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Abstract. Non-erythroid spectrin αII (SPTAN1) expression is 
decreased in ~40% of cases of MLH1‑deficient colorectal cancer 
(CRC). SPTAN1 knockdown reduces cell viability, cellular 
mobility and cell‑cell contact formation, indicating that the 
SPTAN1 plays an important role in tumour growth, attachment 
and in regulating the tumour microenvironment. Changes in 
the tumour microenvironment can affect the immune response. 
Therefore, in the present study, proteome arrays were used to 
analyse the expression of 119 different chemokines and soluble 
receptors in CRC cell lines in which mutL homologue 1 (MLH1) 
or SPTAN1 were knocked down. The levels of interleukin (IL)‑8 
were significantly increased in the cells in which SPTAN1 was 
knocked down, both at the mRNA and protein level. ELISA 
demonstrated that the cells in which SPTAN1 was knocked 
down secreted increased quantities of IL‑8, and chemotaxis 
assays revealed the enhanced trafficking of neutrophils, which 
was induced by media containing higher levels of IL‑8. The 
IL‑8 receptors, CRCX1 and CRCX2, were expressed in all the 
cell lines examined; however, their expression was not directly 
associated with IL‑8 expression. The results of the present 
study thus demonstrated that CRC cells in which SPTAN1 was 
knocked down secreted significantly higher levels of IL‑8, which 
in‑turn increased the migration of neutrophilic granulocytes. 
As MLH1‑deficient CRC exhibits an increased infiltration of 
cytotoxic T‑cells and is associated with a decreased SPTAN1 

expression, it can thus be hypothesized that CRC with a low 
SPTAN1 expression may release increased quantities of IL‑8, 
resulting in increased immune cell infiltration.

Introduction

Colorectal cancer (CRC) is one of the most common types of 
cancer worldwide, and ~15% of all patients with CRC exhibit 
microsatellite instability (MSI), which is caused by a defective 
DNA mismatch repair (MMR) system, the origins of which 
can be either sporadic or hereditary. The hereditary disorder 
Lynch syndrome (also known as hereditary non‑polyposis 
CRC) is the result of autosomal dominant heterozygous germ-
line mutations in MMR genes and accounts for 2‑5% of all 
cases of MSI‑CRC (1). Germline mutations occur in one of 
the four key MMR genes; mutL homologue 1 (MLH1; chro-
mosome 3p21.3), mutS homologue 2 (MSH2; chromosome 
2p22‑21), mutS homologue 6 (MSH6; chromosome 2p16) or 
postmeiotic segregation increased 2 (PMS2; chromosome 
7p22.2) (2). Although patients with Lynch syndrome are 
predisposed to a variety of cancers, CRC is the most common 
type of cancer associated with Lynch syndrome (3). Sporadic 
cases of MSI‑CRC account for ~12% of all CRC cases and 
have been found to be caused by hypermethylation of the 
MLH1 promoter. MLH1 promoter hypermethylation results 
in the loss of MLH1 protein expression, and is closely associ-
ated with the presence of the BRAFV600E mutation (4). In 
summary, MLH1 is the protein most frequently affected and 
relevant for MSI in CRC.

CRC with MSI is associated with improved survival rates, 
reduced aggressiveness and a more favourable prognosis (5,6). 
In a previous study by the authors, it was demonstrated that 
there was a close association between tumour aggressiveness 
and MLH1 deficiency, as well as a decreased non‑erythroid 
spectrin αII (SPTAN1) expression (7). The decreased expres-
sion of the cytoskeletal protein, SPTAN1, was shown to be 
associated with decreased cell viability, cellular mobility 
and cell‑cell contact. Furthermore, SPTAN1 expression was 
higher in patients with stage I CRC compared with patients 
with stages II‑IV CRC, and the amount of SPTAN1 was lower 
in patients with metastatic CRC compared with patients with 
non-metastatic CRC (7).

One of the most important features of MSI‑CRC however, 
is that these tumours exhibit a dense infiltration of cytotoxic 
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CD8‑positive (CD8+) T lymphocytes (8). The MSI tumour 
tissue infiltrating T‑cells may eliminate the dysplastic precur-
sors of tumour cells and may thus improve the survival of these 
cancer patients. The functionality of these T‑cells appears to 
be fully available and functional during the early stages of 
tumour development (9), although it can be inactivated during 
tumour progression, a hallmark of cancer (10). From a thera-
peutic viewpoint, MSI‑CRC is associated with resistance to 
the commonly used 5‑FU chemotherapy regimen (11), whereas 
MSI sensitizes CRC to programmed cell death‑1 immune 
checkpoint inhibitors (12).

Despite the fact that several groups have focused on the 
clinical differences between MSI‑CRC and sporadic CRC, 
only a few proteins are currently known that may partially 
explain their respective characteristics. In the present study, 
proteome arrays were used with CRC cell lines in which 
MLH1 or SPTAN1 were knocked down to identify potentially 
relevant chemokines or receptor proteins, and to provide 
molecular explanations for the reduced tumour aggressiveness 
and increased T‑cell infiltration in patients with MSI‑CRC.

Materials and methods

Patients. Formalin‑fixed paraffin‑embedded (FFPE) tissue 
samples from 20 patients (who were members of a cohort of 
189 patients with CRC used in a previous study) (7) were used 
as representative samples for the present study. Of these 
samples, 10 were MLH1‑deficient, whereas the other 10 were 
MLH1‑proficient with regards to expression (7). All patients 
included in the present study underwent bowel resection 
with curative intent. The characteristics of the individual 
tissue specimens are summarized in Table I. The expression 
levels of MLH1 have been previously analysed (7) and IL‑8 
expression was determined in the present study using immu-
nohistochemistry for each tumour and the matching adjacent 
non‑malignant tissue. The study was approved by the Local 
Ethics Committee of the University Hospital Frankfurt, all 
research was performed in accordance with relevant guide-
lines/regulations, and all patients provided written informed 
consent.

Cell lines and cell culture. SW620 (CCL‑227), SW480 
(CCL‑228) and HT29 (HTB‑38) CRC cell lines, as well as 
293 (ATCC® CRL‑1573™) cells, which are frequently used 
as a model of tumorigenic cells (13), were purchased from 
American Type Culture Collection. Colorectal HCT116 mlh1‑2 
cancer cells stably transfected with pcDNA3.1+/MLH1 were a 
gift from Professor Francoise Praz (Villejuif, France) (14).

All cells were grown in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) with 10% FBS (Sigma‑Aldrich; Merck KGaA) 
and 1% penicillin‑streptomycin (Sigma‑Aldrich; Merck 
KGaA). The media for shMLH1, shSPTAN1 and pLKO.1 
stably transduced cell lines additionally contained 5 µg/ml 
puromycin or 4 µg/ml for HCT116 mlh1‑2 cells. The media 
for pLKO.1‑neo and shSPTAN1‑neo stably transduced SW620 
cell lines additionally included G418 (1 mg/ml).

The cells were tested frequently for mycoplasma and char-
acterized in June, 2018 using STR profiling, as indicated by 
the DSMZ online catalogue (15). STR profiling of the 8 STR 
loci was performed as recently described (16).

Transduction with SPTAN1 or MLH1‑shRNAs. SW620, 
SW480, HT29, 293 and HCT116 mlh1‑2 cells express 
SPTAN1, as well as MLH1 endogenously (17‑19). To knock-
down SPTAN1 or MLH1 expression in these cell lines, 
they were transduced with lentivirus encoding interfering 
MISSION® shRNA nucleic acid molecules, according 
to the manufacturer's protocol (MISSION® shRNA; 
Sigma‑Aldrich; Merck KGaA). Briefly, cells were plated at 
a density of 3 or 5x105 cells per well and transduced with 
3 µg of shRNA targeting SPTAN1 (MISSION® shRNA 
TRCN0000053669) or 3 µg of shRNA targeting MLH1 
(MISSION® shRNA TRCN0000288641) delivered through 
a viral vector (MISSION® pLKO.1‑puro). As the control, 
SW620, SW480, HT29, 293 and HCT116 mlh1‑2 cells were 
transduced with the same amount of viral vector containing 
non‑mammalian shRNA (MISSION® pLKO.1‑puro control 
plasmid DNA, SHC002). Transduced cells were selected for 
using 5 µg/ml puromycin in the cell culture medium, apart 
from the HCT116 mlh1‑2 cells, which were selected for using 
4 µg/ml puromycin.

To achieve the co‑knockdown of MLH1 and SPTAN1, the 
SW620 cells stably transduced with pLKO.1 and shMLH1 
were used for an additional lentiviral transduction using 3 µg 
of control shRNA (MISSION® Non‑Target shRNA Control 
Plasmid DNA, SHC016) or shRNA targeting SPTAN1 
(MISSION® shRNA TRCN0000053669) in a different 
lentiviral vector backbone (pLKO.1‑Neo‑CMV‑TurboGFP™, 
MISSION®; Sigma‑Aldrich; Merck KGaA) as described 
above. Transduced cells were selected for in G418 containing 
medium (1 mg/ml) for 8 days.

MSI testing. Single cell clones of stably transduced SW620 
and SW480 cell lines were investigated for their MSI status. 
The cells were diluted to 10 cells/ml, and 100 µl of each was 
added per well to a 96‑well plate and incubated for 14 days 
at 37˚C. After culturing the single cell clones, DNA was 
isolated and tested for MSI using a pentaplex PCR. A total 
of 5 different MSI loci; the quasimonomorphic mononucleo-
tide repeats NR-21, BAT-26, BAT-25, NR-24 and NR-22 were 
amplified and subsequently fragment length analysis was 
performed using an ABI 3130xl Genetic Analyzer (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) as previously 
described by Suraweera et al (20). The primer sequences 
used were as follows: NR‑21 forward, 5'‑TAA ATG TAT GTC 
TCC CCT GG‑3' and reverse, 5'‑FAM‑ATT CCT ACT CCG 
CAT TCA CA‑3'; BAT‑26 forward, 5'‑TGA CTA CTT TTG 
ACT TCA GCC‑3' and reverse, 5'‑ATTO550‑AAC CAT TCA 
ACA TTT TTA ACC C‑3'; BAT‑25 forward, 5'‑FAM‑TCG 
CCT CCA AGA ATG TAA GT‑3' and reverse, 5'‑TCT GCA 
TTT TAA CTA TGG CTC‑3'; NR‑24 forward, 5'‑CCA TTG 
CTG AAT TTT ACC TC‑3' and reverse, 5'‑HEX‑ATT GTG 
CCA TTG CAT TCC AA‑3'; and NR‑22 forward, 5'‑GAG GCT 
TGT CAA GGA CAT AA‑3' and reverse, 5'‑FAM‑AAT TCT 
GAT GCC ATC CA GTT‑3'. The interpretation of the results 
was based on the following features: If ≥3 of these 5 loci 
were detectable with somatic changes they were classified as 
high MSI (MSI‑H); if ≤2 of the 5 markers exhibited somatic 
changes, they were considered low MSI (MSI‑L); and if no 
changes were detected, they were considered microsatellite 
stable (MSS).
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Western blot analysis. Whole cell extracts (50 µg protein 
per lane) were isolated using CelLytic™ M (Sigma‑Aldrich; 
Merck KGaA) with protease inhibitor cOmpleteTM (Roche), 
quantified using Bradford protein assay with Quick Start 
Bradford‑Reagent (Bio‑Rad Laboratories, Inc.), separated on 
10% polyacrylamide gels, followed by transfer onto nitrocel-
lulose membranes and antibody detection using standard 
procedures was performed as described previously (21). 
Membranes were blocked and antibodies were diluted in 5% 
non‑fat dry milk in tris‑buffered saline with 0.025% Tween‑20 
for 1 h at room temperature. The following antibodies 
were used: Anti‑SPTAN1 (1:100, overnight shaking at 4˚C, 
cat. no. sc‑46696; clone C‑11; Santa Cruz Biotechnology, Inc.), 
anti‑MLH1 (1:1,000, 1 h at room temperature, cat. no. 554073; 
clone G168‑728; BD Biosciences), anti‑SPTAN1 (1:1,000, 
overnight shaking at 4˚C, cat. no. MAB1622; EMD 
Millipore), anti‑β-actin (1:5,000, 1 h at room temperature, 
cat. no. A5441; clone AC‑15; Sigma‑Aldrich‑Merck KGaA), 
and for the fluorescently labelled secondary antibody, IRDye 
680LT goat anti‑mouse (1:20,000, 1 h at room temperature, 
cat. no. 926‑68020, LI‑COR Biosciences). Fluorescence 
signals were detected in the fluorescence scanner FLA‑9000 
Starion (Fujifilm Life Science). If indicated, the band intensity 
of protein expression from two western blots was quantified 
using Multi Gauge version 3.2 (Fujifilm, Inc.).

Proteome arrays. The Proteome Profiler Human Receptor 
Array, non‑hematopoietic kit (cat. no. ARY012; R&D 
Systems) was used according to the manufacturer's protocol. 
This Human Soluble Receptor array allows the simultaneous 
detection of the relative levels of 119 different chemokines 
and soluble receptors, released by non‑hematopoietic 
cells, which are spotted in a duplicate antibody pattern on 
nitrocellulose membranes. Protein extracts of shMLH1‑, 
shSPTAN1‑ or control‑shRNA stably transduced SW620 
and SW480 cells were used. Briefly, proteins were extracted 
using lysis buffer, which was a component of this kit, supple-
mented with 10 µg/ml Aprotinin (Sigma‑Aldrich; Merck 
KGaA) and 10 µg/ml leupeptin (Sigma‑Aldrich; Merck 
KGaA). After blocking, arrayed antibody membranes were 
incubated with equal quantities of protein at 4˚C overnight. 
Subsequently, the membranes were washed 3 times in 1X 
wash buffer and incubated with horseradish peroxidase 
(HRP)‑conjugated antibodies (R&D Systems) for 2 h at 
room temperature. After washing again, the membranes 
were incubated with Streptavidin‑HRP (R&D Systems) for 
30 min at room temperature. All antibodies and reagents 
(unless stated otherwise) were part of the used kit. As stated, 
all steps were carried out according to the manufacturer's 
instructions. Signals were visualized using the chemi-
luminescent substrate, detected using a LAS‑4000 mini 
Luminescent Image Analyser and quantified using Multi 
Gauge version 3.2. The intensities of the signal spots of 
the target proteins were determined with subtraction of the 
averaged background negative control spot intensity. Data 
are presented as the relative expression normalized to the 
positive control spot intensity.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the cells using TRIzol reagent 

(Sigma‑Aldrich; Merck KGaA) according to the manufactur-
er's protocol. First‑strand cDNA was prepared from 1 µg RNA 
with 50 ng/µl random hexamer primers using SuperScript™ III 
First Strand Synthesis SuperMix (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
qPCR was performed using TaqMan® Gene Expression assays 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) for 
IL‑8 (Hs00174103_m1), CXCR1 (Hs00174304_m1), CXCR2 
(Hs00174146_m1); GAPDH (Hs02786624_g1) was used as the 
housekeeping gene. qPCR reactions included 7.5 µl TaqMan 
Gene Expression Mastermix, 0.75 µl 2X TaqMan assay, 
RNase‑free water and 2 µl cDNA (100 ng) in a total volume 
of 15 µl. The thermocycling conditions were as follows: 50˚C 
for 2 min, 95˚C for 10 min; followed by 50 cycles of 95˚C for 
15 sec and 60˚C for 1 min, in a StepOnePlus™ Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). StepOne version 2.0 software was used to measure the 
qPCR curves. Finally, Cq values were exported and analysed 
in Microsoft Excel to determine the 2-ΔΔCq values (22). All 
experiments were performed at least 3 times.

Enzyme‑linked immunosorbent assay (ELISA). Human CRC 
cells were seeded at 5x105 cells per well in 6‑well plates. 
Following 48 h of incubation, the media were collected, centri-
fuged at 200 x g for 5 min at room temperature and stored at 
‑20˚C until further use. The secretion of IL‑8 was determined 
using ELISA with a Human IL‑8/CXCL8 Quantikine ELISA 
kit (cat. no. D8000C; R&D Systems) according to the manu-
facturer's protocol. Duplicates of undiluted cell culture media 
were used for measurements and protein standard dilutions 
together with the negative controls were. The optical density 
was detected at 450 nm using an EnVision 2104 Multilabel 
Reader (PerkinElmer, Inc.). All experiments were performed 
at least 3 times.

Isolation of neutrophilic granulocytes and chemotaxis 
assays. Neutrophilic granulocytes were isolated from blood 
and collected in EDTA‑tubes using polymorphprep solution 
(Progen Biotechnik). A total of 7.5 ml polymorphprep solu-
tion was placed into a 15 ml falcon tube, then overlayed with 
blood, at a ratio of 1:1 and centrifuged at 450 x g for 30 min 
at room temperature. The yellow plasma layer was discarded, 
and the neutrophilic granulocytes were placed into a fresh 
15 ml falcon tube. The neutrophils were washed with PBS 
by centrifugation at 250 x g for 10 min at room temperature. 
The pellet was resuspended in 1 ml red blood cell lysis buffer 
(Roche Diagnostics), incubated at 37˚C for 5 min and centri-
fuged again at 250 x g for 5 min at room temperature. Finally, 
the supernatant was removed, the neutrophilic granulocytes 
were diluted in 1.5 ml serum‑free DMEM, counted and used 
for the chemotaxis assay.

The chemotaxis assay was performed by seeding 5x105 
neutrophils in 100 µl serum‑free DMEM in the upper chamber 
of a 24‑Transwell plate. A CytoSelect™ 24‑Well Chemotaxis 
assay 3 µm (Cell Biolabs) was used according to the manufac-
turer's protocol. A total of 500 µl DMEM with or without 10% 
FBS and 1% penicillin‑streptomycin and other additives was 
added to the lower chambers. As a positive control DMEM 
with 10% FCS and penicillin‑streptomycin as well as 100 ng 
recombinant human IL‑8 (R&D Systems) was added to the 
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lower chamber. As a negative control, DMEM with 10% FCS 
and penicillin‑streptomycin without further supplements 
was used. A total of 500 µl media obtained from SPTAN1 
knockdown cells or pLKO.1 transduced control cell lines was 
added to the lower chamber. The 24‑transwell plate was then 
incubated for 24 h with 5% CO2 at 37˚C.

Subsequently, each insert was transferred to a new well and 
incubated with 200 µl cell detachment solution (Cell Biolabs) 
for 30 min at 37˚C to remove neutrophilic granulocytes 
adhering to the Transwell chamber. To combine migratory 
cells in the medium and on the bottom side of the Transwell, 
400 µl of the 500 µl medium solution containing migratory 
cells from the lower chambers of the starting 24‑Transwell 
plate was added. Subsequently, 180 µl of the neutrophil 
containing mixture was transferred into a 96‑well plate, 60 µl 
CyQuant GR Dye solution (Cell Biolabs; diluted 1:75 in 4x 
lysis buffer) was added, and the samples were incubated for 
20 min at room temperature. For measurements, 200 µl of 
each sample was transferred into a 96‑well solid black micro-
plate suitable for fluorescence measurements and measured at 
an excitation/emission spectra of 485/510 nm in an EnVision 
2104 Multilabel Reader. The resulting data were expressed 

as relative fluorescence units (RFU). All experiments were 
performed at least 3 times.

Analysis of IL‑8‑251T>A polymorphism. The genotype of 
single nucleotide polymorphism (SNP)‑251 (rs4073) (T>A) 
was determined in all cell lines by sequencing. Following 
amplification of the SNP region (forward primer, 5'‑ATC CAT 
GAT CTT GTT CTA AC‑3' and reverse primer, 5'‑CCC TAC 
TAG AGA ACT TAT GC‑3') and generation of a 316 bp PCR 
product, the PCR product was purified using QIAquick PCR 
Purification kit (Qiagen, Inc.) and the SNP was determined 
by sequencing using BigDye Terminator 3.1 Ready Reaction 
mix (Thermo Fisher Scientific, Inc.) and DyeEx® 2.0 Spin 
kit (Qiagen, Inc.) on a 3130xl Genetic Analyser (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The human 
sequence of IL‑8 rs4073 (NG_029889.1) was used as the 
reference.

Immunohistochemical analysis. IL‑8 expression was analysed 
by immunohistochemistry using FFPE MLH1‑deficient or 
MLH1‑proficient CRC tissue, as previously described (7,18). 
Briefly, 2 µm sections of samples were cut from the FFPE 

Figure 1. Stable transduction of shMLH1 and shSPTAN1. SW480, SW620, HT29, 293 and HCT116 mlh1‑2 were stably transduced with shSPTAN1 and 
shMLH1 using lentiviral transduction. (A and C) Successful knockdown of SPTAN1 and MLH1 was verified using western blotting. (C) The western blots 
presented are analysed separately and cropped from different blots. The different blots are separated by black lines. The corresponding full‑length western 
blots are presented in Fig. S3A‑C. All cell lines exhibited a reduced expression of MLH1 and SPTAN1 following transduction with shMLH1 and shSPTAN1, 
respectively. (B and D) Densitometric analysis of the bands quantified from two western blots. Graphs show SPTAN1 (white column) or MLH1 (black 
column) expression normalized to the pLKO.1 transduced control cell line. Black arrows mark the cleavage products of SPTAN1. sh, short hairpin; SPTAN1, 
non-erythroid spectrin αII; MLH1, mutL homologue 1.
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Figure 2. Relative mRNA expression and secretion of IL‑8 in cells in which SPTAN1 and MLH1 were knocked down. Cells in which SPTAN1 and MLH1 were 
knocked down (A) SW480, (B) SW620, (C) HT29, (D) 293 and (E) HCT116 mlh1‑2 were used to determine the relative mRNA expression of IL‑8 (left panels), 
and the media from these cell lines were used to detect secreted IL‑8 (right panels). Expression data are presented relative to the pLKO.1 transduced control. 
ELISA quantification was performed using a protein standard curve. Cells with a high IL‑8 expression exhibited an increased secretion of IL‑8, whereas cells 
with a low IL‑8 expression exhibited a decreased secretion of IL‑8 compared with the control cells, respectively. *P<0.05, **P<0.01, compared to the control. 
SPTAN1, non-erythroid spectrin αII; MLH1, mutL homologue 1.
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invasively growing CRC specimens. Surrounding healthy 
colonic mucosa served as the control. Sections were depa-
raffinised twice with xylene and rehydrated in a decreasing 
series of 5 alcohol solutions. Antigen retrieval was performed 
by heating in a pressure cooker for 15 min in EDTA buffer, 
pH 8.0. This was followed by incubation for 10 min with 
3% H2O2 to block endogenous peroxidase activity. Sections 
were washed with 1X PBS (Gibco; Thermo Fisher Scientific, 
Inc.) before and in between incubation steps. Primary IL‑8 
antibody (C4; cat. no. LS‑C663556; LifeSpan BioSciences, 
Inc.; 15 µg/ml, 1:76) was diluted in PBS containing 1% 
bovine serum albumin (BSA). Sections were incubated with 
the primary antibody at 4˚C overnight, followed by applica-
tion of the EnVision System mouse (cat. no. K4000; Agilent 
Technologies, Inc.), which employs the enzyme HRP coupled 
to a secondary antibody and the chromogen 3,3'‑diaminoben-
zidine (DAB). Samples were incubated with 4 drops of the 
secondary HRP‑antibody for 30 min at room temperature and 
peroxidase reagent DAB for 10 min, diluted to 1 drop of DAB 
chromogen per ml of DAB substrate buffer (cat. no. K3467; 
Agilent Technologies, Inc.). Sections were counterstained for 
2 min using Gill's haematoxylin solution (Sigma‑Aldrich; 
Merck KGaA). Immunohistochemical staining was examined 
using a Keyence microscope (Model BZ‑9000; Keyence 
Corp.). Negative controls were processed in parallel to exclude 
non‑specific staining.

Statistical analysis. Data are expressed as the means ± standard 
deviation as appropriate. Data were analysed using BiAS 
for Windows (version 9.11) (23). RT‑qPCR and chemotaxis 
assay data were compared using the Student's t‑test or 
Kruskal‑Wallis test for comparisons of >2 groups followed by 
multiple Conover‑Iman post hoc tests with Bonferroni‑Holm 
correction. Differences between IL‑8 secretion measurements 
using ELISA were assessed for statistical significance using 

one‑way ANOVA and post hoc Scheffe analysis. P‑values are 
two‑sided and P<0.05 was considered to indicate a statistically 
significant difference. Experiments were performed at least 
3 times.

Results

Knockdown of SPTAN1 and MLH1 increases expression 
of IL‑8. Using SW480 and SW620 cells stably transduced 
with shMLH1 or shSPTAN1 and the corresponding controls 
(Fig. 1A and B), the Proteome Profiler Human Soluble Receptor 
Array was used to analyse the cellular expression levels of 
119 different chemokines and soluble receptors. The resulting 
mean pixel density of each spot was calculated, an averaged 
background signal was subtracted, and values were compared 
relative to the positive controls on the membrane of the human 
common analytes array (part C) (Fig. S1). There was a clear 
difference in the expression levels of the pro‑inflammatory 
cytokine IL‑8 in the cells in which SPTAN1 was knocked 
down in both cell lines. While the shSPTAN1‑transduced 
SW480 cells exhibited a notable decrease in IL‑8 expression 
(Fig. S1A and E), the shSPTAN1‑transduced SW620 cells 
exhibited increased IL‑8 expression levels (Fig. S1C and E). 
By contrast, the reduction of MLH1 expression in the SW480 
cells resulted in an increased IL‑8 expression (Fig. S1B and E), 
whereas MLH1 knockdown in the SW620 cells had no effect 
on the IL‑8 levels (Fig. S1D and E).

To exclude the possibility that changes in IL‑8 expres-
sion were caused by MLH1 or SPTAN1 knockdown, the 
induced accumulation of frameshift mutations in genes 
encompassing coding microsatellites, MSI was analysed 
in single cell clones of shMLH1‑ or shSPTAN1‑transduced 
SW480 and SW620 cells. On the whole, 76 different cell 
clones were analysed; 12 clones of shSPTAN1‑transduced 
SW480 cells, 14 clones of shMLH1‑transduced SW480 

Figure 3. Induction of neutrophil migration by IL‑8 secretion from cells in which SPTAN1 and MLH1 were knocked down. To analyse the effects of secreted 
IL‑8 on the migration of neutrophilic granulocytes, chemotaxis assays were performed. Media from stably shSPTAN1 transduced cell lines were used for 
Transwell migration assays and neutrophil migration was determined by the fluorescence measurement of migrated cells. Media from SW620 (P=0.069), 
HCT116 mlh1‑2 (P=0.218) and 293 cells (P=0.217) in which SPTAN1 was knocked down enhanced the migration of neutrophilic granulocytes compared 
with the media from pLKO.1‑transduced control cells. Media from the HT29 cells in which SPTAN1 was knocked down (P=0.984) exhibited no effect on 
the migration of neutrophilic granulocytes compared to the media from the control cell line. RFU, relative fluorescence units; sh, short hairpin; SPTAN1, 
non-erythroid spectrin αII; MLH1, mutL homologue 1.
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cells, 15 clones of pLKO.1‑transduced SW480 cells, 
12 clones of shSPTAN1‑transduced SW620 cells, 7 clones 
of shMLH1‑transduced SW620 cells and 16 clones of 
pLKO.1‑transduced SW620 cells. MSI was not detected in 
the SW480 or SW620 cells transduced with shMLH1 or 
shSPTAN1 (Fig. S2 and Table SI).

Increased IL‑8 mRNA expression levels are associated with a 
decreased SPTAN1 expression. In order to determine the effects 
of SPTAN1 or MLH1 knockdown on IL‑8 in other cell lines, 
3 additional stably‑transduced shMLH1 and shSPTAN1 cell 
lines were generated: HT29, 293 and HCT116 mlh1‑2. These 
cell lines (Figs. 1C and D, and S3B and C), together with the 
panel of SW480 and SW620 cells (Figs. 1A and B, and S3A) 
were used for RT‑qPCR to analyse the mRNA expression 
levels of IL‑8 (Fig. 2, left panels). The decreased expres-
sion of SPTAN1 was associated with an enhanced mRNA 
expression of IL‑8 in 4 of the 5 tested cell lines. IL‑8 was 
significantly enhanced in the shSPTAN1‑transduced 293 
(P=0.004) and HCT116 mlh1‑2 cells (P=0.008), and exhib-
ited a notable increase in the shSPTAN1‑transduced SW620 
(P=0.055) and HT29 (P=0.057) cells, although the increase 
was not considered statistically significant (Fig. 2B‑E, left 
panels). By contrast, the knockdown of SPTAN1 significantly 
decreased the mRNA expression levels of IL‑8 in the SW480 
cells (P=0.008; Fig. 2A, left panel). The knockdown of MLH1 
resulted in significantly reduced IL‑8 mRNA expression 
levels in the HCT116 mlh1‑2 (P=0.008) cells (Fig. 2E, left 
panel), whereas the expression of IL‑8 was significantly 
increased in the SW480 (P=0.008) and 293 (P=0.033) cells 
(Fig. 2A, C and D, left panels) and also increased in the HT29 
cells in which MLH1 was knocked down, although with no 
statistically significance (P=0.057). The knockdown of MLH1 
in the SW620 cells had no marked effect on the expression of 
IL‑8 (Fig. 2B, left panel).

Differential expression of IL‑8 affects IL‑8 secretion in 
cells in which SPTAN1 and MLH1 are knocked down. The 
secretion of IL‑8 in the previously described knockdown 
cell lines was assessed using ELISA (Fig. 2, right panels) 
compared with the control shRNA‑transfected cells. The 
secretion of IL‑8 was associated with the mRNA expression 
levels of IL‑8 in almost all cell lines. SW620 cells trans-
duced with shSPTAN1 (P<0.000; Fig. 2B, right panel) and 
the shSPTAN1‑transduced 293 cells (P<0.000; Fig. 2D, right 
panel) exhibited a significantly increased IL‑8 secretion, 
whereas the shSPTAN1‑transduced SW480 cells secreted 
significantly lower levels of IL‑8 (P<0.002; Fig. 2A, right 
panel) compared with the control cells. The secretion of 
IL‑8 in the shSPTAN1‑transduced HT29 cells (Fig. 2C, right 
panel) and shSPTAN1‑transduced HCT116 mlh1‑2 cells 
(Fig. 2E, right panel) did not differ notably from that of the 
control cell lines, although the mRNA levels were increased 
(Fig. 2C and E, left panels).

HT29 cells transduced with shMLH1 (P<0.000), as well 
as the shMLH1‑transduced 293 cells (P=0.068) exhibited an 
increased IL‑8 secretion (Fig. 2C and D, right panels). Of 
note, the shMLH1‑transduced HCT116 mlh1‑2 cells (P<0.000) 
exhibited a significantly decreased secretion of IL‑8 (Fig. 2E, 
left panel).

Figure 4. Loss of SPTAN1 expression underlies the increased IL‑8 secre-
tion in shSPTAN1‑ and shMLH1‑co‑transduced SW620 cells. SW620 cells 
transduced with shMLH1, shSPTAN1 or co-transduced with shMLH1 and 
shSPTAN1 were generated and (A) the success of stable transduction was 
confirmed using by blot analysis. The corresponding full‑length western blot 
is shown in Fig. S3D. Media from shMLH1, SPTAN1 or co‑transduced cells 
were used to analyse (B) IL‑8 secretion and (C) effect on the migration of 
neutrophilic granulocytes, and the resulting data were compared with the 
pLKO.1‑transduced controls, respectively. (B and C) IL‑8 secretion in media 
from shMLH1‑transduced SW620 cells were significantly reduced and 
resulted in the decreased migration of neutrophils, whereas IL‑8 levels in 
the media from cells in which SPTAN1 was knocked down, and in media 
from MLH1‑ and SPTAN1‑co‑knockdown SW620 cells were significantly 
increased; the migration of neutrophils was also significantly increased 
compared with the control cells. Black arrows mark the cleavage products 
of SPTAN1. *P<0.05, **P<0.01, compared to the control. sh, short hairpin; 
SPTAN1, non-erythroid spectrin αII; MLH1, mutL homologue 1.



INTERNATIONAL JOURNAL OF ONCOLOGY  56:  1551-1564,  2020 1559

Figure 5. Relative mRNA expression of CXCR1 and CXCR2 in cells in which SPTAN1 and MLH1 were knocked down. Relative mRNA expression levels of 
CXCR1 (left panels) and CXCR2 (right panels) were analysed in cells in which SPTAN1 or MLH1 were knocked down. (A) SW480, (B) SW620, (C) HT29, 
(D) 293 and (E) HCT116 mlh1‑2 cells and compared with the respective pLKO.1 transduced controls. Expression of CXCR1, as well as CXCR2 was detectable 
in all cell lines. However, a clear trend of receptor expression or a notable association in the expression of IL‑8 could not be detected. **P<0.01, compared to 
the controls. SPTAN1, non‑erythroid spectrin αII; MLH1, mutL homologue 1.
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Induction of neutrophil migration by IL‑8 using media from 
cell lines in which SPTAN1 was knocked down. Chemotaxis 
assays were performed using the media from 4 cell lines in 
which SPTAN1 was knocked down, the SW620, HT29, 293 and 
HCT116 mlh1‑2 cells (Fig. 3), which all exhibited an increased 
secretion of IL‑8 (Fig. 2). The migration of neutrophilic granulo-
cytes was induced by the media from the shSPTAN1‑transduced 
SW620 (P=0.069), 293 (P=0.217) and HCT116 mlh1‑2 cells 
(P=0.218) compared with the pLKO.1‑transduced controls, 
respectively, although the differences were not statistically 
significant. An induction of granulocyte migration using the 
media from the shSPTAN1‑transduced HT29 cells (P=0.984) 
was not detectable (Fig. 3).

IL‑8 secretion in shSPTAN1‑ and shMLH1‑co‑transduced 
SW620 cells is initiated by the loss of SPTAN1. To determine 
whether the loss of SPTAN1 expression may also result in an 
increased IL‑8 secretion in shMLH1‑transduced CRC cells, 
a cell line in which SPTAN1 and MLH1 were co‑knocked 
down was generated using the SW620 cells (Fig. 4A) and 
compared to sister cells in which MLH1, SPTAN1 or 
control shRNA were used alone. As shown in Fig. 4B, the 
shSPTAN1‑transduced (P<0.000), as well as shSPTAN1‑ and 
shMLH1‑co‑transduced (P<0.000) SW620 cells exhibited 
a significantly increased IL‑8 secretion, as detected by 
ELISA. However, the secretion of IL‑8 from the SW620 cells 
in which MLH1 was knocked down (P<0.000) was signifi-
cantly decreased compared with that of the control cell line. 
In line with these data, the chemotaxis assay revealed an 
increased induction of the migration of neutrophilic granulo-
cytes by media from the shSPTAN1‑transduced SW620 cells 
(P=0.239), which was significantly increased using the media 
from shSPTAN1‑ and shMLH1‑co‑transduced SW620 cells 
(P=0.046) compared with the control (Fig. 4C). Media from 
the SW620 cells in which MLH1 was knocked down resulted in 
the decreased induction of neutrophilic granulocyte migration 
(P=0.254, Fig. 4C).

Expression of CXCR1 and CXCR2 is not associated with 
IL‑8 expression. Using RT‑qPCR, the expression of the 
corresponding IL‑8 receptors, CXCR1 and CXCR2, was 
assessed. A consistent trend was not detected following 
SPTAN1 or MLH1 knockdown. In the SW480 cells, the 
expression of CXCR1 mRNA was not affected by the knock-
down of SPTAN1 or MLH1 (Fig. 5A, left panel); however, 
the expression of CXCR2 was significantly increased in the 
shSPTAN1‑transduced SW480 cells (P<0.000) and in the 

shMLH1‑transduced SW480 cells (P=0.008, Fig. 5A, right 
panel). The SW620 cells transduced with shSPTAN1 and 
shMLH1 exhibited decreased CXCR1 mRNA levels (P=0.060, 
respectively; Fig. 5B, left panel); however, there was no differ-
ence in the CXCR2 mRNA levels compared with the control 
(Fig. 5B, right panel). The decreased expression of SPTAN1 
and MLH1 resulted in the enhanced mRNA expression 
of CXCR1 in the HT29 cells (P=0.725, Fig. 5C, left panel), 
whereas CXCR2 expression was significantly decreased in 
the shSPTAN1‑transduced cells (P=0.008) and significantly 
increased in the shMLH1‑transduced HT29 cells (P=0.008; 
Fig. 5C, right panel). The mRNA expression levels of CXCR1 
(P=0.202) and CXCR2 (P=0.063) were increased in the 293 
cells following SPTAN1 knockdown (Fig. 5D); however, in 
the shMLH1‑transduced 293 cells, CXCR1 expression was 
decreased, whereas CXCR2 expression was slightly increased 
(Fig. 5D). The shSPTAN1‑ and shMLH1‑transduced HCT116 
mlh1‑2 cells exhibited decreased CXCR1 mRNA levels 
(P=0.061, Fig. 5E, left panel), whereas increased expression 
levels of CXCR2 were observed in the shMLH1‑transduced 
HCT116 mlh1‑2 cells (P=0.138; Fig. 5E, right panel).

Cellular IL‑8 expression is not related to the IL‑8 (rs4073)‑251 
T/A polymorphism. A SNP in the IL‑8 gene (rs4073) at posi-
tion‑251 (T>A) has been demonstrated to be associated with 
inflammatory diseases and CRC (24‑30). The allele A of 
SNP‑251 (rs4073) has been shown to be associated with an 
increased risk of tumour development/cancer and metastasis, 
and a worse prognosis (25,28‑31). Other studies have demon-
strated that the IL‑8 SNP has no effect or reduced tumour risk 
for the IL‑8‑251A genotype (24,32,33). In order to determine 
whether the IL‑8 (rs4073)‑251 T/A polymorphism was present, 
the DNA of all cell lines was analysed. The SW480, as well 
as the SW620 cells harboured the TT genotype of SNP‑251 
(rs4073), whereas the HT29, HCT116 mlh1‑2 and 293 cells 
possessed the AA genotype. The results of the IL‑8 SNP 
analysis are summarized in Table II.

Immunohistochemical analysis of IL‑8. To examine IL‑8 
expression in vivo, FFPE CRC tissue from 10 patients were 
analysed using immunohistochemistry; exemplarily images 
are presented in Fig. 6. Of the samples, 10 tumours were 
MLH1‑deficient and SPTAN1 expression was weak, and 10 
were MLH1‑proficient and SPTAN1 expression was strong, 
as previously described (7). Immunohistochemical IL‑8 data 
were visually evaluated with regard to staining intensity and 
the results are summarized in Table I. IL‑8 was detectable in 
all tested samples; however, significant differences in IL‑8 
expression were not observed between the MLH1‑deficient 
and weakly SPTAN1‑expressing CRC tissues, and the 
MLH1‑proficient and strongly SPTAN1‑expressing tumours. 
A negative control sample (without a primary antibody) of a 
MLH1‑proficient CRC (Table I; patient 15) was processed in 
parallel (Fig. 6D).

Discussion

The molecular background between MSI‑CRC and sporadic 
CRC varies significantly (34). The elucidation of the molecular 
factors which are associated with improved survival rates, 

Table II. IL‑8‑251 T/A (rs4073) SNP genotype of the analysed 
CRC cell lines.

Cell line ‑251 T>A genotype (rs4073)

SW480 T/T
SW620 T/T
HT29 A/A
HCT116 mlh1‑2 A/A
293 A/A
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reduced aggressiveness or a more favourable prognosis 
of MSI‑CRC are the focus of clinical research (5,6). In a 
previous study by the authors, it was demonstrated that ~40% 
of MLH1‑deficient CRC cases were associated with reduced 
expression of SPTAN1 and reduced tumour aggressive-
ness (7). In the present study, the knockdown of SPTAN1 in 
cell lines significantly increased the levels of IL‑8. Using MSI 
analysis, it was shown that the increase in IL‑8 levels was not 
caused by the knockdown‑dependent accumulation of frame-
shift mutations in genes encompassing coding microsatellites. 
Of the 5 cell lines transduced with shSPTAN1, 4 exhibited 
enhanced IL‑8 mRNA levels and increased secretion of IL‑8 
in the media, and the media was capable of inducing migration 
of neutrophilic granulocytes.

IL‑8, which is a member of the CXC chemokine super-
family of structurally and functionally related inflammatory 
cytokines, is an interesting target protein in the context of 
the molecular differences between MSI‑CRC and sporadic 
CRC (34). It has been demonstrated that several types of human 
carcinomas, in particular CRC, express high levels of IL‑8 
compared with the corresponding healthy tissue (35‑37). IL‑8 
produced by tumour cells can directly modulate neighbouring 
cells through its corresponding chemokine G‑protein‑coupled 
serpentine receptors, CXCR1 and CXCR2. Thuringer et al (38) 
demonstrated that the CRC line, SW620, can activate CXCR2 
expressed on surrounding endothelial cells by secreting IL‑8, 
and thus contribute to metastasis. Brew et al (39) demonstrated 

Figure 7. Hypothesis by which IL‑8 induces neutrophil‑mediated effects. 
Enhanced IL‑8 production of SPTAN1‑knockdown CRC cells and release 
in the tumor microenvironment may result in neutrophil‑mediated invasion 
of CD8+ T‑cells. In parallel, IL‑8 may also attract MDSCs which mediate 
suppression of CD8+ T‑cells. SPTAN1, non‑erythroid spectrin αII; CRC, 
colorectal cancer; MDSC, myeloid‑derived suppressor cell.

Figure 6. IL‑8 protein expression in MLH1‑deficient and MLH1‑proficient CRC tissue samples. Immunohistochemistry images of (A) MLH1‑proficient 
CRC (Table I, patient 18) with adjacent healthy mucosa (right lower corner), (B) a MLH1‑proficient CRC (Table I, patient 15) and (C) a MLH1‑deficient CRC 
(Table I, patient 173). (D) A negative control sample (without primary antibody) of a MLH1‑proficient CRC (Table I, patient 15) was processed in parallel. 
Magnification, x10. (A) An MLH1‑proficient CRC tissues with high SPTAN1 staining intensity exhibited increased cytoplasmic expression of IL‑8 compared 
with the healthy mucosa. (B and C) MLH1‑proficient (high SPTAN1 expressing) and MLH1‑deficient (low SPTAN1 expressing) did not exhibit any significant 
differences in IL‑8 expression. Lymphocytes and neutrophilic granulocytes in peritumoral infiltrates, as well as erythrocytes in vessels (black arrows) served 
as the internal positive control for IL‑8 staining. CRC, colorectal cancer; SPTAN1, non‑erythroid spectrin αII; MLH1, mutL homologue 1.
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that IL‑8 acts as an autocrine growth factor on HCT116A, 
HCT116B and HT29 colorectal cancer cells. Furthermore, 
Addison et al (40) and Heidemann et al (41) demonstrated 
that IL‑8 affects angiogenesis, and this was also mediated via 
CXCR2.

Additionally, secreted IL‑8 is an important immune 
response mediator that stimulates the ability of neutrophilic 
granulocytes to attack injured or inflamed tissue, and chemoat-
tractants released from these neutrophils are able to specifically 
attract CD8+ T‑cells to the site of neutrophil release (42,43). 
Several groups have demonstrated that the secretion of IL‑8 
by CRC cells results in the stimulation and migration of 
neutrophilic granulocytes (44,45), which mediate T‑cell and 
monocyte accumulation (43). This has also been confirmed 
in vivo by David et al (46) where it was demonstrated that 
IL‑8 and its receptors can substantially alter the infiltration of 
leukocytes into the tumour, which results in the accumulation 
of immunosuppressive and pro‑tumorigenic immune cells, 
and results in the dysfunction of antitumor immune cells.

As demonstrated in the present study, high levels of IL‑8 
were associated with a decreased SPTAN1 expression, and this 
has previously been associated in vivo with MLH1‑deficiency 
in CRC (7). As there was no clear impact of the differential 
secretion of IL‑8 on the mRNA expression of CXCR1 and 
CXCR2 in the tested CRC cell lines, it was not possible to 
determine the effects of IL‑8 on neighbouring tumour cells. 
However, the enhanced chemotaxis detected after using the 
media from shSPTAN1‑transduced cells compared with the 
media from control cells, suggested that an enhanced IL‑8 
expression in colorectal tumours with a decreased SPTAN1 
expression may influence the migration of neutrophilic 
granulocytes, which in turn may increase the invasion of the 
surrounding T‑cells. Consistent with this hypothesis, it has 
been demonstrated that the enhanced infiltration of cytotoxic 
T‑cells is associated with MMR deficiency in CRC (47,48). 
Therefore, an enhanced IL‑8 expression and secretion may 
underlie increased T‑cell infiltration and the reduced tumour 
aggressiveness of MSI‑CRC (5).

During cancer or severe injury conditions, an expansion of 
immature and mature neutrophils has been observed to inhibit 
T‑cell proliferation (49). These so‑called myeloid‑derived 
suppressor cells (MDSCs) can invade rapidly in tumour tissues 
which is induced by IL‑8 (49,50). In addition, IL‑8 has also 
been found to stimulate activated MDSCs, resulting in released 
DNA, and the formation of neutrophil extracellular traps 
(NETs) (50). NETs consist of extracellular chromatin fibers 
and neutrophil granular proteins adorned with antimicrobial 
proteins (51), and the formation of NETs in the tumour micro-
environment seems to play a relevant role in the inhibition of 
the immune response against tumours (52‑54).

Taken together, it can be hypothesized that increased IL‑8 
levels result in an enhanced CD8+ T‑cell tumour infiltration, 
although in parallel, it increases activation of MDSCs which 
may result in the cancelling of each other's effects (Fig. 7). The 
observation of an enhanced infiltration of cytotoxic T‑cells in 
MMR deficient CRC fits this hypothesis (47,48).

Of note, the increased expression of IL-2 and TNF-α has 
recently been demonstrated to be associated with low levels 
of expression of MLH1, MSH2 and MSH6 in CRC (55). 
Although it was postulated that the detected IL‑2 and TNF‑α 

levels may be regulated by T‑cells, the results of the present 
and previous studies (56) demonstrated that cancer cells are 
able to actively secrete chemokines. Therefore, the detected 
expression of high IL‑2 and TNF‑α levels shown in the study 
by Germini et al (55) may also be the result of the tumour cells 
themselves.

The question remains why the effect of MLH1 knockdown 
on IL‑8 varied and why these results were not completely 
consistent with those generated by shSPTAN1‑transduced 
cells, even though there was an association between 
MLH1‑deficiency and SPTAN1 expression in CRC (7,18). The 
loss of MLH1 was associated with enhanced IL‑8 levels in 
only 2 of the 5 cell lines, whereas two other cell lines exhibited 
a decrease in IL‑8 levels and one cell line did not exhibit any 
notable changes. It may be possible that the SNP in IL‑8 at 
position‑251 (T>A) (rs4073) affects the expression levels of 
IL‑8 in the present study. However, the influence of the IL‑8 
polymorphisms at position‑251 could be excluded, since 
two different CRC cell lines from the same patient [SW480 
(from the primary tumour) and SW620 cells (from the metas-
tasis)], which harbour the same IL‑8 SNP [‑251 TT (rs4073)], 
exhibited differential effects with regards to IL‑8 expression 
following SPTAN1 or MLH1 knockdown. Therefore, it may 
be the case that the time period allowed for shMLH1 trans-
duction was not sufficient to induce the reduction in SPTAN1 
expression in all of the cell lines and to thus increase IL‑8 
secretion. The results of the present study demonstrated that 
cells in which MLH1 and SPTAN1 were co‑knocked down 
(exemplarily demonstrated with the SW620 cells) exhibited 
an increased secretion of IL‑8 and an enhanced induction of 
neutrophil migration compared to the cells transduced only 
with shMLH1. MLH1 knockdown alone was not sufficient to 
enhance the quantity of IL‑8 secreted in this cell line, whereas 
SPTAN1 knockdown was sufficient.

Finally, the analysis of IL‑8 expression was investigated 
in vivo using a small panel of CRC tissues, consisting of 10 
MLH1‑deficient and 10 MLH1‑proficient CRC tissues. The 
intensity of IL‑8 in the analysed tissues was low, whereas 
the general detection of IL‑8 was successful, as the IL‑8 of 
erythrocytes (used as a positive control) was detectable (57). 
Overall, there were no significant differences in IL‑8 levels 
detected between MLH1‑deficient and MLH1‑proficient 
tumours. However, it is necessary to verify these results using 
a larger study cohort. Thus, the effect of IL‑8 on tumour 
progression of MLH1‑deficient tumours and sporadic CRC 
should not be excluded.

In conclusion, the present study demonstrated that SPTAN1 
knockdown in CRC cells significantly increased IL‑8 levels 
and induced the migration of neutrophil granulocytes. Further 
studies are required to determine whether IL‑8 secreted 
by CRC cells in which SPTAN1 is knocked down can also 
induce the formation of NETs and to determine the underlying 
signalling pathways, as IL‑8 may serve as a suitable target for 
personalized therapy of patients with CRC.
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