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Abstract

Multidrug resistance renders treatment failure in a large proportion of head and neck squamous cell carcinoma
(HNSCC) patients that require multimodal therapy involving chemotherapy in conjunction with surgery and/or
radiotherapy. Molecular events conferring chemoresistance remain unclear. Through transcriptome datamining,

28 genes were subjected to pharmacological and siRNA rescue functional assays on 12 strains of chemoresistant
cell lines each against cisplatin, 5-fluorouracil (5FU), paclitaxel (PTX) and docetaxel (DTX). Ten multidrug
chemoresistance genes (TOP2A, DNMTT1, INHBA, CXCL8, NEK2, FOXO6, VIM, FOXM1B, NR3C1 and BIRC5) were
identified. Of these, four genes (TOP2A, DNMTT1, INHBA and NEK2) were upregulated in an HNSCC patient cohort
(n=221). Silencing NEK2 abrogated chemoresistance in all drug-resistant cell strains. INHBA and TOP2A were found
to confer chemoresistance in majority of the drug-resistant cell strains whereas DNMT1 showed heterogeneous
results. Pan-cancer Kaplan-Meier survival analysis on 21 human cancer types revealed significant prognostic values
for INHBA and NEK2 in at least 16 cancer types. Drug library screens identified two compounds (Sirodesmin A and
Carfilzomib) targeting both INHBA and NEK2 and re-sensitised cisplatin-resistant cells. We have provided the first
evidence for NEK2 and INHBA in conferring chemoresistance in HNSCC cells and siRNA gene silencing of either
gene abrogated multidrug chemoresistance. The two existing compounds could be repurposed to counteract
cisplatin chemoresistance in HNSCC. This finding may lead to novel personalised biomarker-linked therapeutics that
can prevent and/or abrogate chemoresistance in HNSCC and other tumour types with elevated NEK2 and INHBA
expression. Further investigation is necessary to delineate their signalling mechanisms in tumour chemoresistance.
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Background

Head and neck squamous cell carcinomas (HNSCCs)
constitute 90% of all head and neck cancers. Whilst a
minority of HNSCCs are caused by human papilloma
virus (HPV) infection the majority of the more aggres-
sive HPV-negative HNSCCs (75%) are associated with
tobacco and alcohol use [1]. Although the cure rate of
HNSCC patients with early-stage disease treated with
primary surgery and/or radiotherapy has been excellent
(70-90% 5-year overall survival) [1]; unfortunately, two-
thirds of HNSCC patients present with advanced-stage
disease suffer from poor survival outcome due to lim-
ited treatment options and/or treatment failure. Hence,
the long-term survival rate of HNSCC patients remains
unchanged over many decades at about 50% despite
advancements in treatment modalities [1].

For HNSCC patients requiring multimodal therapy
involving chemotherapy, cisplatin, 5-fluorouracil (5FU)
and paclitaxel (PTX) or docetaxel (DTX) are amongst
the most commonly used chemotherapeutic agents often
used in combinations [1, 2]. Unfortunately, treatment
failure due to development of resistance to chemo and/
or radiotherapy remains a major cause of HNSCC poor
survival rates. Unlike lung and breast cancer patients, all
HNSCC patients are treated with almost the same com-
binations of treatment irrespective of the genetic makeup
of their cancer. This is mainly due to poor understand-
ing of molecular heterogeneity of HNSCC. Research
into molecular biomarkers that can stratify sub-popula-
tions and indicate the most suitable intervention based
on individual patient’s tumour molecular profile would
reduce toxicity, improve morbidity and treatment out-
come [1, 3].

A number of key mechanisms for conferring intrin-
sic chemoresistance in HNSCC tumour cells have been
studied and these include perturbations of pathways
regulating apoptosis/cell death, DNA damage repair, epi-
thelial mesenchymal transition, cell cycle, cancer stem
cell, chromatin/epigenetic, miRNA processing, autoph-
agy and stroma/matrix, immune cell interactions [4].
Although a number of molecular markers have been pro-
posed for counteracting chemoresistance in HNSCC [4],
exploitation of molecular markers for risk stratification
in HNSCC patients prior to treatment decision largely
remains at infancy [1, 3].

This study explored using a combination of bioin-
formatics transcriptome data mining, differential gene
expression analysis in chemoresistant cell line models
and validation in clinical HNSCC tumour specimens,
pharmacological dose-response drug library screen and
cell culture models with the aim to identify key multi-
drug-resistant biomarker genes and repurpose existing
drugs to counteract chemoresistance.
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Methods

All details of materials and methods can be found in
Additional File 1. In brief, the following methods were
used in this study: transcriptome data mining to iden-
tify differentially expressed genes, clinical HNSCC tissue
cohort to validate candidate genes, cell culture models
to validate gene expression and establish drug-resistant
cell strains for functional analyses, cell viability assays to
measure drug responses, pharmacological dose-response
assays to identify drug-gene interactions, siRNA assays
to validate candidate chemoresistant genes, reverse
transcription quantitative PCR (RT-qPCR) to measure
gene expression and drug library screens to identify
potential existing known drugs to counteract HNSCC
chemoresistance.

Results

Transcriptome data mining and gene selection
Meta-analyses of eight independent HNSCC microarray
studies (see Additional File 2: Table S1) were performed
using the cancer microarray database Oncomine (www.
oncomine.org) to identify differentially expressed genes
in studies comparing HNSCC with normal oral mucosa.
Initially, top 40 differentially expressed genes were
selected based on their reported P-values (>0.001). We
performed RT-qPCR to quantify each of the 40 genes in a
panel of eight primary normal human oral keratinocytes
(OK355, HOKG, OK113, NOK, NOK1, NOK3, NOK16
and NOK376) and ten HNSCC cell lines (SCC4, SCC9,
SCC15, SCC25, SqCC/Y1, UK1, VB6, CaLH2, CaDecl2
and 5PT) to identify and validate differentially expressed
genes. Of the 40 genes, 28 were found to be differentially
expressed in our cell line panels and have been impli-
cated in the regulation of matrix remodelling, immune
modulation, cell proliferation & differentiation, stem cell
renewal, epigenetic programming and genomic instabil-
ity (Fig. 1A and Additional File 2: Table S2).

Identification of common multidrug-resistant genes

With an aim to identify key genes that mediate chemo-
resistance in molecularly different background, we have
selected three cell lines to represent diverse molecular
background from oral premalignancy (SVpgC2a), car-
cinogen (nicotine)-transformed malignancy (SVFN8) and
a patient HNSCC tumour-derived malignancy (CaLH2).
In order to identify common multidrug-resistant genes,
we generated four drug-resistant cell strains (R1: Cis-
platin, R2: 5FU, R3: PTX and R4: DTX) for each of the
three different cell lines (SVpgC2a, SVEN8 and CaLH2)
giving rise to a total of 12 cell/drug-resistant combina-
tion strains (Fig. 1B). For each cell/drug-resistant com-
bination strain, we challenged each wildtype (WT) and
drug-resistant cell strain with the corresponding drug
and measured the differential expression of the 28 genes
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by RT-qPCR to identify drug dose-dependent response
genes to each chemotherapeutic drug (Additional File
2: Fig. S1-S12). We then performed statistical t-test and
regression analyses on the 28 genes for each cell/drug-
resistant strain to identify differentially expressed genes
between drug-resistant and WT cells for each drug. To
identify the most common drug-resistant genes, the 28
genes were ranked in descending order according to their
frequency of occurrence as top significant genes across
the whole panel of 12 cell/drug combinations. Of these,
we selected the top four upregulated genes (TOP2A,
DNMT1, INHBA and NEK?2) across the entire cell/drug
combinations to further investigate their roles in confer-
ring multidrug resistance.

Differential gene expression in HNSCC clinical tissue
samples

In order to confirm that these four genes (TOP2A,
DNMT1, INHBA and NEK2) were indeed upregulated
in HNSCC tumours, we performed RT-qPCR on a UK
HNSCC tissue cohort to quantify their relative gene
expression levels in adjacent margin (n=98) and HNSCC
core tumour tissues (n=123). All four genes were con-
firmed to be significantly upregulated in HNSCC tumour
compared to margin tissues (P<10~%; Fig. 1C top panel).
To cross validate our findings with an external cohort, we
queried the four gene expression using the pan-cancer
GEPIA ‘Box Plot’ tool based on transcriptomic data of
The Cancer Genome Atlas (TCGA)/The Genotype-Tissue
Expression (GTEx). In agreement, our findings are con-
sistent with TCGA/GTEx HNSCC cohort demonstrat-
ing significant upregulation of all four genes in HNSCC
(n=519) over normal mucosa (n=44) samples (P<0.01;
Fig. 1C bottom panel).

Reversal of chemoresistance by siRNA gene silencing

To investigate if the four genes (TOP2A, DNMTI,
INHBA and NEK?2) identified above were conferring
multidrug resistance across the 12 different cell strains,
we performed gene silencing using siRNA to knock-
down each of these genes in both the WT and drug-
resistant cells in response to each corresponding drug.
We hypothesised if the genes were necessary to sustain
drug resistance, knockdown of the genes would abrogate
chemoresistance. To test this hypothesis, we transfected
gene-specific siRNA and treated both WT and drug-
resistant cells to serial-dilutions of corresponding drug
to determine their IC;, values (drug potency). Abroga-
tion of chemoresistance would result in a shift in ICg,
values of resistant cells towards ICy, of WT cells (ie.,
reducing the fold difference between the two IC;, values).
We included untransfected (+H,O, containing transfec-
tion reagent only) and control siRNA (siCTRL) as con-
trols and confirmed gene-specific siRNA silencing by
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RT-qPCR (Additional File 2: Fig. S13). We screened for
reversal of chemoresistance by siRNA against each of the
four genes in the three cell lines (SVpgC2a, SVENS8 and
CaLH2) each with drug-resistance to each of the four
chemotherapeutic drugs (cisplatin, 5FU, PTX and DTX).
The chemosensitivity (ICs,-fold change between resistant
and WT cells) of all the 12 cell strains are summarised
in Fig. 1D and individual dose-response curves data are
shown in Additional File 2: Fig. S14-S16. Gene expression
levels and ICj, values in siCTRL transfected cells were
very similar to untransfected cells indicating that siCTRL
did not induce any non-specific or off-target effects. In
SVpgC2a cells, siTOP2A and siNEK2 both completely
reversed chemoresistance (P<0.001) in all four drug-
resistant strains. siDNMT1 reversed only PTX- and
DTX-resistant strains whilst, siINHBA reversed only
cisplatin and PTX-resistant strains. In SVFN8 cells, simi-
lar to results from SVpgC2a cells, siTOP2A and siNEK2
completely reversed drug resistance in all four drug-
resistant strains. However, unlike results for SVpgC2a,
siDNMT1 and siINHBA showed partial reversal of resis-
tance in all four different drug-resistant strains. Inter-
estingly, in CaLH2 cells (HNSCC tumour-derived cell
line), siNEK2 and siINHBA showed complete reversal of
drug resistance in all four drug-resistant strains, whilst
siDNMT1 and siTOP2A showed only partial reversal of
chemoresistance.

Pan-cancer Kaplan-Meier prognostic biomarker meta-
analysis

To further investigate the four genes (TOP2A, DNMT1,
INHBA and NEK?2) differential expression and if they
have any prognostic value in different human cancer
types, we performed data mining on publicly available
pan-cancer databases Oncomine and KM Plotter with
RNA-seq transcriptome (http://km-plotter.com/) con-
taining 54,675 genes with survival outcome for 21 dif-
ferent human cancer types (Additional File 3). All four
genes were found to be upregulated in the majority of
human cancer types with few minor exceptions (Fig. 2A).
Upregulation of INHBA, NEK2, TOP2A and DNMT1
were associated with poor prognosis in 13 (87%), 9
(82%), 7 (64%) and 3 (38%) of tumour types, respectively
(Fig. 2B C). For HNSCC, upregulation of INHBA, NEK2
and TOP2A but not DNMT1 were associated with poor
prognosis (Fig. 2D). All four marker (alone and in com-
binations) were examined for their synergistic prognos-
tic values for each cancer type and the most significant
prognostic marker (or markers in combinations) are
shown in Fig. 2E. Overall, INHBA followed by NEK2
appeared to be pan-cancer prognostic markers for pre-
dicting poor survival outcome in the majority of can-
cer types. INHBA (alone and/or in combinations with
TOP2A, NEK2 or DNMT1) predicted poor prognosis
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Fig. 1 Identification and validation of candidate genes responsible for conferring multidrug resistance in HNSCC. A, Transcriptome data mining from
eight independent gene expression microarray studies (comparing HNSCC tumour and normal oral tissues samples) identified 28 short-listed genes
involved in the regulation of matrix remodelling, immune modulation, cell proliferation & differentiation, stem cell renewal, epigenetic programming
and genomic instability. B, Pharmacological dose-response screening for multidrug-resistant differentially expressed genes in three cell lines (SVpgC2a,
SVFN8 and CalLH2) each between parental WT cells and their corresponding drug-resistant strains for four chemotherapeutic drugs (R1: Cisplatin, R2: 5FU,
R3: PTX and R4: DTX). For each cell/drug resistant combination strain, differential expression of the 28 genes were measured by RT-gPCR to identify drug
dose-dependent response genes (see Additional File 2: Fig. S1-512). Table shows the top differentially expressed genes in corresponding drug-resistant
cell strains are shown in coloured (statistically significant) gene symbols (non-significant genes in white text). Genes with underlines indicate downregula-
tion in drug-resistant cells, otherwise, upregulation. The list of 28 genes were ranked in descending order according to their frequency of occurrence as
top significant genes across the whole panel of 12 cell/drug combinations. C, Validation of gene expression levels of TOP2A, DNMT1, INHBA and NEK2 in
two different HNSCC patient cohorts: Top panel, a UK cohort with adjacent margin (n=98) and HNSCC tumour core tissues (n=123). The relative mRNA
expression levels of each of the four genes were measured using RT-qPCR against two reference genes (YAP1 and POLR2A) measured in duplicate wells.
Data were plotted as beeswarm dot-plot with box-and-whisker overlays (minimum, box: median, and 25-75%, percentiles and maximum). Statistical t-
test were performed between the margin and tumour samples and all four genes showed P < 1x 107°. Bottom panel: Differential expression of the four
genes in HNSC cohort from TCGA/GTEXx transcriptomic data comparing margin (n=44) and HNSCC (n=519) were all significantly upregulated in tumour
(P<0.01, one-way ANOVA). D, Effects of siRNA gene silencing of TOP2A, DNMT1, INHBA and NEK2 on reversal of chemoresistance (or re-sensitisation).
Summary of relative chemoresistance following gene-specific siRNA knockdown in SVpgC2a, SVFN8 and CalH2 cells, each resistant to either cisplatin,
5FU, PTX or DTX. Relative chemoresistance was calculated as fold-change between ICq, of drug-resistant cells and ICs, of corresponding WT cells. ICq,
drug potency values of each of the four chemotherapeutic drugs on WT and drug-resistant cells were measured using crystal violet cell viability assay
(Additional File 2: Fig. S14-516). Statistical t-test was performed between controls (mock transfection/+H,O and siCTRL were combined as one group) vs.
each of the gene-specific siRNA and their corresponding P-values are indicated (*<0.05; **<0.01; ***<0.001; ns, not significant) within the charts
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in 16 out of 21 different human cancer types, including
HNSCCs (Fig. 2E). These data are consistent with data
found in another pan-cancer database Gene Expression
Profiling Interactive Analysis (GEPIA) based on the Can-
cer Genome Atlas (TCGA) and Genotype-Tissue Expres-
sion (GTEx) RNA-seq data for at least 33 human cancer
types (Additional File 1).

Identification and repurposing drugs targeting INHBA and
NEK2 for counteracting cisplatin resistance

We performed a cell viability drug screen on a total of
537 compounds consisting of 147 approved oncology
drugs (AOD IX) and 390 natural products (Set V) in WT
and cisplatin-resistant (CR) CaLH2 with an aim to iden-
tify and repurpose existing drugs that suppress INHBA
and/or NEK2 gene expression to counteract chemoresis-
tance in HNSCC. We chose the CaLH2 cell line to inves-
tigate the effect of candidate drugs as both INHBA and
NEK2 genes were not found to be differentially expressed
between WT and CR cells in respond to cisplatin
(Fig. 1B). The initial viability screening results led us to
select nine most effective compounds (P <0.05), of which
three compounds (D1-D3) were selected as control drugs
with specificity for killing WT but not CR cells. The next
three compounds (D4-D6) were specific for killing CR
cells and the remaining three compounds (D7-D9) killed
both WT and CR cells (Additional File 2: Fig. 17A). To
investigate if the nine compounds were capable of inhib-
iting INHBA and NEK2 gene expression in a dose-depen-
dent manner in respective WT and CR cells, we treated
cells with serial dilution of each of the nine compounds
and measured relative gene expression levels of INHBA
and NEK2 using RT-qPCR. The first three control com-
pounds (D1-D3), consistent with cell viability results,
showed dose-dependent inhibition on both INHBA and
NEK?2 expression in WT cells but not in CR cells. Of the
remaining drugs, D4 and D7 dose-dependently inhib-
ited with comparable potency on both INHBA (Fig. 2F)
and NEK?2 (Fig. 2G) gene expression in both WT and CR
cells. D5 inhibited only INHBA but not NEK2. D9 did
not show dose-dependent gene inhibition in either WT
or CR cells (Additional File 2: Figure 17B-C). Potency
(ICs) of D4, D5 and D7 on gene inhibition were found to
range from 1.1x107% M to 6.3x1077. As D5 only inhib-
ited INHBA and not NEK2, this compound was not fur-
ther investigated. The chemical structures and identities
of the two selected compounds D4 (Sirodesmin A) and
D7 (Carfilzomib) are shown in Fig. 2H (ID of other com-
pounds are shown in additional File 2: Fig. 17D). Sub-
sequent cisplatin dose-dependent cell viability assays
in the presence of a single dose (1 uM) of either D4 or
D7 re-sensitised (leftward shift in dose-respond curves)
the potency (ICy) of cisplatin from 15.10£1.59 uM to
0.52+0.12 uM (29-fold by D4; t-test P=1.7x10"°) or to
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0.54+0.07 puM (27.7-fold by D7; P=3.6x10"%), respec-
tively. This demonstrated that cisplatin-resistant cells
could be significantly re-sensitised to cisplatin by addi-
tion of either D4 or D7 (Fig. 2I). We noted a biphasic cell
viability cisplatin dose-response curves in the presence
of either D4 or D7 (1 uM); this may indicate the involve-
ment of multiple mechanisms of cisplatin resistance.
Both D4 or D7 showed partial dose-dependent sensitisa-
tion only within the lower doses (0.1-1 uM) of cisplatin
but plateaued in higher doses (1-10 uM) of cisplatin. We
speculated that this could be due to the presence of dif-
ferent populations of cells (e.g., EMT cells and stem cells)
within the culture and/or that there are multiple distinct
signalling pathways involved. D4 and D7 could be acting
only on one of these cisplatin-resistant pathways, hence
demonstrating a biphasic response. Further investigation
is required to delineate these mechanisms.

Discussion

Currently there are no specific molecular biomarkers
that can indicate which HNSCC patient is susceptible to
developing drug resistance. This study presented a series
of experiments using a combination of bioinformat-
ics data mining, cell culture model and pharmacological
approaches to identify key transcriptome biomarkers that
confer multidrug chemoresistance. We have identified
ten candidate genes (TOP2A, DNMT1, INHBA, CXCLS,
NEK2, FOXO6, VIM, FOXM1B, NR3C1 and BIRC5) of
which, four (TOP2A, DNMT1, INHBA and NEK2) were
confirmed to be significantly upregulated in our UK
HNSCC tumour cohort and also consistent with TCGA/
GTEx data. NEK2, DNMT1 and FOXM1B had been
previously shown to be upregulated in HNSCC tumour
cohorts from UK, Norway and China [5, 6]. Further-
more, TOP2A, DNMT1, INHBA, CXCL8, NEK2, NR3C1
and BIRC5 were previously shown to be differentially
expressed in independent HNSCC patient cohorts from
UK, China and India [7], and these genes were part of a
multigene biomarker panel for molecular diagnosis of
HNSCC and risk stratification in dysplastic oral prema-
lignant disorders [7]. Nevertheless, their roles in HNSCC
chemoresistance remain unclear.

Here, we uncovered an essential role for a cell cycle
gene, NEK2 (Never in mitosis gene A-related kinase 2),
in conferring multidrug chemoresistance in HNSCC cells
whereby targeted siRNA gene silencing against NEK2
led to complete abrogation of chemoresistance in all 12
chemoresistant cell strains (to four different drugs: cis-
platin, 5FU, PTX and DTX). Consistently, our pan-cancer
Kaplan-Meier survival analysis showed that upregulation
of NEK2 predicted poor prognosis in HNSCC patients.
Although NEK2 has been previously reported to confer
chemoresistance in multiple human malignancies, to our
knowledge we presented the first evidence for NEK2 in
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Fig. 2 Pan-cancer bioinformatics data mining and prognostic analysis. A, Bioinformatics data mining from Oncomine databases on differential gene
expressions of INHBA, NEK2, TOP2A and DNMT1 across 20 different human cancer types as indicated. The number within each coloured box indicates the
number of significant unique studies. Red and blue colours indicate gene expression upregulation and downregulation, respectively. Cell colour scale
is determined by the best gene rank percentile for the analyses (dark red/blue =top 1%; red/blue =top 5%; pale red/blue=top 10%). B, Kaplan-Meier
RNA-seq transcriptome prognostic analysis for INHBA, NEK2, TOP2A and DNMT1 on 21 different human cancer types. Hazard ratios (with logrank P <0.05)
extracted from KM-plotter database were plotted here as beeswarm dot-plot with box-and-whisker overlays (minimum, box: median, and 25-75%,
percentiles and maximum) to demonstrate individual marker prognostic value for each cancer type. Dark red indicates marker associated with poor
prognosis and green for markers associated with good prognosis (abbreviations listed in panel E). *Note: outlier (Thymoma, Log;, HR=8.66) was plotted
outside the chart for reference. C, Table listing corresponding number (and %) of cancer type analysed for each marker with poor or good prognosis. D,
Individual Kaplan-Meier plots for INHBA, NEK2, TOP2A and DNMT1 in HNSCC tumour samples (n=500) with hazard ratio (HR) and logrank P values as
shown within each panel. E, All four markers (alone and in combinations) were examined for their synergistic prognostic values for each cancer type, the
most significant prognostic marker (or markers in combinations) are tabulated here. Hazard ratio (HR) values were shown with colour scales applied to
indicate poor (dark red) or good (green) prognosis with their corresponding logrank P values (colour scales indicate their relative levels of significance)
for each cancer type (n=the number of samples in each cancer type). Marker abbreviations: I, INHBA; N, NEK2; T, TOP2A and D, DNMT1). F-1, Drug library
screen to identify drug-gene interactions for counteracting chemoresistance in HNSCC cells. Nine compounds (D1-D9; Additional File 2: Fig. 17) were
selected. Shown here are two compounds (D4, and D7) with dose-dependent inhibition on both INHBA (F) and NEK2 (G) gene expression in WT and
CR CalLH2 cells. Each datapoint represents relative gene expression (mean = SEM) of quadruplicates quantified using RT-gPCR. Drug potencies (ICs,) on
respective gene inhibition are displayed within each panel. H, Chemical structure and identity of compounds D4 and D7. 1, Re-sensitisation of CR CalH2
cells by addition of D4 or D7 (1 uM) to cisplatin dose-response measured using AlamarBlue cell viability assay. Each datapoint represents a mean + SEM
of n=6 replicates. Cisplatin potency values (mean ICs,+SEM of n=6) in the absence or presence of either D4 or D7 single concentration (1 uM) are
shown within the figure. Statistical t-test was performed between cisplatin alone vs. cisplatin+ D4 or cisplatin + D7 and their corresponding P-values are
indicated within the figure as ***<0.001.
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conferring multidrug chemoresistance in HNSCC. We
have also presented evidence for INHBA (inhibin sub-
unit beta A), TOP2A (DNA topoisomerase II alpha)
and DNMT1 (DNA methyltransferase 1) in conferring
chemoresistance in the majority of drug-resistant cell
strains. Targeted siRNA on each of these genes showed
mixed responses across the 12 chemoresistance cell
strains perhaps due to inherent heterogeneity of the dif-
ferent parental cell lines. Further investigation is required
to delineate and differentiate their molecular pathways in
these cell strains.

In support of our HNSCC cohort data, previous stud-
ies have also demonstrated differential upregulation of
INHBA in HNSCC [8]. Our pan-cancer Kaplan-Meier
survival analysis further revealed that INHBA (alone
and/or in combinations with TOP2A, NEK2 or DNMT1)
predicted poor prognosis in 16 out of 21 different human
cancer types, including HNSCC. In agreement with a
role in chemoresistance found in this study, INHBA has
been shown to be part of a 7-gene prognostic signature
that predicts the outcome of HNSCC patients treated
with postoperative radio(chemo)therapy [9]. Given that
INHBA gene encodes a member of the TGF-beta (trans-
forming growth factor-beta) superfamily of proteins
which involve in the regulations of EGFR (epidermal
growth factor receptor) [10] and oncogenic transcription
factor RUNX2 [11] pathways in HNSCC cells, highlights
the significance of INHBA as an important novel molec-
ular target and prognostic biomarker for HNSCC.

With an aim to repurpose the use of licensed drugs
for counteracting cisplatin resistance in HNSCC, from
our drug-gene interaction library screens, we identi-
fied two drugs (Sirodesmin A and Carfilzomib) targeted
both INHBA and NEK2 in a dose-dependent manner and
re-sensitised cisplatin resistant cells. Sirodesmin A is a
natural metabolite produced by the fungus Sirodesmium
diversum (ascomycete fungi) [12] and little is known
about its activity on human cancer cells. To our knowl-
edge, we presented the first evidence that Sirodesmin A
counteracted cisplatin resistance in a HNSCC cell line
and dose-dependently inhibited both INHBA and NEK2
gene expression. Carfilozomib (Kyprolis®), a derivative of
a bacterial actinomycete irreversible proteosome inhibi-
tor epoxomicin, is licensed for treating patients with
relapsed and/or refractory multiple myeloma [13]. Whilst
Carfilozomib has been shown to potentiate the effect of
cisplatin in a number of cancer types such as multiple
myeloma [14], ovarian [15] and neuroblastoma [16], our
results demonstrated for the first time that Carfilozomib
dose-dependently inhibited both INHBA and NEK2 gene
expression, and re-sensitise cisplatin resistant HNSCC
cells. We hypothesised that Sirodesmin A or Carfilozo-
mib could be repurposed to counteract cisplatin resis-
tance in tumours with elevated NEK2 and/or INHBA
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gene expression. Further investigations are necessary to
delineate their drug-gene interactions and mechanism of
actions in counteracting chemoresistance.

Conclusions

We presented the first evidence for NEK2 in conferring
multidrug chemoresistance in HNSCC cells and that tar-
geted siRNA gene silencing led to complete reversal of
drug resistance to cisplatin, 5FU, PTX and DTX. INHBA
and TOP2A were found to confer chemoresistance in the
majority of drug-resistant cell strains whereas DNMT1
showed heterogeneous effects on chemoresistance. Pan-
cancer Kaplan-Meier survival analysis on 21 human can-
cer types revealed significant prognostic values for NEK2
and INHBA in the majority of cancer types. We further
identified a naturally occurring fungal derivative Sirodes-
min A and a licensed anticancer drug Carfilzomib, both
targeting NEK2 and INHBA, could re-sensitise resistant
HNSCC cells to cisplatin. This finding requires further
investigations into the potential of repurposing licensed
drugs for reversing chemoresistance in HNSCC patients.
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RT-gPCR reverse transcription quantitative polymerase chain reaction

SCC squamous cell carcinoma

SIRNA short interfering RNA

SV40T Simian virus 40T

SVFN8 a transformed/malignant cell line derived from SVpgC2a

SVpgC2a  premalignant SV40T-antigen immortalised human buccal
keratinocytes

TGF-beta  transforming growth factor-beta

TOP2A DNA topoisomerase Il alpha

WT wildtype cells

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512943-023-01846-3.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3



https://doi.org/10.1186/s12943-023-01846-3
https://doi.org/10.1186/s12943-023-01846-3

Khera et al. Molecular Cancer (2023) 22:146

Acknowledgements

This work was supported by Affiliated Stomatological Hospital of Guizhou
Medical University (to Z.L, HM. and M.T.T.). The authors are thankful to the
Centre for Oral Immunobiology and Regenerative Medicine (COIRM) for
supporting this study.

Authors’ contributions
Author contributions: M.T.T. designed research; N.K, ASR, KAMA, Z.L, MTT.

performed research; AW. H.M. contributed new reagents/analytic tools; N.K,

ASR KAMA, ZL., MTT. analysed data; and M.T.T. wrote the paper.

Funding
Affiliated Stomatological Hospital of Guizhou Medical University.

Data Availability
"All data generated or analysed during this study are included in this
published article [and its supplementary information files]”.

Declarations

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
"The use of fresh clinical specimens collected in the UK was approved by
the NHS Research Ethics Committee (06/MRE03/69). All tissue samples were

previously collected according to local ethical committee-approved protocols

and informed patient consent was obtained from all participants".

Consent for publication
Not applicable.

Received: 6 June 2023 / Accepted: 18 August 2023
Published online: 04 September 2023

References

1. Cramer JD, Burtness B, Le QT, Ferris RL. The changing therapeutic landscape

of head and neck cancer. Nat Rev Clin Oncol. 2019;16:69-683.
2. Gau M, Karabajakian A, Reverdy T, Neidhardt EM, Fayette J. Induction che-

motherapy in head and neck cancers: results and controversies. Oral Oncol.

2019,95:164-9.

3. Alsahafi E, Begg K, Amelio I, Raulf N, Lucarelli P, Sauter T, Tavassoli M. Clinical

update on head and neck cancer: molecular biology and ongoing chal-
lenges. Cell Death Dis. 2019;10:540.
4. Usman S, Waseem NH, Nguyen TKN, Mohsin S, Jamal A, Teh MT, Waseem A.

Vimentin is at the heart of epithelial mesenchymal transition (EMT) mediated

metastasis. Cancers (Basel). 2021;13:4985.

Page 8 of 8

Teh MT, Hutchison IL, Costea DE, Neppelberg E, Liavaag PG, Purdie K,
Harwood C, Wan H, Odell EW, Hackshaw A, Waseem A. Exploiting FOXM1-
orchestrated molecular network for early squamous cell carcinoma diagnosis
and prognosis. Int J Cancer. 2013;132:2095-106.

Ma H, Dai H, Duan X, Tang Z, Liu R, Sun K, Zhou K, Chen H, Xiang H, Wang J,
et al. Independent evaluation of a FOXM1-based quantitative malignancy
diagnostic system (QMIDS) on head and neck squamous cell carcinomas.
Oncotarget. 2016;7:54555-63.

Teh MT, Ma H, Liang YY, Solomon MC, Chaurasia A, Patil R, Tekade SA, Mishra
D, Qadir F, Yeung JS et al. Molecular signatures of tumour and its microenvi-
ronment for precise quantitative diagnosis of oral squamous cell carcinoma:
an international multi-cohort diagnostic validation study. Cancers (Basel).
2022;14:1389.

Shimizu S, Seki N, Sugimoto T, Horiguchi S, Tanzawa H, Hanazawa T, Okamoto
Y. Identification of molecular targets in head and neck squamous cell
carcinomas based on genome-wide gene expression profiling. Oncol Rep.
2007;18:1489-97.

Schmidt S, Linge A, Zwanenburg A, Leger S, Lohaus F, Krenn C, Appold S,
Gudziol V, Nowak A, von Neubeck C, et al. Development and validation of

a gene signature for patients with Head and Neck Carcinomas treated by
postoperative radio(chemo)therapy. Clin Cancer Res. 2018;24:1364-74.

Tsai CN, Tsai CL, Yi JS, Kao HK, Huang Y, Wang Cl, Lee YS, Chang KP. Activin a
regulates the epidermal growth factor receptor promoter by activating the
PI3K/SP1 pathway in oral squamous cell carcinoma cells. Sci Rep. 2019,9:5197.
Chang WM, Lin YF, Su CY, Peng HY, Chang YC, Lai TC, Wu GH, Hsu YM, Chi LH,
Hsiao JR, et al. Dysregulation of RUNX2/Activin-A Axis upon miR-376¢ down-
regulation promotes Lymph Node Metastasis in Head and Neck squamous
cell carcinoma. Cancer Res. 2016;76:7140-50.

Curtis PJ, Greatbanks D, Hesp B, Cameron AF, Freer AA. Sirodesmins a, B,

C, and B, antiviral epipolythiopiperazine-2,5-diones of fungal origin: X-ray
analysis of sirodesmin A diacetate. J Chem Soc Perkin. 1977;1:2:180-9.

Siegel DS. From clinical trials to clinical practice: single-agent carfilzomib
adverse events and their management in patients with relapsed and/or
refractory multiple myeloma. Ther Adv Hematol. 2013;4:354-65.

Chao A, Wang TH. Molecular mechanisms for synergistic effect of proteasome
inhibitors with platinum-based therapy in solid tumors. Taiwan J Obstet
Gynecol. 2016;55:3-8.

Zarei S, Reza JZ, Jaliani HZ, Hajizadeh MR, Sargazi S, Hosseinian H. Effects

of carfilzomib alone and in combination with cisplatin on the cell death in
cisplatin-sensitive and cisplatin-resistant ovarian carcinoma cell lines. Bratis|
Lek Listy. 2019;120:468-75.

Lee SI, Jeong YJ, Yu AR, Kwak HJ, Cha JY, Kang |, Yeo EJ. Carfilzomib enhances
cisplatin-induced apoptosis in SK-N-BE(2)-M17 human neuroblastoma cells.
Sci Rep. 2019;9:5039.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Identification of multidrug chemoresistant genes in head and neck squamous cell carcinoma cells
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Results
	﻿Transcriptome data mining and gene selection
	﻿Identification of common multidrug-resistant genes
	﻿Differential gene expression in HNSCC clinical tissue samples
	﻿Reversal of chemoresistance by siRNA gene silencing
	﻿Pan-cancer Kaplan-Meier prognostic biomarker meta-analysis
	﻿Identification and repurposing drugs targeting INHBA and NEK2 for counteracting cisplatin resistance

	﻿Discussion
	﻿Conclusions
	﻿References


