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Abstract. Currently, various types of keratins have been 
reported to be highly expressed in cancer cells and to be asso-
ciated with a malignant phenotype. In the present study, it was 
found that expression levels of keratin 6 (K6), keratin 16 (K16), 
and keratin 17 (K17) were highly elevated in SNU601 cells 
resistant to cisplatin (SNU601‑cis2 and SNU601‑cis10), but 
not in the parental SNU601 cells as confirmed by quantita-
tive PCR, immunoblotting, and immunofluorescence assays. 
K6 is a type II keratin and is known to form a keratin fila-
ment in conjugation with type I keratin, K16 or K17. Thus, 
we attempted to understand the role of the overexpression of 
K6/K16 or K6/K17 keratin filaments by regulating the expres-
sion of K6. Silencing of K6 by siRNA in SNU601‑cis2 cells 
promoted oxaliplatin‑induced apoptosis in the resistant cells 
as shown by increased apoptotic body formation, caspase‑8 
and caspase‑3 cleavage, and cytochrome c release. In addi-
tion, induction of K6 levels in wild‑type SNU601 cells, by 
transfection with pCMV6‑K6A and pCMV6‑K6B overexpres-
sion vectors, resulted in decreased apoptosis in response to 
cisplatin and L‑OHP. Platinum drugs, such as oxaliplatin, were 
shown to induce the extrinsic apoptotic pathway by inducing 
lipid raft formation and death receptor recruitment into lipid 
rafts. However, in the resistant cells, the oxaliplatin‑triggered 
extrinsic apoptotic pathway appeared to be suppressed by 
decreased lipid raft formation, and recruitment of death 
receptor 5 and FADD into lipid rafts. Therefore, the increase 
in the levels of the K6 filament may be associated with the 
regulation of lipid raft formation and may contribute, at least 
in part, to resistance to anticancer drugs.

Introduction

Gastric cancer is often diagnosed at an advanced stage and it 
commonly recurs even after complete resection. Thus, chemo-
therapy is required for the treatment of unresectable cases and 
prevention of cancer recurrence. However, consistent exposure 
to chemotherapeutics often results in drug resistance, which 
is a serious impediment to cancer treatment. Hence, research 
has been conducted to reveal the mechanism of cancer 
chemoresistance to overcome this problem.

The development of drug resistance is a complex process 
due to various mechanisms. These include overexpression of 
efflux pumps, including ABCC, upregulation of survival path-
ways, elevation of the antioxidant system, defects in apoptotic 
signaling, and alterations in the dynamics of cytoskeletons (1‑4). 
The cytoskeleton is one of the main targets for cancer treatment, 
since the cytoskeletal network plays pivotal roles in cytokinesis, 
mitosis, membrane transport, and many other processes essential 
for rapid growth and metastasis of cancer cells. The roles of actin 
and microtubule cytoskeletons are relatively well investigated 
in cancer biology, and many efforts have been made to develop 
therapeutic strategies targeting them in carcinomas  (5‑7). 
Recently, it was found that certain keratin molecules interact with 
multiple factors that are involved in cellular survival processes 
and are associated with cancer cell malignancy and resistance to 
apoptosis. Several of them are recognized as markers for tumor 
prognosis as well as for tumor diagnosis.

The keratin filament is a 10‑nm thick intermediate filament 
that belongs to the three major cytoplasmic filament networks, 
together with microfilaments and microtubules. Keratins are 
mainly found in the outer layer of the skin, hair, and nails, 
and they provide mechanical strength and protection against 
various external stimuli, including heat, UV, septic infection, 
and physical stress (8,9). In contrast to microtubules and micro-
filaments that are uniform, there are diverse types of keratin 
filaments composed of different isoforms of keratin proteins. 
The keratin gene family consists of 54 genes in humans, which 
are either found as the acidic type I or the basic or neutral 
type  II keratin genes (28 type  I genes, 26 type  II genes). 
Complete keratin filaments are assembled as heteropolymers 
by non‑covalent interaction between type I and type II keratin 
chains, and expression of keratin proteins is also paired with 
acidic and basic keratins in a tissue‑ and differentiation‑specific 
fashion (10‑13). Since different keratin pairs are present in 
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different regions or different developmental stages of epithelia, 
the regulation of their cell type‑ and stage‑specific expression 
pattern may be strictly associated with their own unique func-
tion. Indeed, recently identified results indicate that keratin 
filaments are involved in the regulation of various cellular 
functions including cell survival, differentiation and transfor-
mation, by influencing intracellular signaling. For instance, K8 
expression correlates with c‑FLIP level and ERK1/2 signaling 
in epithelial cells and protects cells from death ligand‑induced 
apoptosis (14). K8/K18 influences insulin receptor signaling 
via modulation of phosphoinositide‑dependent Akt and 
Rab5 signaling in hepatocytes (15), and is also implicated in 
colonic epithelial cell differentiation through regulation of the 
Notch1 signaling (16). K5/K14 is involved in the mediation of 
Tap63 and Notch‑1 signaling during cell transformation (17). 
Furthermore, elevated expression of certain keratins, such as 
K8, K17, K18 and K20 is shown to be linked to malignant 
transformation and unfavorable prognosis of various types 
of cancer (18). In addition, primary breast cancer exhibits an 
altered expression profile of keratin during metastatic progres-
sion, and K81, known as hair keratin, which is not found in 
normal epithelial cells, is expressed in breast cancer cells, where 
it was found to be involved in metastasis. In this study, it was 
demonstrated that keratin 6 (K6) is extremely overexpressed 
in cisplatin‑resistant variants of human gastric cancer SNU601 
cells, and we investigated the role of K6 in drug responsiveness.

Materials and methods

Cell culture and drug treatment. Human gastric cancer 
SNU‑601 cells were obtained from the Korean Cell Line 
Bank (Seoul, Korea), and the cisplatin‑resistant sublines 
(SNU601‑cis2 and SNU601‑cis10), selected by gradually 
increasing cisplatin concentrations from 2  to  10  µg/ml, 
were a gift from Professor C. H. Choi of the Department of 
Pharmacology, Chosun University, Korea (19). The cells were 
cultured in RPMI‑1640 medium (Invitrogen; Thermo Fisher 
Scientific, Inc.) supplemented with 10% (v/v) fetal bovine 
serum and 1% penicillin‑streptomycin at 37̊C in an atmo-
sphere containing 5% CO2. Oxaliplatin (L‑OHP) was obtained 
from Boryung Pharmaceutical (Seoul, Korea), and cisplatin 
(CDDP) was purchased from Sigma‑Aldrich; Merck KGaA. 
Unless specified otherwise, drugs were purchased from 
Calbiochem; EMD/Merck KGaA.

Analysis of apoptosis. Treated cells were stained with 1 µg/ml 
Hoechst 33342 (HO) for 15 min, and both suspended and 
attached cells were collected and centrifuged. The pooled 
cell pellets were washed and fixed in 3.7% formaldehyde, and 
an aliquot of the suspension was centrifuged at 600 x g for 
10 min in a Cytospin centrifuge (Shandon, Thermo Fisher 
Scientific, Inc.). Slides were prepared, air‑dried, mounted 
in anti‑fade solution, and observed under a fluorescence 
microscope (DM5000, Leica, Germany) using excitation 
and emission wavelengths of 340 and 425 nm, respectively. 
Condensed or fragmented nuclei were considered indicative 
of apoptosis. A total of 500 cells distributed across random 
microscope fields of view were counted, and the number 
of apoptotic and non‑apoptotic cells was expressed as a 
percentage of the total.

Immunoblotting. Treated cells were lysed in a lysis buffer 
(50 mM HEPES, 150 mM NaCl, 1% Triton X‑100, 5 mM 
EGTA, and protease inhibitor cocktail) and equal amounts 
of protein extracts were electrophoretically separated using 
10‑12%  SDS‑PAGE and transferred to a nitrocellulose 
membrane using a standard technique. Antibodies were 
used to probe for K6 (dilution 1:1,000; cat. no.  sc‑22479; 
Santa  Cruz Biotechnology), K16 (dilution 1:1,000; cat. 
no. sc‑53255; Santa Cruz Biotechnology), K17 (dilution 1:500; 
cat. no. sc‑393002; Santa Cruz Biotechnology), pan‑keratin 
(dilution 1:1,000; cat. no. sc‑8018; Santa Cruz Biotechnology), 
cytochrome c (dilution 1:500; cat. no. sc‑13156; Santa Cruz 
Biotechnology), pro‑caspase‑8 (dilution 1:500; cat. 
no. sc‑73526; Santa Cruz Biotechnology), caveolin‑1 (dilution 
1:500; cat. no. sc‑894; Santa Cruz Biotechnology), Fas associ-
ated protein with death domain (FADD) (dilution 1:500; cat. 
no. sc‑13156; Santa Cruz Biotechnology), β‑actin (dilution 
1:1,000; cat. no. sc‑8432; Santa Cruz Biotechnology), cleaved 
caspase‑3 (cysteinyl aspartate‑specific protease‑3; dilution 
1:500; cat. no. 9661; Cell Signaling Technology) and DR5 
(TRAIL‑R2; dilution 1:500; cat. no. 2019; ProSci). As second 
antibodies, anti‑rabbit HRP (dilution 1:3,000; cat. no. sc‑2030; 
Santa Cruz Biotechnology), anti‑mouse HRP (dilution 1:3,000; 
cat. no. sc‑2031; Santa Cruz Biotechnology) and anti‑goat HRP 
(dilution 1:2,000; cat. no. sc‑2020; Santa Cruz Biotechnology) 
were used. Anti‑a‑tubulin (dilution 1:2,000; cat. no. B‑5‑1‑2; 
Invitrogen; Thermo Fisher Scientific, Inc.) was used as a 
loading control. Signals were acquired using an Image Station 
4000MM image analyzer (Kodak).

RNA interference (RNAi). For the RNAi experiment, the 
small interfering RNA (siRNA) of K6  #1 was purchased 
from Bioneer (Daejeon, Korea) and the siRNA of K6 #2 was 
purchased from Ambion (Thermo Fisher Scientific, Inc.). For 
the control siRNA, 5'‑CCU​ACG​CCA​CCA​AUU​UCG​U(dtdt)‑3' 
(sense) and 5'‑ACG​AAA​UUG​GUG​GCG​UAG​G(dtdt)‑3' 
(antisense) were used. Cells were individually transfected 
with siRNA oligonucleotides using an Amaxa Transfection 
System™ (Basel, Switzerland) and grown for 24 h prior to 
drug treatment.

Real‑time reverse transcription‑polymerase chain reac‑
tion (PCR). Real‑time PCR was performed with the Light 
Cycler 2.0 (Roche, Switzerland) using the Fast Start DNA 
Master SYBR‑Green I Kit (Roche). For verification of the 
correct amplification product, PCR products were analyzed 
on a 2% agarose gel stained with ethidium bromide. The 
sequences of the primers were as follows: For β‑actin, 5'‑GAC​
TAT​GAC​TTA​GTT​GCG​TTA‑3' and 5'‑GCC​TTC​ATA​CAT​
CTC​AAG​TTG‑3'; for K6A, 5'‑TTC​AGA​ACA​ACT​TCC​ACT​
TAC​TTT​CC‑3' and 5'‑GTC​ACT​TGT​GCT​TTC​​ATG​GAT​ACT​
G‑3'; for K6B, 5'‑ GTA​AAA​CGA​CGG​CCA​GT‑3' and 5'‑TAA​
TAC​GAC​TCA​CTA​TAG​G‑3'; for K6C, 5'‑GTA​AAA​​CGA​
CGG​CCA​GT‑3' and 5'‑TAA​TAC​GAC​TCA​CTA​TAG​G‑3'; for 
K16, 5'‑AAG​GAG​​GAG​CTG​​GCC​TA‑3' and 5'‑CTC​TGC​CAT​
CTG​CTC​GTA‑3'; and for K17, 5'‑CAT​GCA​GGC​CTT​GGA​
GA​TAG​A‑3' and 5'‑CAC​GCA​GTA​GCG​GTT​CTC​TGT‑3'. 
PCR was conducted at 95̊C for 10 min, followed by 45 cycles 
of 95̊C for 15  sec, 60̊C for 20  sec, and 72̊C for 21  sec. 
Melting curve analysis was performed to confirm production 
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of a single product. Negative controls without template were 
included for each run. Data were analyzed using Light Cycler 
software version 4.0 (Roche). Relative gene expression was 
calculated by the 2‑ΔΔCq method (20).

Confocal microscopy. To detect keratins, cells grown on 
coverslips were fixed with 4% paraformaldehyde for 10 min, 
permeabilized with 2%  Triton  X‑100 for 10  min, and 
blocked with 5% BSA/PBS for 30 min. Then, the coverslips 
were incubated with primary antibodies and reacted with 
fluorescein isothiocyanate (FITC)‑conjugated secondary 
antibody [anti‑mouse FITC (dilution 1:100; cat. no. sc‑2010; 
Santa Cruz Biotechnology) and anti‑goat FITC (dilution 1:100; 
cat. no. sc‑2024; Santa Cruz Biotechnology)]. To visualize lipid 
rafts, cells grown on coverslips were fixed with 1.5% para-
formaldehyde for 5 min at ‑20̊C and stained with 10 µg/ml 
FITC‑labeled cholera toxin B (CTxB). After washing, drying, 
and mounting, the prepared slides were observed under a 
laser‑scanning confocal microscope (x600 magnification; 
FV1000; Olympus Optical Co.). Using an argon laser, FITC 
was excited at 488 nm, and the evoked emission was filtered 
with a 515 nm band‑pass filter.

Lipid raft isolation. Lipid rafts were isolated using sucrose 
density‑gradient centrifugation. A total of 108 cells were lysed 
for 30 min in 1 ml lysis buffer (1% Brij35 in HEPES buffer; 
25 mM HEPES, 1 mM EDTA, and 150 mM NaCl, pH 6.5) 
supplemented with a protease inhibitor cocktail and homog-
enized with a glass Dounce homogenizer. The homogenates 
were mixed with 1  ml of 80% sucrose in HEPES buffer 
and placed at the bottom of a centrifuge tube. The samples 
were then overlaid with 6.5 ml of 30% sucrose and 3 ml of 
5% sucrose, and centrifuged at 188,000 x g for 18 h at 4̊C. 
Fractions (1 ml) were collected from the bottom to the top of 
the gradient, and rafts were determined by measurement of 
the total cholesterol level. Fractions 3 through 5 of the sucrose 
gradients were pooled as the raft fraction; the rest was used as 
the non‑raft fraction.

Stable gene expression. pCMV6‑Entry, pCMV6‑K6A, and 
pCMV6‑K6B vectors were purchased from OriGene. These 
vectors were transfected individually into SNU601 cells using 
Amaxa Transfection System™. Stably transfected cells were 
selected and maintained in 200 µg/ml G418 containing growth 
media.

Statistical analysis. All numerical data are presented as the 
mean ± SE. All data represent the results of at least three 
independent experiments. Student's t‑test was used for simple 
comparison, and one‑way ANOVA with Tukey's test was 
applied to multiple comparisons to analyze differences in gene 
silencing or gene overexpression. A significant difference was 
assumed at P<0.05.

Results

K6, K16, and K17 expression is elevated in the cisplatin‑​
resistant SNU601 cell sublines. It has been reported that 
human cancer cells that have developed resistance to cisplatin 
exhibit cross‑resistance to various anticancer agents (21,22). 

Consistent with this result, the cisplatin‑resistant variants, 
SNU601‑cis2 and SNU601‑cis10, which were previously 
developed by culturing SNU601 human gastric cancer 
cells in 2 and 10 µM cisplatin, respectively, demonstrate a 
strong resistance to a wide range of cytotoxic agents apart 
from cisplatin (19). This is probably due to changes in the 
expression of a variety of genes involved in multiple path-
ways related to cell survival during the process of acquiring 
chemoresistance by cancer cells. It has been known that 
cytoskeletal protein plays an important role in the survival 
and protection of cancer cells against apoptotic stimuli, and 
has been used as a target for anticancer treatment for a long 
time. Thus, we investigated whether there was a change in 
the expression profile of intracellular cytoskeletal filaments 
in the chemoresistance‑acquired cells. As shown in Fig. 1A, 
there was no change in the expression level of tubulin or 
actin; however, notably, the expression levels of K6, K16, and 
K17 in the keratin, constituting the intermediated filament, 
were found to be highly increased in both SNU601‑cis2 and 
SNU601‑cis10 resistant cells as detected by immunoblot 
assay. However, there was no difference in the detection 
of total Ks as recognized by the antibody against pan‑K, 
suggesting that there was no significant difference in the 
overall level of keratin expression. This result was also 
confirmed by immunofluorescence assay using confocal 
microscopy  (Fig. 1B). Subsequently, the mRNA levels of 
K6A (KRT6A), K6B (KRT6B), K6C (KRT6C), K16 (KRT16) 
and K17 (KRT17) and genes were determined by real‑time 
quantitative PCR. Consistently, mRNA levels of these genes 
were highly increased in the SNU601‑cis2 and SNU601‑cis10 
resistant cells  (Fig. 2) indicating that expression of these 
proteins is upregulated at the transcriptional level.

Knockdown of K6 partially restores drug sensitivity in 
the cisplatin‑resistant SNU601 cells. In the present study, 
we explored the significance of the marked increase of 
a particular set of keratins in the drug‑resistant SNU601 
sublines. It was initially suspected that keratin overex-
pression is likely to contribute to the resistance of cells to 
cytotoxic stimuli. Here, we performed the gene interference 
study to examine whether the most highly induced keratin, 
K6, was associated with the drug‑resistant phenotype of 
SNU601‑cis2 (C2) cells. The cells were transfected with two 
different K6‑specific siRNAs (K6RNAi #1 and K6RNAi #2) 
and treated with L‑OHP, and then, apoptotic sensitivity 
was assessed. The silencing effect was confirmed by the 
decreased expression of K6 as determined by immunoblot 
assay (Fig. 3A). The silenced cells were treated with L‑OHP, 
a platinum drug having stronger anticancer effect compared 
to cisplatin, and stained with Hoechst 33342. Then, frag-
mented or condensed apoptotic bodies were detected under 
a fluorescence microscope (Fig. 3B). As shown in Fig 3B, 
treatment with L‑OHP slightly increased the apoptotic body 
formation in both K6 siRNA transfected cell lines compared 
to the control RNA‑transfected cells (C2/CTLRNAi). The 
apoptotic body counts showed that silencing of K6 using 
both K6RNAi #1 and K6RNAi #2 significantly increased the 
percentages of apoptotic bodies after treatment with 50 and 
100 µM L‑OHP, although the percentage of apoptotic bodies 
induced by L‑OHP was much lower than that in the WT cells 
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(Fig. 3C and D). In agreement with this result, biochemical 
evidence also indicated that knockdown of K6 increased 
L‑OHP‑induced apoptosis in the resistant cells. Knockdown 
of K6 decreased the protein level of procaspase‑8 and 
increased levels of active caspase‑3 and cytoplasmic cyto-
chrome c in the SNU601‑cis2 (C2) cells compared to the 
control RNA‑transfected (CTLRNAi) cells, upon exposure 
to L‑OHP (Fig. 3E). Based on this result, overexpression 
of K6 in the resistant cells appears to contribute, at least 
partially, to the acquisition of drug resistance.

Overexpression of K6A and K6B decreases drug responsiveness 
of wild‑type cells. In the next experiment, to determine the 
effect of K6 on drug resistance, K6 expression was induced 
by introducing K6 overexpression vectors in the SNU601‑WT 
cells and alteration in the cellular susceptibility was investi-
gated. The cells were stably transfected with pCMV6‑K6A 
and pCMV6‑K6B, followed by selection with G418, and the 
expression of the introduced gene was confirmed by detection 
of the DDK‑tag by immunoblotting (Fig. 4A). Then, control 
cells, and pCMV6‑K6A‑ and pCMV6‑K6B‑expressing cells 

Figure 2. mRNA levels of K6A, K6B, K6C, K16, and K17 were upregulated in the cisplatin‑resistant sublines of the SNU601 cells. SNU601 (WT), SNU601‑cis2 
(C2), and SNU601‑cis10 (C10) cells were harvested and relative mRNA expression of K6A (A), K6B (B), K6C (C), K16 (D), and K17 (E) were analyzed by 
qPCR. **P<0.001 vs. WT cells. K, keratin.

Figure 1. Expression of K6, K16 and K17 is increased in the cisplatin‑resistant sublines of SNU601 cells. (A) SNU601 (WT), SNU601‑cis2 (C2) and 
SNU601‑cis10 (C10) cells were lysed, and equal amounts of cell extracts were analyzed by immunoblotting using antibodies against K6, K16, K17, pan‑K, 
β‑actin, and α‑tubulin. (B) SNU601 (WT) (a‑d), SNU601‑cis2 (C2) (e‑h) and SNU601‑cis10 (C10) (i‑l) cells were reacted with antibodies against K6 (a, e and i), 
K16 (b, f and j), K17 (c, g and k), pan‑K (d, h and l), and stained with FITC‑conjugated secondary antibody. Nuclei of the cells were stained with Hoechst 33342. 
Images were captured using a confocal microscope (magnification, x400; FV1000; Olympus). K, keratin.
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were exposed to CDDP or L‑OHP, and the percentages of 
apoptotic cells were detected. CDDP was less toxic than 
L‑OHP and it induced apoptosis in 19.7% cells after a 48 h 
treatment at a concentration of 100 µM in the control cells. 
On the other hand, the degree of apoptosis decreased to 
11.2 and 13.6% in the K6A‑ and K6B‑overexpressing cells, 
respectively  (Fig. 4B). When treated with 30 µM L‑OHP, 
the control group exhibited 46.8% apoptotic cells, which 
was significantly higher than the percentage in the K6A‑ and 
K6B‑overexpressing groups, which exhibited 26.1 and 29.5% 
apoptotic cells, respectively (Fig. 4C). Therefore, the increased 
expression of K6 seems to have a reducing effect on the reac-
tivity to the drugs.

K6 overexpression inhibits lipid raft formation and localization 
of death receptor 5 (DR5). Platinum drugs have been shown 
to promote the extrinsic apoptotic pathway by forming lipid 
rafts and transferring death receptors into lipid rafts in cancer 
cells (23,24). In the present study, we investigated whether this 
membrane event was affected by K6 expression in SNU601 

cells. Lipid rafts can be stained using CTxB, which exhibits 
specific affinity to ganglioside GM1, a component of lipid 
rafts. When SNU601‑WT cells were exposed to L‑OHP, 
lipid rafts visualized by CTxB‑FITC were clearly observed 
at the cell membrane, indicating that lipid rafts were actively 
formed (Fig. 5A). However, in SNU601‑cis2 cells, FITC‑stained 
lipid raft structure was barely detected. When K6 expression 
was suppressed in the resistant cells by gene interference using 
two types of siRNAs (C2/K6RNAi #1 and C2/K6RNAi #2), 
the size and frequency of fluorescence spots visible as lipid 
rafts increased compared to the control RNA‑transfected 
resistant (C2/CTLRNAi) cells (Fig. 5A). Then, we separated 
the lipid raft fraction from whole cell lysates and detected 
the protein levels of DR5 and Fas‑associated protein with 
death domain (FADD) by immunoblotting. Upon exposure to 
100 µM L‑OHP, high levels of DR5 and FADD were detected 
in the raft fraction, indicating primary localization of DISC 
factors in the lipid rafts in the wild‑type (WT) cells, but much 
less localization in lipid rafts in the resistant cells. However, 
the localization of DR5 and FADD in the lipid raft region was 

Figure 3. Knockdown of K6 partially restores the drug sensitivity of SNU601‑cis2 cells. (A) SNU601 cells (WT) and SNU601‑cis2 cells (C2), transfected with 
scrambled small interfering RNA (CTLRNAi), K6RNAi #1 and K6RNAi #2, were collected and the silencing effect of K6 was confirmed by immunoblot 
assay of cells not treated with L‑OHP. (B‑E) SNU601 cells (WT) and SNU601‑cis2 cells (C2), transfected with scrambled small interfering RNA (CTLRNAi), 
K6RNAi #1 and K6RNAi #2, were exposed to 100 µM L‑OHP for 48 h (B and E), or 50 and 100 µM L‑OHP for 48 h (C and D). The treated cells were then sub-
jected to apoptotic analysis (B‑D) or immunoblotting to detect apoptotic proteins (E). For apoptosis analysis, the treated cells were stained with Hoechst 33342 
and nuclear images were captured under a fluorescence microscope (B). Apoptotic body formation rates were calculated (C and D). For immunoblotting 
analysis, antibodies against pro‑caspase‑8, activated caspase‑3, and cytochrome c were used. Total cell lysates were used to detect pro‑caspase‑8 (pro‑casp‑8), 
activated caspase‑3 (active‑casp‑3) and non‑mitochondrial cytosolic lysates were used to detect released cytochrome c (released cyto C) (E). *P<0.05 vs. not 
treated cells; #P<0.05 vs. CTLRNAi and L‑OHP treated. K, keratin; L‑OHP, oxaliplatin.
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Figure 4. Introduction of K6 expression vectors reduced the drug responsiveness of SNU601 cells. SNU601‑WT cells were stably transfected with pCMV6 
entry (control), pCMV6‑K6A, and pCMV6‑K6B vectors. (A) The transfected cells were collected and total protein extracts were subjected to immunoblot-
ting to detect DDK‑tagged K6 expression. (B and C) The transfected cells were exposed to 50 and 100 µM cisplatin (B) or 15 and 30 µM L‑OHP (C) for 
48 h and stained with Hoechst 33342. Nuclear images were captured under a fluorescence microscope and apoptotic body formation rates were calculated. 
*P<0.05 vs. not treated; #P<0.05 vs. pCMV6 entry and drug treated. CDDP, cisplatin; L‑OHP, oxaliplatin.

Figure 5. Knockdown of K6 in SNU601‑cis2 cells restores lipid‑raft structures and DR5 translocation into lipid raft fraction. (A) SNU601 (WT) and 
SNU601‑cis2 cells (C2), transfected with scrambled small interfering RNA (C2/CTLRNAi), either K6RNAi #1 or K6RNAi #2, were exposed to 100 µM 
L‑OHP for 6 h. After fixation, cells were stained with CTxB‑FITC and observed under a confocal microscope (magnification, x400; FV1000; Olympus). 
Arrows indicate lipid‑raft structures. (B) SNU601 (WT) and SNU601‑cis2 cells (C2), transfected with scrambled small interfering RNA (CTLRNAi), either 
K6RNAi #1 (siK6 #1) or K6RNAi #2 (siK6 #2), were exposed to 100 µM L‑OHP for 24 h and lipid raft fractions or non‑lipid raft fractions were obtained 
and analyzed by immunoblotting to detect DR5 and FADD. caveolin‑1 (cav1), lipid raft loading control; α‑tubulin, non‑raft protein loading control. R, raft; 
N, non‑raft; L‑OHP, oxaliplatin; DR5, death receptor 5; FADD, Fas‑associated protein with death domain.
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higher in the K6 RNAi transfected SNU601‑cis2 (siK6 #1 and 
siK6 #2) cells compared to the scrambled RNA transfected 
SNU601‑cis2 (CTLRNAi) cells (Fig. 5B). Therefore, it was 
suggested that the increase in intracellular K6 in the resistant 
cells acts as a potential factor that decreases the lipid raft 
formation and inhibits translocation of death receptor and 
adaptor protein into lipid rafts.

Discussion

In the present study, it was demonstrated that the expres-
sion of specific keratin members, K6, K16 and K17, were 
significantly upregulated in the cisplatin‑resistant variants of 
SNU601 gastric cancer cells compared to those in the parental 
cells. However, the overall intracellular keratin level was not 
significantly different in the resistant cells when pan‑K was 
detected using western blot and immunofluorescence analyses, 
indicating that K6, K16, and K17 are specifically induced with 
little effect on other keratins. The expression of keratins is 
generally coordinated with specific partners of the opposite 
type. Thus, the increase in a keratin stimulates induction of the 
partner keratin, as well as the downregulation of a keratin leads 
to the degradation of its partner through ubiquitination. Among 
these three keratins, K6 is a type II keratin and the isoforms of 
K6 were shown as pairing partners with type I keratins, K16 
and K17, enabling complete keratin filament formation. Here, 
we focused on the role of the most highly expressed keratin, 
K6, since it may represent the effects of K6/K16 and K6/K17.

In general, K6 filaments are characteristically expressed in 
hair follicles, oral epithelia, and palmoplantar epidermis (25). 
In addition to its constitutive expression, K6 is also elevated in 
the proliferative basal cells in wound edges of the skin where 
it appears to regulate cell growth in injured epithelial tissue 
during wound repair (26). K6/K16 and K6/K17 pairs are also 
elevated in certain skin diseases that induce keratinocyte hyper-
proliferation, such as psoriasis or skin tumors, and thus, it is 
frequently referred to as hyperproliferation‑ or activation‑asso-
ciated keratin (27,28). Therefore, overexpression of K6 seems 
to be associated with the regulation of cell functions, such as 
proliferation or wound healing apart from simple structural and 
mechanical support. However, the significance of its induction 
in cancer has not yet been evaluated. Here, we modulated the 
expression of K6 to understand the role of the overexpression of 
K6 intermediate filaments. Gene silencing of K6 in the resistant 
cells restored anticancer drug‑mediated apoptosis, as detected 
by enhancement of apoptotic body formation, caspase‑8 and -3 
activation, and cytochrome c release. With a similar tendency, 
overexpression of K6A and K6B vectors in the parental cells 
reduced apoptosis upon exposure to cisplatin and oxaliplatin. 
Hence, an elevated level of K6 appears to be associated with 
cellular resistance to apoptosis. To date, the association of 
other subtypes of keratin, especially K8, with resistance to 
chemotherapeutic drugs has been suggested in several studies. 
Hepatocytes from K8‑null mice were found to be more sensitive 
to Fas‑mediated apoptosis than their wild‑type counterparts (29), 
and the role of K8 in the protection from apoptosis mediated 
by toxic agents was found to be related to c‑FLIP content and 
ERK1/2 signaling (14). Transfection of K8 and K18 in mouse L 
cells and ectopic expression of K8/K18 in NIH3T3 fibroblasts 
led to resistance against multiple anticancer drugs  (30,31). 

Suppression of K8 was found to be associated with the sensi-
tivity of nasopharyngeal carcinoma cells to cisplatin (32). In 
addition, association of K5 overexpression with chemoresis-
tance of ovarian cancer has been suggested (33). However, to the 
best of our knowledge, the present study is the first report on the 
role of K6 in drug tolerance.

The mechanisms by which K6 induces resistance in this 
system should be studied in more detail, but it seems to 
contribute to suppression of the extrinsic apoptotic pathway. 
We observed that K6 overexpression reduced lipid raft forma-
tion and the translocation of DR5 into the lipid raft fraction. 
In line with our results, there have been reports that the role 
of keratin in the protection from apoptosis is linked to the 
suppression of membrane events for death receptor activation. 
K8/K18 was shown to provide resistance to Fas‑induced apop-
tosis and this protection occurred through modulation of Fas 
targeting to the cell surface in hepatocytes (29). Furthermore, 
K8 expression has been implicated in the regulation of the size 
of lipid rafts and the migration of Fas into lipid rafts through 
acid‑sphingomyelinase activation (34,35). Thus, suppression 
of the lipid raft‑mediated apoptotic pathway seems to be one of 
the mechanisms involved in keratin‑mediated cell resistance 
to cytotoxic agents. The results of our study suggest that K6 
contributes to the cell resistance against cytotoxic stimuli by 
affecting death receptor redistribution into lipid rafts. The find-
ings from this study suggest that keratins should be considered 
not only as cancer markers, but also as regulators of cancer 
cell signaling and drug responsiveness, and the fine‑tuning of 
the regulatory mechanism of keratin expression may provide 
an effective strategy against chemotherapy‑resistant cancer.
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