (corrected 
P‑value <0.05).

Alternative splicing analysis. The alternative splicing events 
(ASEs) and regulated alternative splicing events (RASEs) 
between the samples were defined and quantified by using 
the ABLas pipeline, as previously described (37). In brief, 
eight types of ASEs were identified, based on the splice 
junction reads. The eight possible types of ASE included 
Cassette exon (CassetteExon), Exon skipping (ES), Mutual 

exclusive exon skipping (MXE), A5SS, A3SS, the MXE 
combined with alternative 5'promoter (5pMXE) combined 
with alternative polyadenylation site (3pMXE) and intron 
retention.

Having identified the ASEs in each RNA‑seq sample, 
Fisher's exact test was selected to determine statistical 
significance, using the alternative reads and model reads of the 
samples as input data. The altered ratio of alternatively spliced 
reads and constitutively spliced reads between compared 
samples was defined as the RASE ratio. The P‑value <0.05 
and RASE ratio >0.2 were set as the thresholds for detection 
of RASEs.

Real time qPCR validation of DEGs and ASEs. To determine 
the validity of the RNA‑seq data, qPCR was performed for 
selected DEGs and normalized with the housekeeping gene 
GAPDH. Primers are designed in exon regions, and sequences 
are presented in Table I. The same RNA samples for RNA‑seq 
and RNA samples isolated from CK18 knockdown in HepG2 
(using the same shRNAs) were used for qPCR. The PCR condi-
tions consisted of denaturing at 95˚C for 10 min, 40 cycles of 
denaturing at 95˚C for 15 sec, and annealing and extension 
at 60˚C for 1 min. PCR amplifications were performed in 
triplicate for each sample.

Concurrently, a qPCR assay was used to analyze ASEs. The 
primers for detecting the pre‑mRNA splicing are presented 
in Table I. To detect one of the alternative isoforms, one 
primer was designed in the alternative exon and an opposing 
primer was designed in a constitutive exon. Other alternative 
isoforms were detected using a boundary‑spanning primer for 
the sequence encompassing the exon‑exon junction, with the 
opposing primer in a constitutive exon.

Western blot analysis. CK18 knockdown and control Hela 
cells were lysed in RIPA buffer containing 50 mM Tris‑HCl 
(pH 7.4), 150 mM NaCl, 1.0% deoxycholate, 1% Triton X‑100, 
1 mM EDTA and 0.1% SDS. Following centrifugation 
of the homogenate (20,000 x g, 15 min) the supernatants 
were used for western blotting. Protein concentrations were 

Table I. Primer sequences used in q‑PCR experiments.

DEGsa Forward Reverse

FAS AAGCGGTTTACGAGTGACTTGG AGCATGGTTGTTGAGCAATCCT
FADD TCTACCTCCGAAGCGTCCTGAT AGGTGGTCTGTGGCTCACTCA
CD79B GGGCTGGAGACAAATGGCAG TGAAGTGGTCTGTAGGTGAGCA
CXCL2 CTTGGATTCCTCAGCCTCTAT GGTTTGCAGATATTCTCTAGTC

RASGsb Model forward AS forward Model/AS reverse

CTNNB1 CATCCTTTAGCTGTATTGTC TTTATACAGCCTGTATTGTC AACAAGCAAGGCTAGGGTTTGA
FAS AAAGAGGAAGGATCCAGATC AAAGAGGAAGTGAAGAGAAA AGTTGGAGATTCATGAGAACCT

aIndicates CK18‑regulated genes that were differentially expressed genes in RNA‑seq analysis and were subjected to qPCR 
validation. The primer sequences are listed. bIndicates genes that contained CK18‑regulated alternative splicing events identified 
in RNA‑seq and were subjected to qPCR validation. The primer sequences are listed. DEGs, differentially expressed genes; 
RASGs, alternative splicing genes; CK18, cytokeratin 18.



CHENG et al:  CK18 REGULATES APOPTOSIS‑RELATED GENES AND PATHWAYS IN HeLa CELLS304

measured using the BCA protein assay (Beyotime Institute of 
Biotechnology, Nanjing, China) with bovine serum albumin 
(BSA) as a standard. Equal amounts (20 µg/lane) of protein 
samples were loaded on 12% SDS‑PAGE gel for separation 
and then transferred to a polyvinylidene difluoride (PVDF) 
membrane. The membrane was incubated with blocking solu-
tion (1X TBS; 0.05% Tween‑20; 5% non‑fat milk) at room 
temperature for 1 h and incubated overnight with primary anti-
bodies raised against CK18 (dilution 1:1,000; cat. no. A0389), 
CASP8 (dilution 1:1,000; cat. no. A0215) and GAPDH (dilu-
tion 1:1,000; cat. no. AC027) (all from ABclonal, Wuhan, 
China). Immunoreactive proteins were detected using an ECL 
chemiluminescence system (Clinx Science Instruments Co., 
Ltd., Shanghai, China) with default settings and GAPDH as 
the normalized control.

Accession number. RNA‑seq data presented in this study 
have been deposited in the Gene Expression Omnibus of 
NCBI and are accessible through GEO series accession 
no. GSE119255.

Statistical analysis. Experimental data are presented as the 
mean ± standard deviation of at least three experiments. 
Statistical analyses were performed with SPSS software 
(version 17.0; SPSS, Inc., Chicago, IL, USA). Significance of 
differences was evaluated with Student's t‑test when only two 
groups were compared. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effect of CK18 knockdown on proliferation and apoptosis of 
HeLa cells. The expression of CK18 was examined in HeLa 
cells transduced with different shRNAs (shRNA1, shRNA2 
and shRNA3) or an empty vector by RT‑qPCR. Compared 
with cells treated with the empty vector mRNA expression was 
effectively reduced in cells treated with CK18‑shRNAs. The 
effective shRNA (shRNA1) also led to a significant reduction 
in the protein level (Fig. 1A). Therefore, CK18‑shRNA1 was 
used in subsequent experiments in order to knockdown CK18 
expression in HeLa cells. Knockdown of CK18 (CK18 KD) led 
to a significant increase in cell proliferation and a significant 
decrease in cell apoptosis (Fig. 1B and C).

RNA‑Seq and DEG analysis. CK18 KD and control cells 
were used to construct cDNA libraries for sequencing on 
an Illumina HiSeq 4000 platform. Two biological replicates 
were used and a total of 76.7±4.9M 150 nucleotide paired‑end 
raw reads per sample were obtained. The raw reads were 
filtered by removing low‑quality reads and reads containing 
N and adaptor sequences, leaving 73.5±4.7M clean reads 
for downstream bioinformatics analysis. The clean reads 
were then mapped onto the human GRCh38 genome using 
TopHat2: 77.99‑81.98% were aligned and ~86.77‑95.05% 
were uniquely mapped (Table II). Quantification of genes and 
transcripts was reassessed using Cufflinks (38), to compare 
gene expression patterns across individuals. FPKM values 

Figure 1. CK18 KD promotes the proliferation and attenuates the apoptosis of HeLa cells. (A) CK18 mRNA expression in HeLa cells after transient transfec-
tion with CK18‑specific shRNAs or control vector, as determined by qRT‑PCR (left); CK18 protein expression was decreased by shRNA1, as revealed by 
western blotting (right). GAPDH was used as an internal control. The control samples and shCK18 samples were from the same gel in the western blotting 
experiment, but not side by side. (B) An MTT assay revealed that transfection with the CK18‑shRNA1 upregulated cell proliferation in HeLa cells; (C) Plots 
and quantification of flow cytometric analysis of apoptosis following CK18 KD in HeLa cells. Data are presented as the mean ± standard deviation of three 
independent experiments. *P<0.05 and **P<0.01. CK18, cytokeratin 18; Knockdown, KD; shCK18, CK18 knockdown by shRNA in HeLa cells; Ctrl, HeLa cells 
transfected with scrambled plasmid as the control.
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were then calculated. There were 22,677 genes expressed 
in the RNA‑seq data (available upon request). Effective KD 
of CK18 was further confirmed by in parallel RNA‑seq 
analysis (Fig. 2A).

Using criteria of an absolute fold change ≥2 and FDR <0.05 
with the edge R package (35), 294 upregulated and 299 

downregulated genes related with CK18 KD (data not shown) 
were identified. A volcano plot was constructed to display 
the significantly expressed genes that were associated with 
CK18 KD (Fig. 2B). The heatmap demonstrated distinguish-
able transcription profiles between CK18 KD and the control 
groups (Fig. 2C).

Table II. Summary of RNA‑seq reads used in the analysis.

Sample shCK18_1st ShCK18_2nd shCtrl_1st shCtrl_2nd

Raw reads 75207886 83976994 73556828 73880306 76655503±4932995a

Clean reads 72139395 80470749 70542901 70836199 73497311±4700455
Paired‑end reads 68071008 68521042 69757064 77558436 70976888±4445225
Total mapped 55639546 56175922 54402225 62167878 57096393±3461607
 (81.74%b) (81.98%) (77.99%) (80.16%)
Total uniquely mapped 52472346 53397850 51511527 53943874 52831399±1069182
 (94.31%c) (95.05%) (94.69%) (86.77%)
Splice reads 28437401 30330300 29524140 29318683
 (54.2%d) (56.8%) (57.32%) (54.35%)

aMean and standard deviation across the 4 samples. bPercentage of paired‑end reads that were mapped to the genome. cPercentage of unique 
reads mapped out of the total mapped reads. dPercentage of uniquely mapped reads that were mapped to the splice site. CK18, cytokeratin 18.

Figure 2. Differential gene expression in response to CK18 KD. (A) Quantification of CK18 expression using RNA‑seq data, FPKM values were calculated 
as explained in Materials and methods. (B) Volcano plot of the CK18‑regulated genes using edgeR software (filtering criteria, FC ≥2 and FDR<0.05) treating 
RNA‑seq data from two samples in each group as experimental replicates. Red indicates upregulated genes and blue indicates downregulated genes. (C) Heat 
map of all the 593 differentially expressed genes in the control and CK18 shRNA‑treated samples. (D) Overlap of two sets of DEGs. One set was identified as 
described in B. The other set was identified by treating one CK18 shRNA‑treated and one control RNA‑seq data as a simple pair using edgeR software; the 
resulting two pairs of DEGs were then overlapped to obtain the common simple‑pair DEGs. CK18, cytokeratin 18; FPKM, fragments per kilobase of transcript 
per million fragments mapped; DEGs, differentially expressed genes.
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The two replicate RNA‑seq datasets were divided into two 
groups (case 1 with control 1; case 2 with control 2). Using the 
criteria of an absolute fold change ≥2 with the EdgeR software 
package, 174 co‑upregulated and 146 co‑downregulated genes 
overlapping in two groups associated with CK18 KD were 
identified. A Venn‑diagram demonstrated the upregulated 
and downregulated genes between the two different analytical 
strategies (Fig. 2D).

Functional analysis of CK18‑regulated genes. GO enrich-
ment analysis was performed to further explore the biological 
function of DEGs with two different analytical strategies. All 
three ontologies of GO analysis, molecular function, cellular 
component and biological process, were obtained. The top 
biological process terms of the GO analysis that involved 
upregulation or downregulation of genes following CK18 
KD are presented in Fig. 3A (repetition) and B (simple pair). 
Most of the terms overlapped; the upregulated genes were 

mainly associated with processes involved in multicellular 
organismal development, signal transduction, cell differen-
tiation and the apoptosis process. The downregulated genes, 
conversely, were mainly associated with negative regulation 
of transcription from RNA polymerase II promoter, innate 
immune response, signal transduction, and regulation of 
transcription, DNA‑dependent. Based on the KEGG analysis, 
the top ten pathways involved in up‑ and downregulated 
DEGs were also presented in Fig. 3. Coinciding with the GO 
analyses, many pathways were associated with the immune 
response and apoptosis. The B‑cell receptor signaling 
pathway, the T‑cell receptor signaling pathway and the 
Jak‑STAT signaling pathway were all significantly enriched in 
downregulated gene sets.

Analysis of CK18‑regulated ASEs. Regulation of alternative 
splicing (AS) of CK18 in the transcriptome sequencing data was 
also explored. Between 54.2 and 57.32% of the uniquely mapped 

Figure 3. Functional enrichment analysis of DEGs. GO and KEGG analysis were performed on DEGs obtained using the two different strategies (Fig. 2D). 
(A) Top representatives of GO biological process terms and KEGG pathways up‑ and downregulated by CK18 of the DEGs in CK18‑knockdown and control 
groups (named as replicates). (B) Top representatives of GO biological process terms and KEGG pathways up‑ and downregulated by CK18 of the DEGs 
overlapping in the two replicate groups (named as simple pair). DEGs, differentially expressed genes; CK18, cytokeratin 18.
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reads from CK18 KD and control samples were junction reads 
(Table II). A total of 58.9% of annotated exons (216,356 out of 
367,321) were detected. For splicing junctions, 147,540 anno-
tated and 86,961 novel junctions were detected using TopHat2.

ASEs were analyzed using ABLas software to investigate 
global changes in the occurrence of alternative splicing. We 
detected 15,786 known ASEs in the model gene that we desig-
nated in the reference genome, along with 40,946 novel ASEs, 
excluding intron retention (Table III).

We identified 263 high confidence RASEs by using a 
stringent cutoff of P≤0.05, along with changed AS ratio ≥0.2. 
CK18‑regulated ASEs, which included 35 alternative 3'splice 
sites (A3SS), 40 alternative 5'splice sites (A5SS), 44 examples of 

exon skipping (ES) and 24 cassette exons, 12 mutually exclusive 
5'UTRs (5pMXE), four mutually exclusive 3'UTRs (3pMXE), 
six mutually exclusive exons (MXE), 84 examples of intron 
retention (IR), eight examples of alternative 5'splice site & exon 
skipping (A5SS & ES) and six examples of alternative 3'splice 
site & exon skipping (A3SS & ES), are summarized in Fig. 4A. 
These results indicated that CK18 KD had a broad influence 
on splicing. Coupled to the transcription data, there were no 
significant expression changes in alternative splicing genes 
(Fig. 4B). The alternative spliced genes that were identified by 
GO analyzed were, however, enriched in liver development, 
positive regulation of I‑κB kinase/NF‑κB cascade, glucose 
metabolic process, positive regulation of NF‑κB transcription 

Figure 4. Identification and functional analysis of CK18‑regulated splicing events. (A) Classification of different types of alternative splicing events regulated 
by CK18 protein. (B) Analysis of the overlap between CK18‑regulated genes (DEGs from the two different analyses (Fig. 2D) and RASGs. (C) Top ten GO 
biological processes and KEGG functional pathways enriched by alternative gene splicing. CK18, cytokeratin 18; DEGs, differentially expressed genes; 
RASG, alternative splicing genes.
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factor activity, mRNA processing and small molecule metabolic 
process. These results were similar to those obtained by the 
transcriptional GO analysis, further confirming the important 
regulatory role of CK18 in these biological functions. The 
detailed results of the GO and KEGG pathway analyses are 
presented in Fig. 4C. It was observed that alternative splicing 
of CASP8 and FAS, the known upstream genes regulating the 
production of CK18, was under the regulation of CK18.

To confirm the important regulatory function of CK18 on 
both gene expression levels of alternative splicing in HeLa and 
HepG2 cell lines, we validated certain DEGs and ASEs that 
were important in immunity and apoptosis by RT‑qPCR. The 
ASEs detected by PCR primer pairs (Table I) were designed 
to amplify both long splicing isoforms and the short splicing 
isoforms in the same reaction.

Most of the DEGs associated with immune function and 
apoptosis that we validated were in agreement with RNA‑seq 
results (Fig. 5A and B). For CASP8 gene expression, however, 
there was no significant change in RNA‑seq data, whereas the 
qPCR and western blotting results revealed an evident decrease 
in CK18 KD cells (Fig. 5C). Two important ASEs were located 
in FAS and CTNNB1, which have been well validated as key 
genes in apoptotic pathways (Fig. 6).

Discussion

Knockdown of the expression level of CK18 by a shRNA 
in HeLa cells led to a significant reduction of apoptosis, 
indicating that CK18 is an apoptotic gene in the cancer cells. 
Through genome‑wide transcriptional and ASE analysis of 
CK18 knockdown and control HeLa cells using RNA‑seq, it 

was revealed that the FAS‑mediated apoptosis pathway was 
regulated by CK18. Additionally, CASP8, which is down-
stream of the FAS‑induced apoptosis pathway, was revealed to 
be feedback‑regulated by its cleavage substrate, CK18. These 
findings indicated that CK18 had more diverse regulatory 
functions than have been generally recognized.

We have unbiasedly analyzed DEGs whose expres-
sion was regulated by CK18. These DEGs were enriched 
in multiple GO functional clusters and KEGG pathways. 
The finding that CK18 regulates the expression of genes 
enriched in multicellular organismal development and 
signal transduction was consistent with the reported func-
tion of CK18 in maintaining integrity of epithelial cells and 
organismal development (39,40). CK18‑regulated genes were 
also enriched in immune response‑related pathways, which 
includes the B‑cell receptor signaling pathway, the T‑cell 
receptor signaling pathway, the TNF signaling pathway and 
the Jak‑STAT signaling pathway.

In addition to transcriptional regulation, CK18 also regu-
lates alternative splicing of a large number of genes, which are 
enriched in NF‑κB regulatory processes. NF‑κB transcription 
factors are central coordinators of innate and adaptive immune 
responses. Activated NF‑κB regulates the expression of over 
300 different genes (41). Activated NF‑κB generally inhibits 
apoptosis by activation of anti‑apoptotic genes, although in 
some cases NF‑κB promotes apoptosis (42,43). Fortier et al 
have reported that PI3K/Akt/NF‑κB is activated when both 
CK8 and CK18 are knocked down in HepG2 and KLE cells, 
thus increasing cell migration and invasion (44).

CK18 has caspase recognition sites, which can be 
cleaved during apoptosis caused by tumor pathogenesis or 

Figure 5. (A‑C) Validation of CK18‑regulated genes (DEGs) by quantitative PCR and (C) western blotting in (A and C) HeLa cells, and in (B) HepG2 cells. 
(B) The effectiveness of three different CK18‑specific shRNAs (left) and the effect of multiple CK18‑specific shRNAs on the expression of four CK18‑regulated 
genes (right) are presented. (C) Validation of the effect of CK18‑specific shRNA1 on the protein level (left) and mRNA level (right) of CASP8. Experimental data 
are presented as the mean ± standard deviation of at least three experiments. *P<0.05 and **P<0.01. CK18, cytokeratin 18; DEGs, differentially expressed genes.
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chemotherapy. Fas‑ and TNF‑mediated apoptosis are associ-
ated with caspase‑mediated CK18 degradation. A previous 
study revealed a higher incidence of FasL‑induced apoptosis 
in CK18− HeLa cells compared with CK18+ HeLa cells (27). 
Another study revealed that siRNA‑mediated knockdown 
of K8/18 filament expression enhanced the expression of the 
apoptotic gene FAS (>70% of cells) in granulosa cell tumor cell 
line, KGN (45). CK18 mutation has, however, been determined 
to disrupt FAS‑mediated apoptosis in the livers of transgenic 
mice (46).

In the present study, it was revealed that mRNA levels of 
FAS and FADD in HeLa cells were positively regulated by 
CK18, indicating that CK18‑modulated apoptosis was regu-
lated by FAS but not TNF. A decline in the ratio of FAS exon 6 
skipping was also revealed. Skipping of FAS exon 6 resulted in 
an mRNA encoding a soluble form of FAS receptor that acted 
as a decoy to prevent cell apoptosis (47‑50). It appears, there-
fore, that CK18 had dual regulatory effects on FAS‑mediated 
apoptosis, i.e., CK18 positively regulated FAS transcription 
and also regulated production of the decoy isoform of FAS 
mRNA.

FAS and FADD have been revealed to recruit and activate 
CASP8, which plays an essential role in cleavage of the actin 
cytoskeleton, including cytokeratin (51). In the present study, 
it was revealed that CK18 regulated the alternative splicing 
of CASP8. In addition, western blot analysis revealed that 
cleaved (activated) CASP8 was significantly reduced upon 
CK18 knockdown. It is, therefore, possible that CK18 exerts 

feedforward regulation of its own cleavage by positively 
regulating the expression CASP8.

Full‑length CK18 (M65) and the caspase‑cleaved fragment 
(M30) are recognized as useful markers in clinical diagnosis 
and prognostic evaluation (18) and recently, the important 
regulatory role of CK18 has also attracted attention. A recent 
study revealed that CK18 could associate with histone H3, 
leading to aberrant expression of histone deacetylase in hepa-
tocellular carcinoma (52). The finding that CK18 physically 
interacts with LRP16, sequestering LRP16 in the cytoplasm 
and thus inhibiting the proliferation of ERα‑positive breast 
cancer cells (29), suggests that CK18 may affect gene expres-
sion via protein‑protein interaction. Additionally, CK18 was 
revealed to be a potential RNA binding protein (30). RNA 
binding proteins play important roles in post‑transcriptional 
gene regulation. We therefore propose that CK18 may regulate 
gene expression and alternative splicing through its protein 
and RNA binding functions. Further studies are required to 
explore this possibility.

CK18 dysregulation occurs widely in various tumors, 
although the regulatory mechanism in tumors is largely 
unclear. The knowledge that CK18 regulates the transcription 
and alternative splicing of NF‑κB genes and the transcription 
of genes related to cancer cell migration and metastasis should 
expand our understanding of the biological and regulatory 
functions of CK18. It should also contribute to an improved 
understanding of the prognostic value and clinicopathological 
significance of CK18.

Figure 6. Validation of CK18‑regulated ASEs. (A) Validation of an ASE of FAS in HeLa and HepG2 cells. (B) Validation of ASEs of CTNNB1 in HeLa and 
HepG2 cells. Left panels reveal the IGV‑sashimi plots for alternative splicing changes that occurred in HeLa cells in response to CK18 knockdown. The 
annotated transcripts for the gene are presented below. Right top panels reveal the schematic diagrams depicting the structures of alternative splicing events, 
AS1 (shown in red) and AS2 (shown in green); exon sequences are denoted by boxes, and intron sequences by the horizontal lines. Right bottom panels reveal 
the RNA‑seq and RT‑qPCR quantification of alternative splicing events. The altered ratio of ASEs in RNA‑seq were calculated using the formula: AS1 junc-
tion reads/AS1 junction reads+AS2 junction reads; while the altered ratio of AS events in qPCR were calculated using the formula: AS1 transcripts level/AS2 
transcripts level. CK18, cytokeratin 18; ASEs, alternative splicing events. *P<0.05 and **P<0.01.
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