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MicroRNA‑485‑5p targets keratin 
17 to regulate oral cancer stemness 
and chemoresistance via the integrin/FAK/Src/
ERK/β‑catenin pathway
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Abstract 

Background:  The development of drug resistance in oral squamous cell carcinoma (OSCC) that frequently leads 
to recurrence and metastasis after initial treatment remains an unresolved challenge. Presence of cancer stem cells 
(CSCs) has been increasingly reported to be a critical contributing factor in drug resistance, tumor recurrence and 
metastasis. Thus, unveiling of mechanisms regulating CSCs and potential targets for developing their inhibitors will be 
instrumental for improving OSCC therapy.

Methods:  siRNA, shRNA and miRNA that specifically target keratin 17 (KRT17) were used for modulation of gene 
expression and functional analyses. Sphere-formation and invasion/migration assays were utilized to assess cancer 
cell stemness and epithelial mesenchymal transition (EMT) properties, respectively. Duolink proximity ligation assay 
(PLA) was used to examine molecular proximity between KRT17 and plectin, which is a large protein that binds 
cytoskeleton components. Cell proliferation assay was employed to evaluate growth rates and viability of oral cancer 
cells treated with cisplatin, carboplatin or dasatinib. Xenograft mouse tumor model was used to evaluate the effect of 
KRT17- knockdown in OSCC cells on tumor growth and drug sensitization.

Results:  Significantly elevated expression of KRT17 in highly invasive OSCC cell lines and advanced tumor speci‑
mens were observed and high KRT17 expression was correlated with poor overall survival. KRT17 gene silencing in 
OSCC cells attenuated their stemness properties including markedly reduced sphere forming ability and expression 
of stemness and EMT markers. We identified a novel signaling cascade orchestrated by KRT17 where its association 
with plectin resulted in activation of integrin β4/α6, increased phosphorylation of FAK, Src and ERK, as well as stabili‑
zation and nuclear translocation of β-catenin. The activation of this signaling cascade was correlated with enhanced 
OSCC cancer stemness and elevated expression of CD44 and epidermal growth factor receptor (EGFR). We identi‑
fied and demonstrated KRT17 to be a direct target of miRNA-485-5p. Ectopic expression of miRNA-485-5p inhibited 
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Background
Oral squamous cell carcinoma (OSCC) is a subcategory 
of head and neck squamous cell carcinoma (HNSCC) 
that accounts for 90% of oral cancers and is ranked the 
11th most common cancer worldwide due to its high 
aggressiveness with frequent local recurrences and 
lymph node metastases [1–3]. Despite routine therapies 
for oral cancers involving multi-disciplinary approaches 
including surgical resection combined with chemother-
apy, radiotherapy or targeted therapy such as cetuximab 
that targets epidermal growth factor receptor (EGFR) [1, 
4, 5], clinical prognostic outcome is far from satisfactory. 
It has been reported that both incidence and death rates 
for OSCC have continued to rise over the past decade 
[6], as 5-year survival rate for advanced OSCC patients 
has remained at a dismal 50% [7, 8]. To date, cisplatin or 
cetuximab-based chemotherapy or concurrent chemo-
radiotherapy is still the standard treatment for advanced 
OSCC [4, 9], the development of drug resistance has 
become the major obstacle that frequently leads to tumor 
recurrence and distant metastasis [9, 10]. Immunother-
apy is only beneficial to a small portion of OSCC patients 
with specific immunological contexture [5]. It is, there-
fore, important to unveil new therapeutic targets and 
unravel the mechanisms that underlie drug resistance 
and recurrence in OSCC in order to improve therapeutic 
regimens.

Cancer stem cells (CSCs) are a small subpopulation 
within a variety of tumors and have the abilities of self-
renewal and differentiation, and are considered one of 
the most important reasons that drives drug resistance, 
tumor recurrence and metastasis [11, 12]. In our previous 
studies, we successfully enriched cancer spheroids from 
ovarian, triple negative breast cancer and OSCC that 
were shown to display characteristic hallmarks of CSCs 
such as retaining self-renewal ability, elevated CSC sur-
face markers, chemoresistance and tumorigenicity [13, 
14]. Multiple studies have also suggested that CSCs play 
a pivotal role in tumorigenesis and cancer progression in 

OSCC [15, 16]. Therefore, targeting CSCs may provide an 
effective strategy in the treatment of OSCC [17].

Keratins are epithelial-specific intermediate filament 
proteins with 54 functional coding genes identified that 
associate with integrins through plectin to stabilize 
hemidesmosomes for stable cell adhesion and migration 
[18, 19]. Recently, altered expression of several kerat-
ins including keratin 6 (KRT6), KRT14, KRT15, KRT16, 
KRT17 and KRT19 were reported to coordinate tumori-
genesis in different types of cancers [14, 20–22]. KRT17 
is upregulated in various types of tumors, including oral 
cancer, breast cancer, non-small cell lung cancer and cer-
vical cancer [23–26]. It has been reported that KRT17 
promotes cell proliferation and migration in OSCC and 
lung cancer [21, 23]. In addition, it has been shown that 
high levels of KRT17 expression in cervical cancer are 
associated with poor prognosis and cancer cell differen-
tiation, and that KRT17 could be used as a prognostic 
biomarker [26–28]. Moreover, upregulation of KRT17 in 
esophageal cancer not only promotes cell proliferation 
but also increases invasion and metastasis via activation 
of the AKT pathway. KRT17 is significantly associated 
with clinical outcome of metastasis, tumor stage and 
5-year survival in esophageal squamous cell carcinoma 
[29].

Nevertheless, the roles of keratins in mediating can-
cer stemness and the underlying mechanisms remain 
largely understudied. There is currently only one report 
that suggests KRT19 as a CSC marker in hepatocellular 
carcinoma (HCC) [22], while another recent study dem-
onstrated that inter-keratin fusions between KRT6 and 
KRT14 could promote cancer stemness in OSCC [20]. 
Previously, we had established highly invasive oral can-
cer cell lines from lung metastatic tumor nodules and 
identified miR-365-3p/KRT16 and miRNA-491-5p/G-
protein-coupled receptor kinase-interacting protein 1 as 
crucial modulators for regulating cellular invasion and 
metastasis in OSCC [14, 30]. In fact, the miR-365-3p/
KRT16 signaling also pertains the ability to regulate 

OSCC sphere formation and caused sensitization of cancer cells towards cisplatin and carboplatin, which could be 
significantly rescued by KRT17 overexpression. Dasatinib treatment that inhibited KRT17-mediated Src activation also 
resulted in OSCC drug sensitization. In OSCC xenograft mouse model, KRT17 knockdown significantly inhibited tumor 
growth, and combinatorial treatment with cisplatin elicited a greater tumor inhibitory effect. Consistently, markedly 
reduced levels of integrin β4, active β-catenin, CD44 and EGFR were observed in the tumors induced by KRT17 knock‑
down OSCC cells.

Conclusions:  A novel miRNA-485-5p/KRT17/integrin/FAK/Src/ERK/β-catenin signaling pathway is unveiled to modu‑
late OSCC cancer stemness and drug resistance to the common first-line chemotherapeutics. This provides a potential 
new therapeutic strategy to inhibit OSCC stem cells and counter chemoresistance.

Keywords:  Keratin 17, miR-485-5p, Integrin β4, β-catenin, Dasatinib, Cancer stemness, Chemoresistance, Oral 
squamous cell carcinoma
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cancer stemness and drug resistance via interaction with 
the β5-integrin/c-Met pathway in promoting tumorigen-
esis of OSCC. In the present study, we report another 
keratin member, KRT17, and unravel the role of KRT17 
in modulating cancer stemness and chemoresistance of 
OSCC through association with integrin β4 and several 
downstream signaling molecules including FAK, Src and 
β-catenin in OSCC.

Methods
Clinical specimens
A cohort of 45 OSCC specimens obtained from Chang 
Gung Memorial Hospital (CGMH) at Linkou, Taiwan, 
was used for cDNA microarray and data analyses in 
accordance of Institutional Review Board (IRB) proto-
col from CGMH. The study protocol (100-4440A3) was 
approved by the Research Ethics Committee of CGMH. 
Commercial tissue array slides containing 145 OSCC 
tissues were purchased from US Biomax, Inc. (Rock-
ville, MD, USA). In addition, 24 oral tumor tissue samples 
were obtained from the Oral and Maxillofacial Surgery 
Unit, Chi Mei Medical Center (CMMC), Tainan, Tai-
wan, and Department of Public Health and Environmen-
tal Medicine, School of Medicine, College of Medicine, 
Kaohsiung Medical University (KMU), Taiwan. These 
24 specimens were acquired and analyzed in accord-
ance with protocols approved by the Institutional Review 
Board in our previous study [30].

Cell lines and transfections
Oral squamous cancer cell lines and derivative cell lines 
utilized in the current study including OC3, OC3IV, 
CGHNC9 (C9) and C9IV3 were described in our previ-
ous study [14]. The human tongue and oral squamous 
carcinoma cell lines HSC3 and OECM1 were commer-
cially acquired from ATCC. The cells were cultured in 
DMEM with 10% fetal bovine serum (Invitrogen, Carls-
bad, CA, USA) in a humidified atmosphere at 37  °C 
and 5% CO2. siRNAs targeting KRT17, plectin, integrin 
β4, β-catenin and KRT6 were purchased from MDBio, 
Inc. (Taipei, Taiwan). The siRNAs sequences are listed 
in Table S1. C9IV3 and HSC3 cells were transfected with 
specific miRNAs individually using the Lipofectamine 
2000 (Invitrogen) for 48 h before harvest for experimen-
tal assays.

Microarray analysis
Total RNAs were extracted from the parental OC3 and 
highly invasive OC3IV cells for gene expression analysis 
using Affymetrix GeneChip system (Affymetrix, Santa 
Clara, CA, USA) and the microarray statistical analysis 
was performed by the Microarray Core Laboratory at the 
National Health and Research Institute (NHRI, Taiwan).

Plasmid construction
KRT17 and β-catenin coding sequences were individually 
cloned into the pcDNA3.1 plasmid. Wild-type KRT17-3′ 
untranslated region (UTR) was cloned into the pGL3-
control plasmid, while mutant KRT17-3′UTR was sub-
sequently generated by site-directed mutagenesis. Stable 
transfection of C9IV3 cells with scrambled or KRT17 
shRNA plasmid was conducted using a lentivirus-medi-
ated RNA interference system (pLKO.1, pCMV-△R8.91, 
pMD.G) according to the manufacturer’s instructions 
from the National RNAi Core Facility of Academia 
Sinica (Taipei, Taiwan). The KRT17 shRNA plasmid was 
also purchased from the National RNAi Core Facility of 
Academia Sinica (Taipei, Taiwan): (TRCN0000318921). 
Puromycin at 1 µg/mL was used to treat the lentivirus 
infected cell population for selection of drug resistant 
transfectants. The transfection efficacy was confirmed by 
Western blotting. Primer sequences are described in the 
Additional file 1: Table S1.

Sphere‑forming assay
Sphere-forming assay was performed as previously 
described [13, 14]. Briefly, C9IV3 and HSC3 cells were 
transfected with plasmids containing siCon or siKRT17 
for 24 h, or miR-Con, miR-485-5p, miR-485-5p + KRT17 
for 48 h, or in combination with 1 μM dasatinib (Selleck-
chem, Houston, Texas, USA) treatment for 48 h prior to 
sphere forming assay. Transfected and/or treated cells 
were cultured in stem cell selective medium at cell den-
sity of 1 × 105  cells per well with 3  ml of PSGro hESC/
iPSC growth medium (System Biosciences, Palo Alto, 
CA, USA) in Costar ultra-low attachment 6-well plates 
(Corning, Oneonta, NY,  USA). The total numbers of 
spheres formed were counted under microscope at day 
10.

Cell proliferation assay
MTS assay (Promega, Madison, WI, USA) was performed 
according to the manufacturer’s protocol. For cellular 
drug sensitivity assays, C9IV3 and HSC3 cells were trans-
fected with siRNA (siCon or siKRT17), or miRNA (miR-
Con, miR-485-5p, or miR-485-5p + KRT17) plasmids for 
24  h. In drug treatment experiments, C9IV3 and HSC3 
cells were treated with 1  μM dasatinib for 48  h before 
seeding at a density of 8 × 103 cells/100 μl/well in 96-well 
plates. Subsequently, they were incubated in media with 
different concentrations (ranging from 0 to 250  μM) 
of cisplatin or carboplatin (Selleckchem). After 48  h of 
treatments, MTS were added to each well and incubated 
for 3  h before optical density values were measured at 
wavelength 490 nm.
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Preparation of cytoplasmic/nuclear proteins
Nuclear and cytoplasmic proteins were prepared using a 
Nuclear and Cytoplasmic Protein Extraction Kit (Active 
Motif, Carlsbad, CA, USA) according to the manufactur-
er’s instructions.

Western blot assay
Proteins from transfected or treated cells were extracted 
and separated by SDS–PAGE before transferring to 
a nitrocellulose membrane, which was subsequently 
exposed to the appropriate primary antibody before 
detection using the horseradish peroxidase conjugated 
secondary antibody. Enhanced chemiluminescence (ECL) 
images were developed using ECL developer (Millipore, 
Darmstadt, Germany). Primary and secondary antibodies 
used are listed in the Additional file 1: Table S2.

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR)
RT-qPCR was used to detect the mRNA and micro-
RNA expression in total RNAs extracted from cultured 
cells using TRIZOL reagent (Invitrogen). Reverse tran-
scription of the total RNAs to cDNA using reverse tran-
scriptase from TOYOBO (Osaka, Japan). Actin was used 
as an internal control. For miRNA detection, a stem-loop 
RT primer was designed for microRNA hybridization 
and RNU6B was used for normalization. PCR was per-
formed in a Bio-Rad CFX96 real-time PCR detection 
system using SyBr Green reagents from KAPA Biosys-
tems (Wilmington, MA, USA). PCR primers used are 
described in the Additional file 1: Table S3.

Proximity ligation assay
C9IV3 cells were fixed with 3.7% paraformaldehyde 
and blocked with the blocking solution supplied by the 
Duolink PLA kit (Olink Bioscience, Uppsala, Sweden) 
according to the manufacturer’s instructions. Briefly, the 
fixed cells were incubated with anti-KRT17 antibody and 
anti-Plectin antibody overnight. After multiple washings, 
cells were incubated successively with PLA probes, liga-
tion solution and amplification solution at 37 °C. Cover-
slips were mounted and the images were examined using 
Leica TCS SP5 confocal microscope (Leica Microsys-
tems, Mannheim, Germany).

3′‑Untranslated region (3′UTR) luciferase reporter assay
pGL3-KRT17-3′UTR-wt or pGL3-KRT17-3′UTR-mt was 
co-transfected with miR-485-5p into C9IV3 and HSC3 
cells. Renilla vector was co-transfected as an internal 
control for normalization. After transfection for 48  h, 
dual-luciferase reporter assay system (Promega) was used 
for luciferase activity detection according to the manu-
facturer’s instructions.

Immunohistochemistry (IHC) and immunofluorescence 
assays
IHC was performed using antibodies specifically against 
KRT17, ITGB4, Active (non-phosphorylated) β-catenin, 
CD44 and EGFR individually in NHRI Pathology Core 
Laboratory. Secondary antibodies were then applied 
based on manufacturer’s suggestion. Immunoreactiv-
ity was visualized by using Vectastain ABC kit (Vector 
Laboratories, Burlingame, CA, USA). Sections were pho-
tographed by Leica DM2500 (Leica Microsystems, Wet-
zlar,  Germany). The KRT17 IHC scores for specimens 
were as follows: negative or weakly positive (1), moder-
ately positive (2) and strongly positive (3). C9IV3 cells 
were seeded on glass cover-slips in 6-well plates. Cells 
were transfected with siCon or siKRT17 for 48  h. Cells 
were fixed with 3.7% paraformaldehyde and blocked 
with 5% BSA in PBS for 30 min and incubated with anti-
KRT17 overnight. After repeated washings, cells were 
incubated with AlexaFluor 488-conjugated second-
ary antibody (Invitrogen) as listed in Additional file  1: 
Table S2 for fluorescent detection and analysis.

Mouse xenograft model and tumor growth assay
1 × 105 cells of C9IV3 (stable shCon- or shKRT17-trans-
fected cells) were suspended in 100 μl PBS and injected 
subcutaneously into the upper right flank of CB17 SCID 
mice (BioLasco, Taipei, Taiwan). Tumor-bearing mice 
from each group (n = 10) were randomly further divided 
into two subgroups (n = 5 per group) and intravenously 
administered with PBS or cisplatin (5  mg/kg) twice a 
week. Tumor size was measured once a week. At the end 
of the treatment period, the mice were sacrificed and 
the tumors were excised, fixed, paraffin embedded and 
sectioned for IHC staining and analysis. All the mouse 
experimental procedures were carried out according to 
the protocol approved by Institutional Animal Care and 
Use Committee of NHRI.

Survival rate
The Kaplan–Meier (KM) plotter survival analysis was 
used to assess whether KRT17 expression affected the 
clinical outcome of Head-neck cancer patients in terms 
of survival. A total of 307 male Caucasian patients were 
analyzed from Oncomine database (http://​www.​oncom​
ine.​org/) [31]. KM plotter survival analysis was also 
performed using the cDNA microarray data from local 
cohort of 45 OSCC tumor specimens from CGMH.

Statistics
The GraphPad Prism software (San Diego, CA, USA) 
was used for graph plotting and statistical analyses. 
Student t-tests were used to determine differences 
between experimental groups including drug resistance 

http://www.oncomine.org/
http://www.oncomine.org/
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in dose-dependent growth inhibition or the growth of 
xenograft tumors between experimental groups. The dif-
ferences in the expression levels of KRT17 in the OSCC 
tissues with different pathologic stages were calculated 
using Fisher’s exact probability test. Statistical signifi-
cance was accepted with P < 0.05.

Results
Identification of KRT17 as a prognosis biomarker for OSCC
The lack of biomarkers for effective prognosis of OSCC 
is still an unmet need [32]. To identify novel OSCC bio-
markers that implicate better treatment options and 
prognosis, we utilized microarray analysis to investigate 
differential gene expression in the highly invasive OC3IV 
cells. The OC3IV cell line was obtained by in vivo injec-
tion of OC3 cells into the tail vein of C.B-17 severe com-
bined immunodeficiency (CB17-SCID) mice, followed 
by isolation of tumor cells grown from lung metastases 
as described in our previous publication [14]. By com-
parison with parental OC3 cells, KRT17 was identified 
as one of the top differentially-expressed genes (DEGs) 
(Fig.  1A). We assessed the clinical significance among 
the top DEGs using Oncomine database [31], and found 
that significantly increased KRT17 mRNA expression 
was closely associated with tumor tissues in multiple 
types of cancer including HNSCC when compared to 
their adjacent normal tissues (Fig. 1B). To access whether 
KRT17 is clinicopathologically correlated with OSCC, 
we examined protein expression of KRT17 with tissue 
arrays that contained 54 normal and 91 OSCC tumor tis-
sues by IHC staining. As shown in Fig.  1C, the KRT17 
protein expression was significantly increased in OSCC 
tumors when compared to the normal counterparts. 
Importantly, further analysis based on clinicopathologi-
cal grade of the 91 OSCC tumor tissues revealed that the 
KRT17 protein expression level was significantly higher 
in tumors at stage III/IV than those at stage I/II (Fig. 1C). 
Of note, there were 90% of tumor tissues scored at mod-
erate to strong expression of KRT17 from the stage III/
IV specimens as compared to only 54% of tumor tissues 
were scored from the stage I/II specimens. In line with 
those observations, the KM plotter survival analysis of a 
307 head-neck cancer cohort revealed a significant asso-
ciation of higher KRT17 levels with worse overall survival 

(Fig.  1D). Further, we analyzed a set of cDNA microar-
ray data containing 45 OSCC specimens from a local Tai-
wanese cohort. The results indicated that patients with 
higher KRT17 expression had significantly worse survival 
(Fig. 1E). These findings implicated that elevated KRT17 
expression was strongly associated with more advanced 
clinicopathological stages and worse survival in OSCC 
patients.

KRT17 regulates cancer stemness and epithelial 
mesenchymal transition (EMT) properties in OSCC
To date, KRT19 remains the only keratin that has been 
reported to be one of the cancer stemness markers 
including CD133, EpCAM and c-kit in HCC [33]. To 
further elucidate the functional role of KRT17 in OSCC, 
we examined protein expression level of KRT17 in sev-
eral commonly used OSCC cell lines. The C9IV3 cell line 
was obtained by in vivo injection of C9 cells into the tail 
vein of CB17-SCID mice, followed by isolation of tumor 
cells grown from lung metastases as described in our pre-
vious publication [14]. Immunoblotting results showed 
that HSC3 expressed the highest level of KRT17 among 
the OSCC cell lines examined, while the more invasive 
C9IV3 cells expressed a higher level of KRT17 than its 
parental C9 cells (Fig. 2A). To investigate whether KRT17 
is involved in regulating cancer stemness in OSCC, 
we performed sphere-forming assay and inspected for 
changes in KRT17 expression. As shown by RT-qPCR 
assay, KRT17 mRNA expression was significantly ele-
vated in the OSCC spheres formed from invasive C9IV3 
and HSC3 cells as compared to non-sphere cells (Fig. 2B). 
Next, three siRNA specifically targeting KRT17 were 
designed to reduce the expression of KRT17 in HSC3 
and C9IV3 cells, and the results showed that siKRT17-3 
had the highest gene silencing efficacy in both C9IV3 and 
HSC3 cells and thus was utilized in subsequent experi-
ments (Fig. 2C). Firstly, we utilized siKRT17-3 to inves-
tigate if the silencing of KRT17 could impact on cancer 
properties such as proliferation and colony formation 
of OSCC cells. The results demonstrated that C9IV3 
cells transfected with siKRT17-3 grew at a significantly 
slower rate than those transfected with the siRNA con-
trol (siCon), while colony-forming ability was also signifi-
cantly reduced when KRT17 was decreased (Additional 

(See figure on next page.)
Fig. 1  The clinical importance of KRT17 as a prognostic marker in OSCC. A Heatmap analysis of differentially-expressed genes from cDNA 
microarrays data that were derived from OC3IV (left panel) and OC3 (right panel) OSCC cells. B Datamining analysis of KRT17 mRNA expression 
in the adjacent normal tissues (N) and OSCC tumor tissues (T) from Oncomine database. C Representative images of IHC staining for the KRT17 
protein expression were shown using 3-level pathological ranking of weak, moderate and strong from a set of commercial tissue arrays containing 
a total of 145 normal and OSCC tissues (top panel). The bottom panel shows a table summarizing statistically the expression differences of KRT17 
between normal and OSCC tissues with different pathological stages at I/II or III/IV. D KM plotter survival analysis was performed to examine KRT17 
gene expression in a cohort of 307 Head-neck cancer patients (Oncomine database). E Correlation of KRT17 expression to overall survival rates was 
determined by performing cDNA microarray with 45 OSCC tumor specimens as described in “Methods”
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Fig. 1  (See legend on previous page.)
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Fig. 2  Silencing of KRT17 downregulates cancer stemness in invasive OSCC. A KRT17 protein expressions in different OSCC cell lines were 
assessed by immunoblotting. B KRT17 mRNA expressions in the spheres formed from C9IV3 or HSC3 cells were analyzed by comparisons to their 
parental non-sphere C9IV3 or HSC3 cells, respectively, using qPCR. C Top, Protein expressions of KRT17 in C9IV3 and HSC3 cells transfected with 
Control-siRNAs (siCon) or three specific KRT17-siRNA plasmids (siKRT17-1, -2, -3) were assessed by immunoblotting. Middle, sphere-forming abilities 
of C9IV3 and HSC3 cells transfected with siCon or siKRT17 (siKRT17-3). Bottom, quantitative analysis of the number of spheres formed. D ALDH1, 
CD44 and CD133 expressions in spheres enriched from C9IV3 or HSC3 cells versus non-sphere cells were determined by qPCR. E ALDH1, CD44 
and CD133 expressions in the C9IV3 or HSC3 spheres and non-sphere cells that had been transfected with siCon or siKRT17 were determined by 
qPCR. F Expressions of EMT markers Snail, Slug and Vimentin in the same spheres or non-sphere cells as in D, E. were determined by qPCR. Data are 
presented as mean ± SD (*p < 0.05, **p < 0.01 and ***p < 0.001)
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file  1: Fig. S1A, B). Supporting those observations, spe-
cific inhibition of KRT17 markedly reduced sphere-form-
ing ability of both C9IV3 and HSC3 cells (Fig. 2C). Since 
ALDH1, CD44 and CD133 have been well-recognized as 
CSC hallmarks in OSCC [34, 35], we assessed whether 
targeting KRT17 could impact on the expression of these 
stemness markers. Our data showed that ALDH1 and 
CD44 were both significantly up-regulated in the spheres 
enriched from C9IV3 and HSC3 cells when compared to 
the non-sphere cells, whereas a mild increase in CD133 
was observed (Fig.  2D). In contrast, the expression of 
ALDH1 and CD44 were both significantly down-regu-
lated in the spheres when KRT17 expression was reduced 
(Fig. 2E) suggesting a potent regulatory role of KRT17 in 
OSCC stemness. Moreover, EMT has been considered a 
key process of the regulation of cancer stemness [36–38] 
involved in tumor progression and resistance to thera-
peutics. We thus examined whether regulating KRT17 
expression could also affect essential EMT markers such 
as Snail, Slug and Vimentin. As shown in Fig. 2F, KRT17-
silencing resulted in significantly reduced expression of 
Snail, Slug and Vimentin in both C9IV3 and HSC3 cells 
(Fig.  2F). Reduced expression of EMT markers medi-
ated by KRT17-silencing was manifested in significantly 
decreased migratory and invasive abilities of C9IV3 
cells (Additional file 1: Fig. S1C). These findings suggest 
a potent role of KRT17 in the regulation of OSCC EMT 
and cancer stemness.

KRT17 associates with plectin to regulate integrin/FAK/Src/
ERK/β‑catenin signaling in OSCC
The implication of KRT17 in stemness regulation of 
OSCC prompted us to elucidate the underlying mecha-
nisms. Keratins are well-known interacting partners with 
plectin, which has been reported to bind with integrin 
α6β4 and act as a dominant driver of malignant tumori-
genesis via diverse cellular activities including cancer cell 
proliferation, migration and invasion [39]. We utilized 
Duolink PLA to determine the protein–protein interac-
tion between KRT17 and plectin. The result displayed 
prominent red fluorescent signals constituted by KRT17 

and plectin antibodies, reflecting the two proteins were 
in close proximity of less than 40 nm (Fig. 3A). To explore 
potential functional consequences that may be elicited by 
KRT17/plectin interaction, expression of integrin β4 and 
α6 was examined by siRNA-mediated depletion of plectin 
(si-plectin) and/or overexpression of KRT17 (O-KRT17) 
in C9IV3 and HSC3 cells. The results demonstrated that 
plectin-silencing resulted in significantly downregu-
lated protein expression of integrin β4 level, whereas 
KRT17 overexpression led to upregulation of integrin 
β4, which was reversed when plectin was silenced in the 
KRT17-overexpressing cells (Fig.  3B). Efficacies of si-
plectin knockdown and KRT17 overexpression in C9IV3 
and HSC3 cells were verified by RT-qPCR analysis and 
immunoblotting (Fig.  3B, bottom left and bottom right, 
respectively). Of note, the reduction of integrin β4 in 
plectin-depleted cells was found to be lysosome-depend-
ent instead of proteasome-dependent as Baflomycin-A1 
(B.A.), but not MG132, treatment in C9IV3 or HSC3 
cells rescued the reduced integrin β4 protein expression 
(Additional file 1: Fig. S2), Since the depletion of plectin 
and overexpression of KRT17 could differentially regulate 
the expression of integrin β4, we proceeded to investigate 
if KRT17 could impact on integrin β4-mediated signal-
ing events. As shown in Fig. 3C, silencing of KRT17 led 
to significant reduction in not only integrin β4 but also 
integrin α6 in both C9IV3 and HSC3 cells (Fig. 3C). Inte-
grin α6β4, a receptor for laminin 332, is associated with 
malignant progression and survival in various cancers 
due to its reported ability to activate multiple signaling 
cascades that contribute to cell growth, survival, inva-
sion and metastasis [40]. In line with a previous report 
indicating that integrin α6β4 was able to activate FAK/
Src signaling cascade [41, 42], our result showed deple-
tion of KRT17 in these invasive OSCC cells resulted 
in significantly reduced phosphorylation levels of 
FAK(Tyr397) and Src(Tyr416) (Fig.  3C). Since Src is 
known to mediate signaling crosstalk between receptor 
tyrosine kinases and related downstream signaling effec-
tors such as extracellular signal-regulated kinase (ERK), 
AKT and STAT3 via integrins [43, 44], we next assessed 

(See figure on next page.)
Fig. 3  KRT17 associates with the plectin-integrin β4 complex to activate downstream FAK/Src/ERK/β-catenin signaling pathway. A Molecular 
proximity between KRT17 and plectin in C9IV3 cells was analyzed by PLA as described in the Methods. Protein complexes under examination 
were visualized as red dots in fluorescence and bright field images; DAPI-stained cell nuclei are shown in blue. Scale bar shown is 100 μm. B 
ITGB4 protein expressions in C9IV3 and HSC3 cells that had been transfected with siCon, si-plectin, O-KRT17 (KRT17 overexpressing plasmid) or 
si-plectin + O-KRT17 were determined by immunoblotting (top). qPCR analysis was used to assess mRNA expression of plectin in C9IV3 and HSC3 
cells transfected with siCon or si-plectin (bottom left); while immunoblotting was used to assess KRT17 protein expression in C9IV3 and HSC3 cells 
that had been transfected with empty control plasmid (Con) or O-KRT17 (bottom right). Data are presented as the mean ± SD (***p < 0.001). C–E 
Integrin α6, integrin β4, p-FAK, FAK, p-Src, Src, p-ERK, ERK, p-AKT, AKT, p-STAT3, STAT3, active β-catenin (unphosphorylated) and β-catenin protein 
expressions in C9IV3 and HSC3 cells transfected with siCon or siKRT17 were determined by immunoblotting with antibodies specifically recognizing 
these proteins. F. Immunofluorescent staining for active β-catenin (green) was conducted to examine the influence of KRT17-silencing on β-catenin 
in C9IV3 cells. Scale bar shown is 20 μm. Histograms show quantification of the fluorescence intensity for the expression of Active β-catenin. Data 
are presented as the mean ± SD (***p < 0.001)
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effect of KRT17-silencing on these signaling molecules. 
Our data demonstrated that depletion of KRT17 greatly 
suppressed the phosphorylation of ERK but not AKT or 
STAT3 (Fig. 3D). As Wnt/GSK3β/β-catenin axis is often 
reported to be activated by Src and ERK and results in 
nuclear translocation of β-catenin and tumor progres-
sion [42, 44, 45], we then examined subcellular locali-
zation of β-catenin and found that both cytoplasmic 
and nuclear active (unphosphorylated) β-catenin was 
markedly reduced upon KRT17 depletion (Fig.  3E). 
Similar observation was obtained by immunofluores-
cence staining, in which expression of active β-catenin 
was markedly reduced in both cytoplasm and nucleus 
of KRT17-depleted cells (Fig.  3F). We then conducted 
further experiments to confirm the interplay between 
KRT17 and the integrin β4/Src/ERK/β-catenin signal-
ing cascade. Depletion of integrin β4 caused suppression 
of p-FAK and p-Src whereas overexpression of KRT17 
increased both p-FAK and p-Src (Additional file  1: Fig. 
S3B). KRT17 overexpression-mediated increase of p-FAK 
and p-Src was reversed by knockdown of integrin β4 
(Additional file 1: Fig. S3B). The efficacy of specific inte-
grin β4 siRNA (siITGB4) was examined by immunob-
lotting analysis (Additional file  1: Fig. S3A). Moreover, 
siKRT17 resulted in significant reduction in the phos-
phorylation level of ERK (Fig.  3D). We then checked if 
ERK affected the expression of β-catenin. ERK inhibi-
tor (U0126) significantly reduced the active β-catenin 
expression, while KRT17 overexpression increased the 
active β-catenin, which could be specifically reduced by 
ERK inhibitor. The efficacy of the specific ERK inhibi-
tor was verified by immunoblotting analysis (Additional 
file 1: Fig. S4A). These data support that KRT17 elicited 
the ERK-β-catenin signaling axis (Additional file  1: Fig. 
S4B). Taken together, the above findings demonstrated 
that KRT17 associated with plectin to regulate integrin/
FAK/Src/ERK/β-catenin signaling in OSCC.

KRT17 regulates stemness markers CD44 and EGFR 
via activation of integrin/Src/β‑catenin signaling cascade
Higher levels of cytoplasmic/nuclear translocation of 
β-catenin has been reported to associate with oral dyspla-
sia, higher invasive growth, risk of metastasis, recurrence 

rate and shorter survival [46, 47]. The ability of β-catenin 
in upregulating stemness markers including CD44 and 
epidermal growth factor receptor (EGFR) in OSCC and 
HNSCC have also recently been documented [48–50], 
prompting us to investigate whether EGFR and CD44 
were also regulated by KRT17-mediated signaling cas-
cade of integrin/Src/ERK/β-catenin. In line with reduced 
mRNA expression of CD44 and ALDH1, protein expres-
sion of CD44 and ALDH1 were clearly suppressed when 
KRT17 was depleted (Fig. 4A; Additional file 1: Fig. S5A, 
respectively) in both C9IV3 and HSC3 cells, while KRT17 
suppression also downregulated EGFR at both transcrip-
tional and translational levels (Fig. 4A). Next, siRNA that 
effectively abolished β-catenin protein levels were uti-
lized to examine direct impact of β-catenin on CD44 and 
EGFR. Our results demonstrated that β-catenin suppres-
sion resulted in markedly reduced CD44 and EGFR at 
both mRNA and protein levels (Fig. 4B) but not ALDH1 
(Additional file 1: Fig. S5B) in C9IV3 and HSC3 cells. To 
validate the correlation between β-catenin and CD44/
EGFR, we employed a canonical Wnt/β-catenin inhibi-
tor, adavivint, which consistently resulted in significant 
repressions of CD44 and EGFR at both mRNA and pro-
tein expression levels (Fig.  4C). Further, these findings 
were consolidated by ectopic expression of β-catenin in 
KRT17-silenced C9IV3 and HSC3 cells (Fig.  4D, left), 
as overexpression of β-catenin (O-β-catenin) was able 
to rescue the reduced protein expressions of CD44 and 
EGFR caused by KRT17-silencing (Fig. 4D, middle). Fur-
thermore, the role of Src in activating β-catenin thereby 
enhancing CD44 and EGFR levels was evaluated by 
treating KRT17-overexpressed C9IV3 and HSC3 cells 
with clinical Src inhibitor, dasatinib. Our results demon-
strated that O-KRT17-induced CD44 and EGFR expres-
sions were markedly reduced by dasatinib (Fig. 4D, right), 
suggesting KRT17-mediated OSCC stemness regula-
tion via integrin/FAK/Src/ERK/β-catenin signaling cas-
cade, which could be of clinical significance. In fact, 
results from the TCGA HNSCC database (generated by 
the TCGA Research Network: https://​www.​cancer.​gov/​
tcga) revealed significant positive correlation between 
KRT17 expression with those of ITGB4, CD44 and EGFR 
(Fig. 4E).

Fig. 4  KRT17 regulates CD44 and EGFR expression via activations of integrin/Src/β-catenin signaling cascade. A CD44 protein expression in 
C9IV3 and HSC3 cells transfected with siCon or siKRT17 was determined by western blotting (left panel), and EGFR expression was assessed by 
qPCR and western blotting (middle and right panels). B Left, Western blotting was used to assess the efficacy of three siRNAs (siβ-catenin-1, -2, 
-3) designed to specifically silence β-catenin in C9IV3 and HSC3 cells (left panel). Siβ-catenin-2 (siβ-catenin) that caused most effective β-catenin 
suppression was utilized to examine mRNA and protein expression of CD44 and EGFR in C9IV3 and HSC3 cells (middle and right). C The canonical 
Wnt/β-catenin inhibitor, adavivint (1 μM), was used to treat C9IV3 and HSC3 cells for 48 h before analyzing expressions of CD44 and EGFR at both 
mRNA and protein levels. D Expression efficiency of the β-catenin cDNA plasmid (O-β-catenin) was determined at protein level (left panel) prior 
to combinatorial treatment with either siKRT17 (middle panel) or dasatinib (right panel) for assessing their impacts on CD44 and EGFR expression 
in C9IV3 and HSC3 cells. Cells were transfected with the indicated siRNA or plasmids for 24 h, and then treated with 1 μM dasatinib for 48 h. E 
Correlation between the gene expression levels of KRT17 and ITGB4, CD44 or EGFR in clinical HNSCC specimens using TCGA database (n = 566)

(See figure on next page.)

https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
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Fig. 4  (See legend on previous page.)
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miR‑485‑5p targets KRT17 and regulates OSCC sphere 
formation and drug resistance
Oncogenes and stemness regulatory genes are increas-
ingly reported to be modulated by binding of microR-
NAs (miRNAs) to the 3′UTR sequences that leads to 
mRNA degradation or translational inhibition of the tar-
get genes [51, 52]. Thus, we utilized TargetScan 7.0 [53] 
to explore potential KRT17 regulatory miRNAs. As a 
result, several conserved and less conserved miRNAs of 
KRT17 including miR-485-5p, miR-505-3p, miR-491-5p 
and miR-376-3p were predicted and were examined 
individually for their effects on KRT17 at mRNA level. 
Our results identified that the miR-485-5p was the 
miRNA that effectively inhibited KRT17 mRNA expres-
sion (Additional file 1: Fig. S6) and protein expression in 
both C9IV3 and HSC3 cells (Fig.  5A). To further verify 
KRT17 as a direct target of miR-485-5p and to investigate 
whether miR-485-5p could regulate OSCC stemness, 
we constructed wild-type luciferase-KRT17-3′UTR 
(KRT17-3′UTR-WT) plasmid and its UTR mutant plas-
mid (KRT17-3′UTR-MT) containing mutations on the 
putative miR-485-5p binding site (Fig. 5B). Data obtained 
from luciferase reporter assays revealed that miR-485-5p 
significantly reduced luciferase activity of the KRT17-
3′UTR-WT reporter but not that of the mutant reporter 
plasmid when compared with miRNA and WT con-
trols (Fig. 5B), suggesting that KRT17 was a direct target 
of miR-485-5p. Functional impacts of miR-485-5p on 
KRT17 were then inspected by sphere formation assay. 
The results demonstrated that miR-485-5p transfection 
significantly decreased the number of spheres formed, 
whereas KRT17 co-transfection rescued the inhibition 
of sphere formation by miR-485-5p in C9IV3 and HSC3 
cells (Fig. 5C). Since chemoresistance has been the major 
hurdle in treating OSCC due to presence of CSCs [9, 10], 
we next investigated if miR-485-5p-mediated suppression 
of KRT17 expression and sphere formation could lead to 
drug sensitization. Our data revealed that drug sensitivi-
ties of the C9IV3 and HSC3 cells towards cisplatin and 
carboplatin were significantly enhanced in miR-485-5p-
transfected cells when compared to miR-Con-transfected 
cells (Fig. 5D). Of note, KRT17 overexpression mildly but 
significantly reversed the sensitizing effects attributed to 

miR-485-5p (Fig.  5D). In line with these observations, 
miR-485-5p transfected cells elicited reduced cellular 
proliferation, migration and invasion, while overexpres-
sion of KRT17 significantly reversed the miR-485-5p-
mediated inhibitory effects in both C9IV3 and HSC3 
cells (Additional file  1: Fig. S7A–D). Furthermore, we 
carried out qPCR to detect miR-485-5p and KRT17 
expression in 24 OSCC samples. Our results showed that 
the expression level of miR485-5p was negatively cor-
related to KRT17 expression (p = 0.0106) in those clini-
cal specimens (Fig. 5E). These data corroborate with our 
findings from cell-based experiments and support the 
notion that miR485-5p negatively regulates KRT17 in 
OSCC. Together, our results of miR-485-5p suggest a 
novel role of KRT17 in maintaining OSCC stemness and 
drug resistance.

Inhibition of KRT17 enhances OSCC sensitivity 
toward chemotherapeutics
Since our findings in Fig.  5 indicated that depletion 
of KRT17 by miR485-5p elevated OSCC cellular sen-
sitivity toward the frequently used first-line chemo-
therapeutics, cisplatin and carboplatin [54, 55]. To 
further confirm those observations, we inhibited 
directly KRT17 by its siRNA in C9IV3 and HSC3 cells 
and tested their sensitivity toward cisplatin or car-
boplatin. The results showed significant reduction of 
viabilities in RTK17 reduced cells upon the drug treat-
ment when compared to the siCon-transfected cells 
(Fig. 6A). Our data showed the Src inhibitor dasatinib 
potently inhibited CD44 and EGFR expression through 
the KRT17-mediated integrin/FAK/ERK/Src signaling 
pathway (Fig. 4D). This led us to explore whether dasat-
inib could be exploited as a new chemotherapeutic for 
OSCC. Our results showed that dasatinib treatments 
significantly enhanced sensitivity towards cisplatin and 
carboplatin in both C9IV3 and HSC3 cells (Fig. 6B). In 
addition, dasatinib also potently inhibited sphere-form-
ing abilities of the C9IV3 and HSC3 cells (Additional 
file 1: Fig. S8). Our data suggest that dasatinib, a clini-
cally used drug, could potentially be exploited for treat-
ment of KRT17 overexpressing OSCC.

(See figure on next page.)
Fig. 5  miR-485-5p suppresses KRT17 expression and sphere formation and its effect on drug sensitivity of OSCC. A qPCR and immunoblotting 
were used to assess targeting effects of miR-485-5p on KRT17 mRNA (top panel) and protein (bottom panel) expression in C9IV3 and HSC3 cells 
in comparison with the miR-Con. B Sequence alignment of miR-485-5p binding site within the KRT17 3′-UTR (top panel). Luciferase activity 
assays from C9IV3 and HSC3 cells transfected with wild-type (WT) or mutant (MT) KRT17 3′-UTR reporter constructs in the presence of miRNA 
control (miR-Con) or miR-485-5p expression plasmids (bottom panel). C Sphere-formation assays using C9IV3 and HSC3 cells transfected with 
miR-Con, miR-485-5p or miR-485-5p + O-KRT17 (left panel). Quantitative analysis on the number of spheres formed is shown in the right panel. 
D Dose-dependent cellular growth assays using C9IV3 or HSC3 cells transfected with miR-Con, miR-485-5p or miR-485-5p + O-KRT17 plasmid in 
combination of treatment with cisplatin (0–100 μM) or carboplatin (0–250 μM). Data are presented as the mean ± SD (*p < 0.05, **p < 0.01 and 
***p < 0.001). E Correlation analysis between miR-485-5p and KRT17 RNA levels in 24 OSCC tumor specimens from Kaohsiung Medical University, 
Taiwan
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Fig. 5  (See legend on previous page.)
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Fig. 6  KRT17 silencing potentiates therapeutic efficacies of cisplatin, carboplatin and dasatinib in OSCC. A Dose-dependent cell viability assays 
were performed to examine the effect of KRT17 silencing on drug sensitivity of C9IV3 and HSC3 cells that were treated with cisplatin or carboplatin 
ranging from 0 to 100 μM. B Dose-dependent cell viability assays were performed to investigate whether combinatorial treatments of dasatinib 
with cisplatin or carboplatin could be therapeutically more effective against C9IV3 and HSC3 cells. Data are presented as the mean ± SD (*p < 0.05, 
**p < 0.01 and ***p < 0.001)
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Inhibition of KRT17 sensitizes OSCC cells via suppressing 
cancer stemness and integrin/β‑catenin signaling 
to impede tumor growth
Our cell-based findings thus far had identified KRT17 as a 
novel therapeutic target and unraveled underlying mech-
anisms mediated by KRT17, we next pursued to demon-
strate that KRT17 could be exploited as drug target in a 
preclinical setting. OSCC tumor-bearing mouse model 
was established by generating stable KRT17-knockdown 
C9IV3 cells by shRNA that specifically targeted KRT17 
(Fig.  7A). Stable control and KRT17-knockdown C9IV3 
cells were implanted into SCID mice to establish OSCC 
xenograft model that was subsequently treated with 
PBS or cisplatin. The results showed that knockdown of 
KRT17 or treatment with cisplatin significantly inhib-
ited tumor growth, while cisplatin treatment in KRT17-
knockdown xenografts elicited significant synergistic 
inhibition (Fig.  7B, C). To further corroborate with the 
in vitro findings described above, excised OSCC tumors 
were analyzed for protein expressions of KRT17, integ-
rin β4, active β-catenin, CD44 and EGFR. IHC staining 
results demonstrated evident reductions in the protein 
expression of KRT17, ITGB4, active β-catenin, CD44 and 
EGFR when compared to the control PBS-treated xeno-
graft tumors (Fig. 7D). These preclinical results thus pro-
vided a strong support for the in vitro evidence, depicting 
a novel miRNA-485-5p/KRT17/integrin/FAK/Src/ERK/
β-catenin signaling axis that can be exploited for future 
drug design for cancer stem cell suppression, as well as 
drug sensitization in OSCC (Fig. 7E).

Discussion
Prior to our current study, KRT17 was reported to cor-
relate with CSCs in a few cancers such as cervical cancer 
and urothelial carcinoma. In cervical cancer for instance, 
KRT17 was induced by TGF-β1 to activate ERK1/2-
MZF1 signaling pathway and enhance acquisition of CSC 
properties [56], while another study showed that KRT17 
expression was greatly increased in cultured cervospheres 
and was correlated with tumorigenicity [57]. In urothe-
lial carcinoma, KRT17 was shown to be co-expressed 
and co-localized with laminin receptor in highly tumori-
genic cancer cell populations [58]. Nonetheless, none of 
these studies provided potential mechanisms that could 

be strategized for improving currently dismal therapeu-
tic options available in OSCC. Hence, there is an unmet 
need to unveil novel mechanisms with therapeutic impli-
cation for improving the treatment of OSCC.

In this study, we have shown for the first time that KRT17 
is a potent cancer stemness modulator that contributes to 
therapeutic resistance in invasive oral cancer cells. Our 
data demonstrated that KRT17 could bind to plectin, and 
overexpression of KRT17 increased the expression of inte-
grin β4. In previous study, the loss of keratin 5/ keratin 
14 caused dissociation of plectin and subsequent changes 
in β4-integrin structure that led to endocytosis [59], sug-
gesting that KRT17 may stabilize the plectin-integrin β4 
complex similar to KRT 5/14. In addition, our data showed 
that KRT17 affected the expression of integrins β4 and α6 
proteins, which in turn activated their downstream signal 
transmission. Similar observations supporting our current 
findings were reported that arecoline treatment resulted in 
increased expression of KRT17 as well as integrins β4 and 
α6 [60], suggesting a high degree of functional association 
between KRT17 and integrins β4/α6. The signaling axis of 
integrin/FAK/Src/ERK/β-catenin modulated by KRT17 
was shown to play an important regulatory role of OSCC 
stemness as silencing of KRT17 and β-catenin or ectopic 
expression of miR-485-5p consistently caused drastic 
reduction in CSC marker expression and sphere formation 
(Figs. 2, 4, 5). These findings are consistent with the mani-
festation of clinical oral dysplasia that was reportedly asso-
ciated with greater invasiveness, metastasis, recurrence 
and worse survival due to cytoplasmic/nuclear delocaliza-
tion of β-catenin [46, 47, 61]. We utilized β-catenin (S33Y) 
plasmid encoding the protein that cannot be phosphoryl-
ated and thus remains ready for nuclear translocation [62], 
and its overexpression led to a more efficient restoration of 
CD44 expression than WT β-catenin in siKRT17 treated 
OSCC cells (Additional file 1: Fig. S9). It could be due to 
the fact that WT β-catenin is easily phosphorylated by 
GSK3β and proceeds to proteasome-mediated degrada-
tion. In fact, β-catenin has recently been shown to upregu-
late stemness markers such as CD44 and EGFR in HNSCC 
[48–50], reassuring our observations and the therapeutic 
potential of targeting KRT17-mediated signaling pathway.

KRT17 has been known to form dimers with KRT6 
[63]. It is not clear whether the integrin/FAK/Src/

(See figure on next page.)
Fig. 7  Knockdown of KRT17 inhibits tumor stemness and synergistically enhanced inhibitory effects of cisplatin on of OSCC tumor growth. A KRT17 
knockdown (shKRT17) efficiency was determined via KRT17 protein expression by immunoblotting and comparison to the shRNA control (shCon) 
in C9IV3 cells (left panel). SCID mice were injected with 5 × 105 shCon or shKRT17 C9IV3 cells in right flank, and PBS or cisplatin was administered 
two times a week. Tumor volumes were measured weekly after transimplantation before tumor excision at day 42. Right panel shows the tumor 
growth curve of each treatment group. Data are presented as mean ± SD (n = 5, **p < 0.01 and ***p < 0.001). B Excised tumors from the xenograft 
model was shown at the end of 42 days. C Tumor weights of the excised tumors (**p < 0.01 and ***p < 0.001). D Immunohistochemical staining for 
protein expressions of KRT17, ITGB4, active β-catenin, CD44 and EGFR in representative tumor excised (Scale bar, 50 μm). E A schematic diagram 
that depicts a novel signaling mechanism mediated by miR-485-5p/KRT17/integrin/FAK/Src/ERK/β-catenin that contributes to cancer stemness and 
drug resistance in OSCC
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ERK/β-catenin signaling pathway that we have estab-
lished is KRT6-dependent or not. To discern this, we 
re-investigated KRT17-mediated FAK signaling by simul-
taneous silencing of KRT6. Overexpression of KRT17 
increased phosphorylation level of FAK by approximately 
1.6-fold, whereas the inclusion of siKRT6 in KRT17-over-
expressing cells led to only approximately 13% decrease 
when compared to KRT17 overexpression alone. Our 
data thus suggested that KRT17-mediated integrin/FAK/
Src/ERK/β-catenin signaling axis is independent of KRT6 
(Additional file  1: Fig. S10). Moreover, type 1/2 keratin 
dimerization were also reported to be involved in dif-
ferent cellular functions. In normal skin epidermis, for 
instance, KRT14/5 can increase AKT phosphorylation 
and cell cycle progression for keratinocyte. In contrast, 
KRT10/1 can decrease ERK1/2 phosphorylation and cell 
cycle progression of keratinocyte [63]. The activated AKT 
and ERK have been shown to enhance β-catenin signal-
ing [45]. Thus, whether type 1/2 keratin dimerization 
increases or decreases cytosolic and/or nuclear β-catenin 
could depend on the context of cells.

The role of miR-485-5p as a tumor suppressor has 
recently been documented in several cancer types includ-
ing breast, gastric, colorectal and ovarian cancers in 
inhibiting cell proliferation, invasion, metastasis, EMT 
and chemoresistance [64–67]. In our data, poor rescue of 
miR485-5p treated cells by KRT17 was found in Fig. 5D, 
implying possible involvement of the other targets of 
miR485-5p. Other regulators such as FOXK1 [68], MUC1 
[69], PGC-1α [70], SRC [71] are reported to be involved 
in miR-485-5p-mediated inhibition of cancer cell prolif-
eration, migration and invasion. In addition, PAK1 [72] 
and survivin [64] have also been shown to be associated 
with miR-485-5p to enhance cellular chemosensitivity. 
Consistently, these genes are also listed in our list of can-
didate targets of miR-485-5p from Targetscan 7.0. Some 
of those molecules aside from KRT17 could also have 
a role in the functional effect of miR485-5p. Interest-
ingly, cellular chemosensitivity towards doxorubicin and 
paclitaxel was increased when survivin was targeted by 
miR-485-5p, while cisplatin resistance was claimed to be 
attributed to PI3K/Akt signaling targeted by miR-485-5p 
in ovarian cancer [64, 67]. In accordance with our obser-
vations, miR-485-5p was also recently shown to inhibit 
cellular migration, invasion, EMT and cisplatin chemore-
sistance in OSCC [72]. Therefore, our present data reveal 
a novel mechanism for the regulation of OSCC stemness 
by the miR-485-5p/KRT17/integrin/FAK/Src/ERK/β-
catenin signaling axis, pointing to the option of using this 
miRNA coupled with effective and specific delivery vehi-
cles as a new potential therapeutic [73].

Platinum-based chemotherapy has been the major 
treatment option for HNSCC, however, development 

of drug resistance has been the major hurdle that 
eventually results in tumor recurrence and dismal 
metastasis [9, 10, 74]. Recently, the use of Src inhibi-
tor dasatinib for treating OSCC has been proposed as 
an attractive strategy via inhibiting Src downstream 
signaling pathway PI3K/Akt/mTOR and MEK/ERK 
in HNSCC [75]. Nevertheless, no significant treat-
ment benefits were observed in HNSCC patients 
from an early phase 2 clinical trial on dasatinib as a 
single-agent [76]. Our data showing targeting KRT17 
resulting in suppression of CD44 and EGFR provide a 
dual-targeting strategy in combination with dasatinib. 
A recent clinical trial revealed that combined cetuxi-
mab (EGFR-targeting) and dasatinib treatment for 
recurrent/metastatic HNSCC patients showed prom-
ising clinical benefits of improved OS from patients 
with low serum IL-6 level [77], suggesting that dual 
targeting of Src-EGFR could overcome drug resist-
ance developed from cetuximab treatments. Another 
trial that studied EGFR inhibitor erlotinib showed sig-
nificant inhibition of tumor growth, however, combi-
nation with the Src inhibitor dasatinib did not show 
additive effect, which could be attributed to high basal 
level of p-STAT3 [78]. Moreover, our observations 
that STAT3 was not affected in the KRT17-depleted 
cells that received combined dasatinib treatments 
with cisplatin or carboplatin showed synergistic 
OSCC cellular growth suppression (Figs. 3D, 6B), sug-
gesting dasatinib could potentially be beneficial to 
OSCC patients with KRT17 overexpression and with-
out STAT3 activation.

Conclusions
In summary, our current study unraveled an important 
signaling cascade of miR-485-5p/KRT17/integrin/FAK/
Src/ERK/β-catenin that impacts on regulation of OSCC 
stemness and drug resistance. Importantly, the target-
ing of KRT17 using its inhibitory miRNA in combination 
with cisplatin/carboplatin elicited synergistic therapeutic 
efficacy in our in vitro and in vivo OSCC models. In addi-
tion, the inclusion of Src inhibitor dasatinib in combina-
torial therapies with cisplatin or carboplatin may pave 
the path for future therapeutics development for OSCC 
patients with KRT17 overexpression.
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