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Simple Summary: Treatment success of head and neck cancers (HNSCC) is often hindered by
chemoresistance. In this study, next-generation sequencing transcriptomics and CRISPR/Cas9
knockout strategies were used to identify cisplatin resistance mechanisms and potential (personalized)
biomarkers. Moreover, employing a tiered experimental pipeline, the cisplatin uptake transporter
VRAC was found to be critical for cisplatin sensitivity and specificity in 2D/3D-HNSCC cell culture
models as well as for tumor relapses in the clinical setting. Our study suggests exploiting VRAC as
a potential drug target as well as a personalized prognostic biomarker to improve the treatment of
HNSCC patients in the future.

Abstract: Treatment success of head and neck cancers (HNSCC) is often hindered by tumor relapses
due to therapy resistances. This study aimed at profiling cisplatin resistance mechanisms and iden-
tifying biomarkers potentially suitable as drug targets and for patient stratification. Bioinformatic
analyses of suggested resistance factors in a cohort of 565 HNSCC patients identified the VRAC
ion channel as a clinically relevant indicator for recurrent diseases following radiochemotherapy
(p = 0.042). Other drug import/export transporters, such as CTR1, OCT1, or MRP1, were found
to be less relevant. To experimentally verify VRAC’s critical role for cisplatin resistance, we used
CRISPR/Cas9 knockout resulting in cisplatin-resistant HNSCC cells, which could be resensitized by
VRAC expression. Next-generation sequencing further underlined VRAC’s importance and identi-
fied VRAC-regulated signaling networks, potentially also contributing to cisplatin resistance. CTR1,
OCT1, or MRP1 did not contribute to increased cisplatin resistance. In addition to two-dimensional
HNSCC models, three-dimensional tumor spheroid cultures confirmed VRAC’s unique role for
cisplatin sensitivity. Here, resistance correlated with DNA damage and downstream apoptosis. The
cisplatin specificity of the identified VRAC pathway was verified by testing paclitaxel and doxoru-
bicin. Our results were independently confirmed in naturally occurring, cisplatin-resistant HNSCC
cancer cell models. Collectively, we here demonstrate VRAC’s role for cisplatin resistance in HNSCC
and its relevance as a potential drug target and/or prognostic biomarker for chemotherapy resistance.

Keywords: chemotherapy resistance; HNSCC; tumor therapy; drug transporter; personalized medicine

1. Introduction

Cancers of the head and neck range among the ten most frequent malignant diseases,
and head and neck squamous cell carcinomas (HNSCCs) account for roughly 90% among
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them. Despite extensive and radical primary treatment options, the median 5-year overall
survival averages around 65% with a range of 30–85%, depending on tumor stage. HNSCC
treatment options with intention to cure mainly include either surgical removal with or
without adjuvant (chemo)radiation or radiotherapy with concurrent chemotherapy. There
is increasing evidence indicating that the expression of molecular markers, primarily p16 as
a surrogate for human papilloma virus (HPV)-associated carcinogenesis, could be decisive
when choosing the right first-line treatment regimen [1]. However, highly heterogeneous
cancer cell populations [2] in HNSCC did prevent extensive efforts to establish other
predictive markers on the road to personalized therapy.

First-line chemotherapy of HNSCCs is predominantly platinum-based with cisplatin
being the primary option. While recently, the field could see promising results by using
α-PD-1 checkpoint inhibitor pembrolizumab [3] as platinum alternative in a subset of cases,
platinum remains the most effective and economic therapy for the majority of HNSCC
patients. On the other hand, therapy resistance and associated subsequent near or distant
relapses are still common and are associated with high patient morbidity and a median
survival of only 10 months [4,5]. The development of resistance mechanisms toward
(platinum-based) chemotherapeutics is clearly a complex multilevel process, potentially
including alterations in drug import and export, apoptosis initiation/inhibition, improved
drug detoxification, as well as DNA repair [6–10] (Figure 1a). The impact of pre-existing
resistance factors due to high mutational loads of HNSCCs compared to dynamic adaption
on transcriptome level remains unclear. Thus, resistance to chemotherapeutics is man-
ifold, complex, and not yet fully understood. Previous studies aimed to identify gene
signatures for HNSCC, allowing predicting patients’ therapy responses, pathobiology, and
survival. However, the suggested signatures still failed to be used in the clinical routine
to guide (targeted therapy) treatments for all patients [11,12]. Alongside methodological
complications, the fact that HNSCC is characterized by highly heterogeneous tumors and
anatomical localizations makes the selection of relevant patient subpopulations difficult
and prevents rapid progress. Investigating crucial cellular components involved in the
transport of platinum-based drugs could lead to further understanding of platinum re-
sistance here. Transporters facilitating active influx and efflux of platinum drugs seem to
be especially promising candidates in this context, as they have a direct impact on final
intracellular drug concentrations (Figure 1a). A variety of drug transporters such as CTR1,
OCT1, VRAC, and MRP1 were suggested to be involved in the transport and resistance
of platinum-based drugs, with passive trans-membrane diffusion playing only a subordi-
nate role. Particularly, the pioneering work by the Jentsch group not only demonstrated
VRACS’s relevance for cisplatin resistance but also showed that the subunit composition of
VRAC plays additional roles for drug uptake properties [13–19]. Taking into consideration
these complexities, we argued that it is necessary to employ a tiered experimental pipeline
from in silico to analytical and in vitro to understand and potentially overcome cisplatin
resistance in HNSCC.

In our study, we first used TCGA data analyses of genomic and transcriptomic al-
terations in drug transport channels to correlate their relevance with clinical phenotypes.
Subsequently, we experimentally identified the ion channel VRAC as a critical component
for cisplatin-specific uptake and resistance and confirmed its clinical relevance. Our results
strongly suggest exploiting VRAC as a potential drug target as well as a personalized
prognostic biomarker to improve the treatment of HNSCC patients in the future.
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Figure 1. Molecular pathways and potential clinically relevant players contributing to cisplatin re-
sistance in HNSCC. (a) Cartoon depicting mechanisms potentially involved in cisplatin resistance. 
Reduced intracellular drug concentrations can be a consequence of reduced uptake, accelerated ef-
flux, or intracellular detoxification. Additionally, improved DNA repair and various (indirect) pro-
survival pathways may improve cancer cells’ ability to cope with cisplatin toxicity. (b) Bioinformatic 
identification of potential clinically relevant drug transporters in the transcriptomics dataset of 
HNSCC patients from The Cancer Genome Atlas (TCGA) (n = 565). Correlation of drug transporter 
transcription levels with residual tumors after first-line chemoradiotherapy and full clinical docu-
mentation (n = 41) were assessed. Low expression of drug import channels, i.e., reduced uptake of 
cisplatin, is expected to favor cancer cell survival and thus, tumor recurrences. We found an unex-
pected trend of decreased expression of OCT1, and expression levels of the drug uptake transporter 

Figure 1. Molecular pathways and potential clinically relevant players contributing to cisplatin resistance in HNSCC.
(a) Cartoon depicting mechanisms potentially involved in cisplatin resistance. Reduced intracellular drug concentrations
can be a consequence of reduced uptake, accelerated efflux, or intracellular detoxification. Additionally, improved DNA
repair and various (indirect) pro-survival pathways may improve cancer cells’ ability to cope with cisplatin toxicity.
(b) Bioinformatic identification of potential clinically relevant drug transporters in the transcriptomics dataset of HNSCC
patients from The Cancer Genome Atlas (TCGA) (n = 565). Correlation of drug transporter transcription levels with residual
tumors after first-line chemoradiotherapy and full clinical documentation (n = 41) were assessed. Low expression of drug
import channels, i.e., reduced uptake of cisplatin, is expected to favor cancer cell survival and thus, tumor recurrences. We
found an unexpected trend of decreased expression of OCT1, and expression levels of the drug uptake transporter CTR1
remain similar. However, enhanced expression of the drug export transporter MRP1 and increased expression of the drug
uptake transporter VRAC significantly correlated with lower tumor recurrences. *, p < 0.05; **, p < 0.01.
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2. Results and Discussion
2.1. Identifying Clinically Relevant Players of Cisplatin Resistance

Cellular uptake and efflux processes of chemotherapeutics are certainly decisive
for intracellular drug concentrations and ultimately cancer treatment success or failure
(Figure 1a). Therefore, we analyzed the expression levels of transport channels suggested
to be involved in cisplatin transport in the publicly available TCGA HNSCC dataset,
comprising 565 cancer patients of various disease states and clinical backgrounds. Gene
expression data of such candidates, e.g., CTR1 (gene SLC31A1), VRAC (gene LRRC8A),
OCT1 (gene SLC22A1), or MRP1 (gene ABCC1) were extracted from the database and
cut-offs for high and low expression were generated. To identify cisplatin therapy-specific
relevance, we first focused on patients that underwent cisplatin-based chemoradiation
as a first-line therapy. Limited by the availability of exact information regarding clinical
treatments and remission status information, we were able to identify 41 cases. While
there were no significant differences in residual tumor cases depending on expression level
for transporters CTR1 and OCT1, low expression of the drug import channel VRAC and
increased expression of the drug export transporter MRP1 significantly correlated with
residual disease after chemoradiation in curative intent (p = 0.042 and p = 0.06 respectively;
Figure 1b). However, the correlation of high expression of the drug efflux transporter
MRP1 with improved chemoradiation is mechanistically hard to understand. In contrast,
the observed correlation of cisplatin therapy success with high VRAC/LRRC8A expression,
lowering intracellular cisplatin concentrations and thus promoting cancer cell survival,
seems more relevant and suitable for further experimental investigations. Notably, when
we analyzed overall survival for all patients irrespective of treatments, these trends were
lost, showing various correlations of expression levels with disease prognosis (Figure S1).
As VRAC is suspected to additionally support tumor cell survival pathways next to drug
uptake, such heterogeneity can be expected in the absence of cisplatin selection pressure.

2.2. Profiling Cisplatin Sensitivity Pathways and Relevance of VRAC as a Critical Determinant for
Cisplatin Resistance

Clearly, bioinformatic results are helpful for hypothesis building but need to be
carefully confirmed experimentally employing HNSCC models and molecular mechanistic
approaches. Thus, to further investigate VRAC’s unique role for cisplatin response on the
cellular level and to test our hypothesis of a direct correlation of therapy response with
VRAC expression, we next established an in vitro cell culture model. Here, CRISPR/Cas9
was used to specifically generate a complete LRRC8A knockout (KO) in HNSCC Pica
cells, without inducing additional genetic alterations. LRRC8A is the only constituting
subunit of the heteromeric transporter VRAC, leaving LRRC8A-KO cells unable to build
functional VRAC channels [15,20] (Figure 2a). The Pica cell line was generated from a
laryngeal squamous cell carcinoma with a novel protocol developed to mimic the tumor
more precisely [21]. For maximal comparability and genetic homogeneity, different single
cell clones were then generated from the LRRC8A-KO pool (PicaKO36) as well as from
the wild-type (WT) cell line (PicaWT04). Genetic analysis on gDNA as well as cDNA
level as well as Western blot analysis confirmed successful homozygous gene KO and
absence of LRRC8A protein expression in cell line PicaKO36 (cells did not show an apparent
difference to the initial cell population (Figure 2b,e). Probing cisplatin response of the
cell lines, PicaKO36 cells could be shown to be significantly more resistant than WT cells,
thus confirming a direct role of VRAC expression for cisplatin Figure 2c–d, Figure S3).
Additionally, sequencing verified successful silencing of the respective genetic locus due to
an insertion of a frameshift after amino acid 10, resulting in an additional stop codon after
amino acid 66 of the LRRC8A protein (Figure S4, Tables S2 and S3). Macroscopically, the
generated cells did not show an apparent difference to the initial cell population (Figure 2c).
Probing cisplatin response of the cell lines, PicaKO36 cells could be shown to be significantly
more resistant than WT cells, thus confirming a direct role of VRAC expression for cisplatin
response (Figure 2d).
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In order to further identify additional potential resistance networks, we also per-
formed next-generation RNA sequencing transcriptomics on three samples per cell line.
Subsequent bioinformatic analysis of differentially expressed genes revealed a list of candi-
dates with potential impact on cisplatin resistance (Figure 2f, for raw data of significantly
differentially expressed genes, see Table S4). Among these factors TP53, coding for the
tumor suppressor protein p53 was downregulated in the knockout cells. Up to 80% of all
cancers show aberrations of p53 expression, making it one of the most decisive proteins for
cancer development. However, bearing in mind its multiple functions for DNA damage
repair and correlation with tumor disease prognosis across several indications [22–24],
this observation suggests a rather indirect mediator role of TP53. Likewise, we found
differences in SOX2 expression levels. SOX2 has been reported also as an oncogenic tran-
scription factor that is involved in the development of squamous cell carcinomas, and its
increased expression was reported to correlate with drug resistance against tamoxifen in
breast cancers [25–27]. Critically, changes in transcription factor expression as exemplified
by these two candidates are able to further impact different downstream pathways and
networks potentially resulting in vast changes of the cellular machinery. In contrast, growth
factor receptors, e.g., EGFR, survival proteins such as survivin [28,29] or protease networks,
e.g., the HNSCC-relevant protease taspase1 [30,31], were not affected (see Table S4). Impor-
tantly, other potential cisplatin transport channel candidates such as CTR1, OCT1, or MRP1
were neither up- or downregulated (Figure 2g), further underlining VRAC’s relevance for
drug resistance.
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cell line, PicaKO36, is significantly cisplatin resistant. Cells were exposed to cisplatin (20 µM) for 48 h and viability was 
normalized to untreated controls. ***, p < 0.005 (e) PicaWT04 and PicaKO36 cells show similar morphology. Fluorescence mi-
croscopy visualized EpCAM expression (stained with specific antibodies (red)), nuclei were stained with Hoechst (blue). 
Scale bar, 5 µm. (f) Applying RNASeq transcriptomics to identify cisplatin resistance players. Heatmap visualizing ex-
pression levels of potential cisplatin resistance-associated genes, which are differentially expressed in KO (PicaKO36) vs. 
cisplatin sensitive WT (PicaWT04) cells (green: downregulated, red: upregulated; full list of differentially expressed genes 
in Table S4). Constituting subunit of VRAC (LRRC8A) indicated. (g) Expression levels of previously described cisplatin-
resistance channel proteins (CTR1, OCT1, MRP1; see Figure 1b) are unaffected in the HNSCC knockout cell line and thus 
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facts, the amount of induced DNA double-strand breaks per cell were additionally quan-
tified as a second readout directly correlated to intracellular cisplatin levels. To this means, a 
protocol enabling the automated quantification of fluorescence signals in microscopy images 
of single cells immunofluorescently stained for DNA damage marker γH2AX was established 
using high content screening microscope Array Scan VTI. As shown in Figure 3, the KO cells 
showed significantly less double-strand breaks when compared to the respective WT cells 
both on the single-cell level (Figure 3d) as well as overall (Figure 3b), excluding methodical 
artefacts and confirming cellular resistance. Fluorescent microscopy confirmed the ab-
sence of background staining (Figure 3c). Notably, the transfection of LRRC8A expression 
plasmid reconstituted VRAC channel function and significantly resensitized the resistant 

Figure 2. Profiling cisplatin sensitivity pathways underlines the relevance of VRAC as critical for cisplatin resistance.
(a) Illustration of CRISPR/Cas9 technology to establish the VRAC-deficient, cisplatin-resistant, knockout cell line (PicaKO36).
Scheme of the VRAC channel, consisting of six heteromeric subunits, indicated (b) Western blot to confirm the absence of
LRRC8A protein expression in PicaKO36 cells. GAPDH served as loading control. (c) In contrast to WT cells, the VRAC-
deficient cell line PicaKO36 is able to survive treatment with high cisplatin concentrations. Cells were treated with cisplatin
(50 µM) for 48 h and imaged by live cell microscopy. Scale bar, 200 µm. (d) In contrast to WT cells, the VRAC-deficient
cell line, PicaKO36, is significantly cisplatin resistant. Cells were exposed to cisplatin (20 µM) for 48 h and viability was
normalized to untreated controls. ***, p < 0.005 (e) PicaWT04 and PicaKO36 cells show similar morphology. Fluorescence
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microscopy visualized EpCAM expression (stained with specific antibodies (red)), nuclei were stained with Hoechst
(blue). Scale bar, 5 µm. (f) Applying RNASeq transcriptomics to identify cisplatin resistance players. Heatmap visualizing
expression levels of potential cisplatin resistance-associated genes, which are differentially expressed in KO (PicaKO36)
vs. cisplatin sensitive WT (PicaWT04) cells (green: downregulated, red: upregulated; full list of differentially expressed
genes in Table S4). Constituting subunit of VRAC (LRRC8A) indicated. (g) Expression levels of previously described
cisplatin-resistance channel proteins (CTR1, OCT1, MRP1; see Figure 1b) are unaffected in the HNSCC knockout cell
line and thus are less relevant for HNSCC. RNA intensities as FPKM values are displayed. For uncropped blots, refer to
Supplementary Materials.

2.3. VRAC Expression in HNSCC Cancer Cells Is Key for Platinum Drug Sensitivity
and Specificity

As a strong candidate for cisplatin uptake and resistance identified in our dataset,
we further analyzed the consequence of LRRC8A-KO on cisplatin toxicity. Cells were
treated and revealed a significantly increased resistance toward cisplatin beyond clinically
applied concentrations (<20 µM vs. ≈2 µM) (Figure 3a). Excluding methodical artefacts,
the amount of induced DNA double-strand breaks per cell were additionally quantified as a
second readout directly correlated to intracellular cisplatin levels. To this means, a protocol
enabling the automated quantification of fluorescence signals in microscopy images of
single cells immunofluorescently stained for DNA damage marker γH2AX was established
using high content screening microscope Array Scan VTI. As shown in Figure 3, the KO
cells showed significantly less double-strand breaks when compared to the respective
WT cells both on the single-cell level (Figure 3d) as well as overall (Figure 3b), excluding
methodical artefacts and confirming cellular resistance. Fluorescent microscopy confirmed
the absence of background staining (Figure 3c). Notably, the transfection of LRRC8A
expression plasmid reconstituted VRAC channel function and significantly resensitized the
resistant LRRC8A-knockout PicaKO36 cells to cisplatin-mediated cell death (see Figure S5).
These data provide independent strong evidence that mainly VRAC function is key for
mediating cisplatin sensitivity.

Additionally, the absence of VRAC channel expression could be shown to confer
resistance against carboplatin, which is an alternative platinum-based chemotherapeutic to
cell line PicaKO36 (Figure 3e,f). In contrast, no cross-resistance was detectable for alternative
chemotherapeutics doxorubicin and paclitaxel (Figure 3g,h), demonstrating a cisplatin-
specific relevance of the identified VRAC-dependent molecular mechanism.

In order to more closely approach the tumor situation in vivo, a 3D spheroid model
and viability protocol was established. Cisplatin resistance was confirmed not only in 2D
conventional cell cultures but also in 3D tumor spheroids, mimicking more closely the
tumor microarchitecture in patients. Here, automated high content microscopy allowed
to objectively confirm the reproducible growth of tumor spheroids. Figure 4a illustrates
the reliability of our method (n = 8) and showed representative spheroids over the cul-
tivation period (Figure 4b). Notably, two-photon 3D microscopy was used to visualize
the spheroids’ microarchitecture and confirm expression of the epithelial surface marker
EpCAM (Figure 4d, Supplementary Video S1). The resistance of the VRAC-deficient cells
against cisplatin as well as carboplatin is shown in Figures 3f and 4c. Interestingly, VRAC-
deficient, PicaKO36, spheroids stayed intact even after prolonged treatment with high
concentrations of cisplatin, while the WT spheroids disassembled under the same treat-
ment conditions (Figure 4e).
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Figure 3. VRAC expression in HNSCC cancer cells is critical for platinum drug sensitivity and specificity. (a) VRAC-
deficient PicaKO36 cells are dose-dependent resistant against cisplatin. Cells were treated for 48 h, and viability was
normalized to untreated controls. (b–d) Resistant VRAC-deficient cells show lower number of cisplatin-induced DNA
damage events (assayed as γH2AX damage foci) per cell. Cells were treated for 24 h and γH2AX foci detected by specific
antibodies. (b) DNA damage automatically quantified by high-throughput microscopy and normalized to untreated controls.
(c) Fluorescence microscopy to visualize DNA damage. DNA damage (γH2AX foci) stained by specific fluorescent antibodies
(green). Scale bar, 5 µm. (d) Single-cell γH2AX foci were quantified via automatic high content screening microscope Array
Scan VTI and plotted via ggplot2/R [32]. (e,f), VRAC-deficient PicaKO36 2D cells (e) and 3D-tumor spheroids (f) are resistant
against carboplatin treatment. Cells/spheroids were treated for 48/72 h and viability was normalized to untreated controls.
(g,h) VRAC deficiency mediates cisplatin resistance but does not affect response to other cell-damaging drugs, such as
paclitaxel or doxorubicin. Cells were treated for 48 h and viability was normalized to untreated controls.
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Naturally Occurring Cancer Cells 
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were conducted after regular proliferation was regained to ensure a homogenous, stable 

Figure 4. Absence of VRAC expression protects 3D tumor spheroids against cisplatin-induced cancer cell death.
(a,b) Automated high content microscopy to visualize tumor spheroid growth. (a) Mean object sizes of spheroids (n = 8)
automatically determined by high-content screening microscope Array Scan VTI. (b) Exemplary images of automatically
detected regions of interest (ROI). Magnification, 5-fold. (c) Application of spheroids to confirm VRAC’s relevance for
cisplatin resistance even in tumor mimicking 3D cultures. Spheroids were treated for 72 h, and viability was normalized to
untreated controls. (d) Microarchitecture of spheroids visualized by deep-tissue two photon excitation (2PE) microscopy.
EpCAM was detected by specific fluorescent antibodies (red), nuclei were stained with Hoechst dye (blue). Magnification,
20-fold. (e) Microscopy demonstrates that PicaWT04 (WT) spheroids were killed and disassemble under cisplatin treatment
compared to PicaKO36 (KO) spheroids. Magnification, 5-fold.

2.4. The Drug Uptake Transporter VRAC Is a Critical Determinant for Cisplatin Resistance in
Naturally Occurring Cancer Cells

To independently verify our insights obtained in our engineered cell models, we
additionally established a naturally occurring cisplatin-resistant Pica cell line (PicaC) by
treatment with subtoxic concentrations of cisplatin (3–5 µM) for six months. Experiments
were conducted after regular proliferation was regained to ensure a homogenous, stable
cell population (Figure 5a). Notably, PicaC showed similar levels of resistance compared
to our VRAC KO cell line, both in 2D as well as 3D assays, also correlating with reduced
numbers of DNA damage events (Figure 5b–d). VRAC expression levels were also reduced
to about 25% compared to sensitive WT baseline levels, underlining again the central role
and general relevance of VRAC for cisplatin chemotherapy sensitivity in HNSCC cells
(Figure 5e).

Of note, the generation of cisplatin-resistant cell culture models is not trivial as ex-
pected for an effective anticancer drug, and we did not succeed in selecting cisplatin-
resistant Hunkel or Deuser HNSCC cells, as used in previous studies by us and others [33].

However, we successfully established a cisplatin-resistant cell line, FaduCisR, by select-
ing HNSCC Fadu cells with subtoxic concentrations of cisplatin (3–5 µM) for six months
(Figure S6a). Similar to the results obtained in the Pica cell models, immunoblot analysis
confirmed decreased VRAC expression in the cisplatin-resistant FaduCisR cells (Figure S6b),
thereby confirming our results by an additional independent cell model.
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3. Discussion

This study aimed at profiling cisplatin resistance mechanisms and identifying biomark-
ers potentially suitable as drug targets or patient stratification. The development of re-
sistance mechanisms is clearly a complex process. We hypothesized that particularly
transporters facilitating active influx or efflux of platinum drugs are the most relevant
candidates, as they have a direct impact on the intracellular drug concentrations causing
tumor cell death (see also Figure 1a). Several drug transporters such as CTR1, OCT1,
VRAC, or MRP1 were suggested to be involved in resistance to various chemotherapeutics,
although the underlying mechanisms are not fully understood [13,14,16–19,34]. In line
with previous reports pioneered by the Jentsch group, we argue that our in silico and
in vitro data justify our decision to focus on VRAC rather than other transporters, such
as MRP1, as the most relevant factor for cisplatin resistance in HNSCC [13–15,20]. For
one, to guide the selection of clinically most relevant candidates, we first used the TCGA
HNSCC datasets to correlate drug transporter expression levels with resistances in cancer
patients, focusing on patients that underwent cisplatin-based chemoradiation as a first-line
therapy. While we found no significant differences in therapy response depending on the
expression levels for the transporters CTR1 or OCT1, low expression of the drug import
channel VRAC and increased expression of the drug export transporter MRP1 significantly
correlated with residual disease (Figure 1b). However, as increased expression of the
cisplatin efflux transporter MRP1 is expected to result in cancer cell resistance, and its
correlation with improved clinical response to cisplatin treatment cannot be explained by
the current knowledge of MRP1’s pathobiological functions. One may speculate that addi-
tional, so far unknown functions of MRP1, independent of cisplatin efflux, may ultimately
contribute to improved therapy response observed in patients. In contrast, low expression
of the drug import channel VRAC is expected to reduced uptake of cisplatin and thus
favor cancer cell survival and tumor recurrences, as we found in patients. Second, when
we analyzed resistant vs. cisplatin-sensitive cell lines, the potential cisplatin transport
channel candidates CTR1, OCT1, or MRP1 were neither up- nor downregulated (Figure 2f)
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in contrast to the downregulation of VRAC further underlining VRAC’s relevance for drug
resistance in HNSCC. However, we agree that it might be interesting for the field to further
explore so far unknown functions of MRP1 contributing to improved therapy response.

We could strongly confirm in vitro the clinical observation that the response to plat-
inum treatment is dependent on VRAC-mediated drug uptake. We generated an LRRC8A-
KO cell line lacking VRAC channel expression, which is significantly less susceptible to
treatment with the platinum-based drugs cisplatin and carboplatin. Notably, rescued
expression of LRRC8A and thus reconstitution of VRAC channel function significantly
resensitized the resistant cells to cisplatin (Figure S5). These data provide independent
strong evidence that mainly VRAC function is key for mediating cisplatin sensitivity.

Collectively, the mechanistic insights from our in vitro data help to understand our
clinical observation that patients with low VRAC expression in their tumors develop
resistances, respond less to chemotherapy, and thus, suffer from a higher residual tumor
burden when compared to patients with high VRAC expression levels (Figure S2a,b).

Our findings could further be strengthened by appropriate animal models. How-
ever, transgenic LRRC8A knockout mice show multiple physiological impairments and
defects [35] and thus seem not to be appropriate models to further investigate cisplatin
resistance. Hence, we established and applied our 3D cancer spheroid model, mimicking
not only more closely the tumor microarchitecture in patients but also following requests
to reduce animal experiments as far as possible following the 3R principles (Replace,
Reduce, Refine).

VRAC is a heteromer constituted of six subunits and can be of differing composition
between the subunits LRRC8A/B/C/D and E [15,20], of which subunit LRRC8A is the
only constituting member, and channels formed from subunits LRRC8A and LRRC8D are
mainly involved in the transport of platinum drugs [14,15]. In addition to its involvement
in platinum drug transport, VRAC is known to be crucial for active volume regulation of
cells, which seems to also affect cell migration, cell cycle processes, and also each cell’s
highly regulated apoptosis cascade [13]. Therefore, genetic alterations affecting VRAC
components may not only lead to decreased cisplatin uptake but also changes in apoptosis
induction also in other tumor entities [13]. The dual role of cell volume regulation and active
transport of platinum-based drugs may be important for the cancer cells to adapt to the
tumor microenvironment and fine tune cell cycle, migration, and metastasis, particularly
in the absence of the cisplatin drug selection pressure [13,36–38].

Analyzing the suggested molecular networks of potential interaction partners of
LRRC8A, previously known to be involved in the development of cancer (Figure S7) and
cisplatin resistance (Figure S8), the Ingenuity Pathway Analysis software indicates that
all subunits LRRC8B-E are suggested to be associated with cancer. Interaction partners
include different proteins in various cellular localizations, including nuclear proteins
such as HDAC4. In addition to facilitating the deacetylation of histones and thereby
regulating genetic transcription and epigenetic repression, histone deacetylase HDAC4
could be shown to promote cancer proliferation and invasion and to be associated with poor
patient outcome in esophageal cancer [39,40]. LRRC8A networks of cisplatin resistance are
suggested to also include NOTCH and SNAI1, which are two transcription factors with
high cancer relevance. While NOTCH signaling is centrally involved in cell proliferation,
differentiation, and survival [41,42], SNAI1 is involved in the induction of EMT processes,
which are critical for the shedding of circulating tumor cells and metastasis [43,44]. In this
context, an involvement of VRAC expression in the promotion of metastatic growth in the
absence of cisplatin therapy was suggested [38,45].

VRAC expression is also discussed to be (in)directly involved in EMT processes [46].
When we examined marker proteins for both the epithelial as well as the mesenchymal
phenotype, the KO cells tend to show slightly enhanced expression of molecular markers
favoring an epithelial phenotype, such as EpCAM and reduced N-cadherin expression.
Moreover, the KO cells are characterized by a reduced migratory potential (Figure S9) in
wound assays and high VRAC expression levels seems associated with increased perineural
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sheath infiltration in the TCGA HNSCC patient cohort (p = 0.02). Taken together, these
results signal a potential role of high VRAC expression to promote the migratory potential
of HNSCC tumor cells, leading to metastasis. However, although these pathways may
influence overall patient survival, it is mechanistically not resolved how these signaling
cascades and their individual players do directly contribute to cisplatin resistances, which
may be considered a limitation of our study and of the field. Clearly, a still unresolved
limitation of bioinformatical interaction partner prediction software is the need to confirm
the results by independent experimental assessment. In addition, a limitation of most
large ‘omics’ studies, including ours, is the fact that corresponding non-malignant tissue,
primary tumor, as well as metastases are not always available from the same patient, and
treatment information often is not available. For example, in the HNSCC cohort of The
Cancer Genome Atlas (TCGA), 565 tumors and only 50 normal adjacent tissues (i.e., 10%)
were analyzed, which may preclude the identification of unknown signaling pathways
and/or biomarkers. However, there is agreement in the field that besides these limitations,
the high number of samples analyzed seem to outweigh these potential limitations, and
the TCGA data sets formed the basis for numerous follow-up studies. We are unaware of
large data sets in which corresponding non-malignant tissue, primary tumor as well as
metastases have been analyzed from the same patient for all included patients, which can
be considered a potential general limitation for the whole field. Notably, not only VRAC’s
importance for cisplatin sensitivity seems to be masked when regarding solely overall
survival profiles of very diverse patient collectives with various disease (progression) and
therapy backgrounds. It is understood that these limitations apply to other previously
suggested resistance proteins, such as MRP1. Only the selection of a relevant subset
of data is able to reveal correlations of molecular profiles with clinical properties such
as cisplatin sensitivity, as shown by our study. In addition, it would be interesting to
further define the type of molecular, chemical, or physical signals (e.g., toxic agents in
tobacco, HPV, DNA damage, treatments, signaling cascades, oncogenes, etc.) which cause
VRAC downregulation. Concerning the relevance of the observed correlations for HNSCC,
LRRC8A expression is particularly high compared to other cancer subtypes (n = 565,
Figure S2d) and seems to also depend on the tumors’ anatomical localization (Figure S2c).
Interestingly, we found that VRAC expression was significantly lower in HPV-positive
(p16-positive) tumors (Figure S10a). In addition, these patients seem to respond better to
chemoradiation (Figure S10b) and showed a better overall survival (Figure S10c). However,
so far, there are neither data nor hypotheses explaining how the HPV status could be
linked to VRAC expression and tumor pathobiology. Hence, among various potential
mechanisms, a cross-talk of p16 signaling and VRAC function or the impact of the VRAC
transporter during HPV infection need to be investigated in detailed follow-up studies.

Aiming at increasing patient treatment success, personalized treatment approaches
are currently considered one of the most promising strategies. However, bioinformatically
harnessing the full potential of powerful data sets such as TCGA is only possible by a
combination of clinical hypothesis formation, educated data analysis, and in vitro confir-
mation of the hypothesis, as exemplified here for VRAC channel expression in HNSCC.
Prospectively, personalized treatment approaches will certainly benefit from improved
understanding of such personal tumor predispositions, which might signal already early
the need for alternative treatment strategies (Figure 6). Such strategies might involve other
drugs in clinical use, such as paclitaxel or doxorubicin, which did not show any change in
effectiveness upon differential VRAC expression in our study. Alternative strategies may
include nano-formulated cisplatin, which is expected to enter tumor cells independent
of the VRAC transporter to cause cancer cell death. As such formulations are currently
already under (pre)clinical investigation, the findings of our study may aid in selecting
clinical study populations based on VRAC expression [47–51]. However, despite the cur-
rent enthusiasm on nanomedicals, their clinical applicability and superiority compared
to ‘standard’ drug formulations needs to be based on a mechanistic understanding of
their advantages.
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high VRAC levels (green) are likely to be killed by cisplatin therapy, low VRAC levels may signal the development of
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improve success rates in first-line chemotherapy.

Clearly, VRAC’s pathobiological and clinical relevance concerning disease progression
and therapy responses in HNSCC and other malignancies needs to be examined in detail in
large prospective studies. In addition, we do not wish to postulate that VRAC is ‘the’ unique
biomarker predicting (cisplatin) drug resistance for HNSCC but needs to be considered
in the context of other potential biomarkers reported so far. Despite these limitations,
we feel that our results strongly suggest to exploit VRAC as a potential drug target as
well as a personalized prognostic biomarker to improve current and future treatments of
HNSCC patients.

4. Materials and Methods
4.1. Chemicals and Reagents

Unless stated otherwise, chemicals were purchased from Sigma Aldrich/Merck (Darm-
stadt, Germany). Cell culture media and reagents were sourced from Gibco/Thermo Fisher
Scientific (Dreieich, Germany). Disposables were purchased from Greiner Bio-One (Fricken-
hausen, Germany). Kits and antibodies were sourced and used as described in the further
methods section und in Table S1.
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4.2. Clinical Data Analysis

Publicly available gene expression and survival datasets were obtained from the
Cancer Genome Atlas (TCGA) filtering for patients with HNSCCs (TCGA HNSC). Thus, a
total of n = 565 patients were included. Filtering for cases with detailed clinical information
available who have received cisplatin as first-line chemotherapy, n = 41 cases could be
included where indicated. Data were assessed via the USCS Xena server [52] and patients
grouped according to indicated phenotypic or clinical characteristics. Final visualizations
were performed with graphpad Prism.

4.3. Cell Culture

Pica cell line was established from laryngeal squamous cell carcinoma as described
by Mack et al. [21]. Cells were cultured under standard cell culture conditions (37 ◦C,
5% CO2) in Dulbecco’s Modified Eagle’s Medium and subcultured every 3 d. Absence of
mycoplasms was regularly checked via a Venor GeM Advance detection kit (Minverva
biolabs, Berlin, Germany) according to the manufacturer’s instructions. Cell numbers were
determined using Casy Cell Counter and Analyzer TT (OMNI Life Science GmbH & Co
KG, Bremen, Germany).

4.4. Generation of Cisplatin Resistant Model

LRRC8A-KO cells were prepared using CRISPR/Cas9 tools, as has been described [53];
however, plasmids were used for expression cassette delivery. Cells were transfected with
plasmids (2 µg) using Lipofectamin 2000 according to the manufacturer’s instructions and
potentially edited cells selected via Blasticidin treatment (Fisher Scientific GmbH, Schwerte,
Germany, 2 µg/µL) for 9 d [53]. For primer sequences, see Supplementary Table S2. Then,
single cell-derived cell lines were derived from the surviving gene pool via serial dilutions
and checked for correct and homozygous knockout. Genomic DNA (gDNA) was isolated
using the DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), while RNA was prepared
with the help of an RNeasy Mini Kit (Qiagen) and transcribed to cDNA using a Transcriptor
First Strand cDNA Synthesis Kit (Roche Diagnostics, Mannheim Germany). Primers for
analytical PCRs were designed in order to span the target area of disruption for KO and
PCR performed using Taq polymerase according to standard procedures. For primer
sequences and expected band sized, see Supplementary Tables S2 and S3. Finally, Sanger
sequencing was performed to ensure correct KO. Additionally, constantly selected cell lines
were generated by treatment with doses of cisplatin corresponding to IC90 (5 µM) and
then constant treatment (3 µM). First experiments were started after constant exposure for
6 months and reestablishment of regular proliferation. LRRC8A expression of cell lines
was probed via Western blot analysis. Whole cell lysates were prepared in RIPA buffer and
samples separated on 12% SDS gels as has been described at length [54–56]. Blotting onto
activated PVDF membranes was achieved with a Trans-Blot Turbo (bio-rad, Feldkirchen,
Germany) and blocking as well as antibody incubations (1 h/RT or 16 h/ 4 ◦C depending
on antibody) was performed in 5% milk powder/PBS. Detection of luminescence signal of
HRP-coupled secondary antibodies after addition of Clarity Western ECL Substrate was
performed with the help of a ChemiDocTM (bio-rad). For primer sequences and details
on plasmids as well as antibodies, see Supplementary Information. Original blots can be
found at Figure S11.

4.5. Sequencing of DNA and RNA

Next-generation Sanger sequencing of DNA samples was commercially performed by
starseq (Mainz, Germany), and sample analysis was performed with the help of benchling
software. The absence of contamination of RNA samples with DNA was ensured by
performing cDNA transcription steps without the addition of reverse transcriptase and
then checking the amplification of the housekeeping gene actin in a PCR reaction. Then,
RNA sequencing was performed as described in [53] and visualizations achieved with the
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help of graphpad Prism and Ingenuity Pathway Analysis (Qiagen, Hilden, Germany). For
primer sequences, see Supplementary Information.

4.6. Probing Cell Viability

To probe cell viability, cells were seeded in 96-well plates (5000 cells/well) and treated
with indicated substances and concentrations (n = 3) starting 24 h after seeding. Then, 48 h
after treatment, commercial assay CellTiter-Glo® 2.0 (Promega, Walldorf, Germany) was
performed according to manufacturer’s instructions and luminescent signals recorded us-
ing a Tecan Spark® (Tecan Group Ltd., Männedorf, Switzerland). Signals were normalized
to untreated control samples. For cell viability assays using spheroids, cells were seeded
in 96-well round bottom, ultra-low adhesion cell culture plates (1000 cells/well, Corning
GmbH, Wiesbaden, Germany) and initial spheroid formation was allowed (3 d). Then,
spheroids were treated (n = 4) and viability was probed after 72 h using a commercial
assay CellTiter Glo® 3D (Promega, Walldorf, Germany) according to the manufacturer’s
instructions. Luminescent signals were recorded using a Tecan Spark® (Tecan Group Ltd.,
Männedorf, Switzerland) and normalized to untreated controls.

4.7. Fluorescence Microscopy

Fluorescence images were acquired on an Axiovert 200 M fluorescence microscope
(Zeiss, Oberkochen, Germany) or automated high content screening microscope Array
Scan VTI (Fisher Scientific, Schwerte, Germany). Cells were seeded in microscopy dishes
(35 mm, MatTek) or clear-bottom 96-well plates (Greiner Bio-One GmbH, Frickenhausen,
Germany) and fixed with 4% PFA (20 min, RT). For immunofluorescence staining, they
were additionally permeabilized via incubation with Triton-X 100 (0.1%, 10 min, RT).
Antibodies were diluted in 10% FCS/PBS and incubated with samples for 1 h at RT. After
extensive washing (PBS), fluorophore-labeled antibodies were incubated with samples
for 1 h at RT. Finally, nuclei were stained by the addition of Hoechst 33342 (50 ng/mL in
PBS) for 30 min at RT. For automated high content screening, regions of interests were
created using the nucleus signal, and each sample was acquired in triplicates, imaging at
least 5000 events per sample. For two photon-excitation (2PE) microscopy of spheroids,
spheroids were cultured for 3 d and then fixed via incubation in 4% PFA at RT (20 min).
Permeabilization was performed in PBSTD (PBS, 0.3% Triton-X 100, 1% DMSO, 1% BSA)
and spheroids then incubated with primary antibodies diluted in PBSTD overnight (4 ◦C).
Secondary antibody incubation was performed for 3 h at RT. Finally, nuclei were stained
via incubation with Hoechst 33342 (50 ng/mL) for 15 in at RT. Spheroid collection and
washing in between incubation steps was achieved via gentle centrifugation (100 g, 3 min).
Images were acquired on a Leica TCS SP8 DIVE System (Leica Microsystems, Weimar,
Germany). For details on antibodies and dilutions, see Supplementary Information.

4.8. Cell Migration Assay

To measure cell migration, cells were seeded into the two wells of ibidi two-well
dishes (70 µL, 5 × 105 cells each, Ibidi GmbH, Gräfelfing, Germany) and incubated for
24 h until cells reached confluency. Then, the silicon barrier was removed with the help
of sterile forceps, and the medium including any detached cells was changed. Consistent
areas were documented periodically over 48 h via microscopy.

4.9. Transient LRRC8A Expression

In order to reconstitute LRRC8A expression in a KO cell line PicaKO36, cells were
transfected with plasmid pBix-Ep containing the coding sequence of human LRRC8A
or LRRC8A fused to a C-terminal FLAG tag, a constitutive EF1alpha promoter, and the
puromycin antibiotic resistance gene. Plasmid and Lipofectamine 3000 (Fisher Scientific,
Schwerte, Germany) were mixed according to the manufacturer’s instructions and added
to the cells, which were cultured in OptiMEM medium as described [33]. To mark LRRC8A-
expressing cells, plasmid pC3 coding for GFP expression was co-transfected. To exclude
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artefacts, a control transfection of empty plasmid pC-DNA3 and the GFP-coding plasmid
was conducted in parallel. Medium was changed 4 h post-transfections to normal cell
culture medium and cells were treated with cisplatin for 48 h starting 24 h post-transfection.
Cells were fixed with PFA, and the number of green cells was quantified. FLAG-tag was
stained by specific antibodies, and cells were analyzed both by conventional as well as by
automated high content microscopy as described [57]. To determine changes in viability,
CellTiter-Glo® assay was performed as described.

5. Conclusions

Treatment success of head and neck cancers (HNC) is often hindered by tumor re-
lapses due to therapy resistances. This study aimed at profiling potential molecular players
critically involved in cisplatin resistance. Following a tiered pipeline from clinical hypoth-
esis formation over educated bioinformatic analysis to in vitro hypothesis confirmation,
we conclude that the volume-regulated anion channel VRAC is critical for cisplatin resis-
tance in head and neck squamous cell carcinoma tumor cells and cancer patients. Our
conclusion is based on the following findings: For one, low expression of the drug import
channel VRAC correlates with reduced response to cisplatin-based chemoradiation and
tumor recurrences in the TCGA HNSCC patient cohort. Second, VRAC’s key relevance
for cisplatin resistance and specificity was confirmed by CRISPR/Cas9 knockout cells,
which could be rescued by VRAC expression. Third, low VRAC expression correlated
with cisplatin resistance in independent, naturally occurring, cisplatin-resistant HNSCC
cancer cell models. Collectively, we suggest that VRAC should be considered a promising
biomarker for cisplatin resistance in HNSCC and form the basis for prospective clinical
trials to investigate its predictive power.
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sion of LRRC8A reconstituted VRAC channel function and significantly resensitized the resistant
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interaction partners involved in cisplatin resistance, Figure S9: VRAC expression impacts cellular
phenotype and migratory potential, Figure S10: Correlation of LRRC8A expression and clinical
characteristics depending on the HNSCC patients’ HPV status, Figure S11: Original blots. Table S1:
Antibodies, Table S2: Primer Sequences, Table S3: Expected Band Sizes Genomic Analysis, Table S4:
RNA Sequencing Results, Video S1: Cancer Cell Spheroid.

Author Contributions: Conceptualization, S.S., T.F., R.H.S. and J.H.; Data curation, S.S., T.F., P.S.,
Y.A.-Z., A.K., B.W., S.B., R.H.S. and J.H.; Funding acquisition, D.G., S.B., R.H.S. and J.H.; Investigation,
S.S.; Methodology, T.F., A.K.; Project administration, S.S., T.F., R.H.S. and J.H.; Resources, D.G., R.H.S.
and J.H.; Visualization, S.S.; Writing—original draft, S.S., T.F., D.G., J.H. and R.H.S.; Writing—review
and editing, S.S., T.F., P.S., A.K., Y.A.-Z., D.G., L.F., B.W., S.B., J.H. and R.H.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by Else-Kröner Foundation, Stiftung Tumorforschung Kopf-Hals,
DAAD/TransMed, DFG, and the Science Support Program of the University Hospital Mainz.

Institutional Review Board Statement: Publicly available gene expression data were obtained from
The Cancer Genome Atlas (TCGA) Research Network (http://cancergenome.nih.gov/ (accessed on
19 August 2021)). The TCGA Research Network included patients in accordance with the guidelines
of the Declaration of Helsinki of 1975. Data of n = 50 normal adjacent tissue (NAT) and n = 528
HNSCC tissue samples were included.

https://www.mdpi.com/article/10.3390/cancers13194831/s1
https://www.mdpi.com/article/10.3390/cancers13194831/s1
http://cancergenome.nih.gov/


Cancers 2021, 13, 4831 16 of 18

Informed Consent Statement: All patients have been recruited by the TCGA research network. The
TCGA informed consent guidelines are publically available from https://www.cancer.gov/tcga
(accessed on 19 August 2021).

Data Availability Statement: The cell line raw data required to reproduce these findings is available
upon request.The clinical results shown here are based upon data generated by the TCGA Research
Network: https://www.cancer.gov/tcga (accessed on 19 August 2021).

Acknowledgments: The authors would like to thank Gregory Harms (Cell Biology Unit, University
Medical Center Mainz) for microscopy and data analyses, Sandra Olf for excellent technical assistance.
This paper contains parts of the work performed for the doctoral thesis of Svenja Siemer and
Yara Al-Zamel.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Huang, S.H.; O’Sullivan, B. Overview of the 8th Edition TNM Classification for Head and Neck Cancer. Curr. Treat. Options Oncol.

2017, 18, 40. [CrossRef]
2. 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 challenges. Cell Death Dis. 2019, 10, 540. [CrossRef] [PubMed]
3. Burtness, B.; Harrington, K.J.; Greil, R.; Soulieres, D.; Tahara, M.; de Castro, G., Jr.; Psyrri, A.; Baste, N.; Neupane, P.; Bratland, A.;

et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous
cell carcinoma of the head and neck (KEYNOTE-048): A randomised, open-label, phase 3 study. Lancet 2019, 394, 1915–1928.
[CrossRef]

4. Jou, A.; Hess, J. Epidemiology and Molecular Biology of Head and Neck Cancer. Oncol. Res. Treat. 2017, 40, 328–332. [CrossRef]
[PubMed]

5. Sacco, A.G.; Cohen, E.E. Current Treatment Options for Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma. J.
Clin. Oncol. 2015, 33, 3305–3313. [CrossRef]

6. Stavrovskaya, A.A. Cellular mechanisms of multidrug resistance of tumor cells. Biochemistry 2000, 65, 95–106.
7. Simon, S.M.; Schindler, M. Cell biological mechanisms of multidrug resistance in tumors. Proc. Natl. Acad. Sci. USA 1994, 91,

3497–3504. [CrossRef]
8. Avril, T.; Vauleon, E.; Chevet, E. Endoplasmic reticulum stress signaling and chemotherapy resistance in solid cancers. Oncogenesis

2017, 6, e373. [CrossRef]
9. Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin

resistance. Oncogene 2012, 31, 1869–1883. [CrossRef]
10. Florea, A.M.; Busselberg, D. Cisplatin as an anti-tumor drug: Cellular mechanisms of activity, drug resistance and induced side

effects. Cancers 2011, 3, 1351–1371. [CrossRef]
11. Deuss, E.; Gosswein, D.; Gul, D.; Zimmer, S.; Foersch, S.; Eger, C.S.; Limburg, I.; Stauber, R.H.; Kunzel, J. Growth Factor Receptor

Expression in Oropharyngeal Squamous Cell Cancer: Her1-4 and c-Met in Conjunction with the Clinical Features and Human
Papillomavirus (p16) Status. Cancers 2020, 12, 3358. [CrossRef]

12. Gul, D.; Habtemichael, N.; Dietrich, D.; Dietrich, J.; Gosswein, D.; Khamis, A.; Deuss, E.; Kunzel, J.; Schneider, G.; Strieth, S.; et al.
Identification of cytokeratin24 as a tumor suppressor for the management of head and neck cancer. Biol. Chem. 2021. Epub ahead
of print. [CrossRef]

13. Sorensen, B.H.; Dam, C.S.; Sturup, S.; Lambert, I.H. Dual role of LRRC8A-containing transporters on cisplatin resistance in
human ovarian cancer cells. J. Inorg. Biochem. 2016, 160, 287–295. [CrossRef]

14. Planells-Cases, R.; Lutter, D.; Guyader, C.; Gerhards, N.M.; Ullrich, F.; Elger, D.A.; Kucukosmanoglu, A.; Xu, G.; Voss, F.K.;
Reincke, S.M.; et al. Subunit composition of VRAC channels determines substrate specificity and cellular resistance to Pt-based
anti-cancer drugs. EMBO J. 2015, 34, 2993–3008. [CrossRef]

15. Jentsch, T.J.; Lutter, D.; Planells-Cases, R.; Ullrich, F.; Voss, F.K. VRAC: Molecular identification as LRRC8 heteromers with
differential functions. Pflugers Arch. 2016, 468, 385–393. [CrossRef] [PubMed]

16. Ishida, S.; Lee, J.; Thiele, D.J.; Herskowitz, I. Uptake of the anticancer drug cisplatin mediated by the copper transporter Ctr1 in
yeast and mammals. Proc. Natl. Acad. Sci. USA 2002, 99, 14298–14302. [CrossRef] [PubMed]

17. Song, I.S.; Savaraj, N.; Siddik, Z.H.; Liu, P.; Wei, Y.; Wu, C.J.; Kuo, M.T. Role of human copper transporter Ctr1 in the transport of
platinum-based antitumor agents in cisplatin-sensitive and cisplatin-resistant cells. Mol. Cancer Ther. 2004, 3, 1543–1549.

18. Gately, D.P.; Howell, S.B. Cellular accumulation of the anticancer agent cisplatin: A review. Br. J. Cancer 1993, 67, 1171–1176.
[CrossRef]

19. Yonezawa, A.; Masuda, S.; Yokoo, S.; Katsura, T.; Inui, K. Cisplatin and oxaliplatin, but not carboplatin and nedaplatin, are
substrates for human organic cation transporters (SLC22A1-3 and multidrug and toxin extrusion family). J. Pharmacol. Exp. Ther.
2006, 319, 879–886. [CrossRef]

https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
http://doi.org/10.1007/s11864-017-0484-y
http://doi.org/10.1038/s41419-019-1769-9
http://www.ncbi.nlm.nih.gov/pubmed/31308358
http://doi.org/10.1016/S0140-6736(19)32591-7
http://doi.org/10.1159/000477127
http://www.ncbi.nlm.nih.gov/pubmed/28531899
http://doi.org/10.1200/JCO.2015.62.0963
http://doi.org/10.1073/pnas.91.9.3497
http://doi.org/10.1038/oncsis.2017.72
http://doi.org/10.1038/onc.2011.384
http://doi.org/10.3390/cancers3011351
http://doi.org/10.3390/cancers12113358
http://doi.org/10.1515/hsz-2021-0287
http://doi.org/10.1016/j.jinorgbio.2016.04.004
http://doi.org/10.15252/embj.201592409
http://doi.org/10.1007/s00424-015-1766-5
http://www.ncbi.nlm.nih.gov/pubmed/26635246
http://doi.org/10.1073/pnas.162491399
http://www.ncbi.nlm.nih.gov/pubmed/12370430
http://doi.org/10.1038/bjc.1993.221
http://doi.org/10.1124/jpet.106.110346


Cancers 2021, 13, 4831 17 of 18

20. Voss, F.K.; Ullrich, F.; Munch, J.; Lazarow, K.; Lutter, D.; Mah, N.; Andrade-Navarro, M.A.; von Kries, J.P.; Stauber, T.; Jentsch, T.J.
Identification of LRRC8 heteromers as an essential component of the volume-regulated anion channel VRAC. Science 2014, 344,
634–638. [CrossRef]

21. Mack, B.; Eggert, C.; Eder, K.; Imrich, S.; Baumeister, P.; Harreus, U.; Gires, O. Rapid and non-enzymatic in vitro retrieval of
tumour cells from surgical specimens. PLoS ONE 2013, 8, e55540. [CrossRef] [PubMed]

22. Ventura, A.; Kirsch, D.G.; McLaughlin, M.E.; Tuveson, D.A.; Grimm, J.; Lintault, L.; Newman, J.; Reczek, E.E.; Weissleder, R.;
Jacks, T. Restoration of p53 function leads to tumour regression in vivo. Nature 2007, 445, 661–665. [CrossRef] [PubMed]

23. Whibley, C.; Pharoah, P.D.; Hollstein, M. p53 polymorphisms: Cancer implications. Nat. Rev. Cancer 2009, 9, 95–107. [CrossRef]
[PubMed]

24. Duffy, M.J.; Synnott, N.C.; Crown, J. Mutant p53 as a target for cancer treatment. Eur. J. Cancer 2017, 83, 258–265. [CrossRef]
[PubMed]

25. Piva, M.; Domenici, G.; Iriondo, O.; Rabano, M.; Simoes, B.M.; Comaills, V.; Barredo, I.; Lopez-Ruiz, J.A.; Zabalza, I.; Kypta, R.;
et al. Sox2 promotes tamoxifen resistance in breast cancer cells. EMBO Mol. Med. 2014, 6, 66–79. [CrossRef]

26. Hussenet, T.; Dali, S.; Exinger, J.; Monga, B.; Jost, B.; Dembele, D.; Martinet, N.; Thibault, C.; Huelsken, J.; Brambilla, E.; et al.
SOX2 is an oncogene activated by recurrent 3q26.3 amplifications in human lung squamous cell carcinomas. PLoS ONE 2010,
5, e8960. [CrossRef] [PubMed]

27. Mukhopadhyay, A.; Berrett, K.C.; Kc, U.; Clair, P.M.; Pop, S.M.; Carr, S.R.; Witt, B.L.; Oliver, T.G. Sox2 cooperates with Lkb1 loss
in a mouse model of squamous cell lung cancer. Cell Rep. 2014, 8, 40–49. [CrossRef] [PubMed]

28. Knauer, S.K.; Mann, W.; Stauber, R.H. Survivin’s dual role: An export’s view. Cell Cycle 2007, 6, 518–521. [CrossRef]
29. Stauber, R.H.; Mann, W.; Knauer, S.K. Nuclear and cytoplasmic survivin: Molecular mechanism, prognostic, and therapeutic

potential. Cancer Res. 2007, 67, 5999–6002. [CrossRef] [PubMed]
30. Wunsch, D.; Hahlbrock, A.; Jung, S.; Schirmeister, T.; van den Boom, J.; Schilling, O.; Knauer, S.K.; Stauber, R.H. Taspase1: A

‘misunderstood’ protease with translational cancer relevance. Oncogene 2016, 35, 3351–3364. [CrossRef]
31. Stauber, R.H.; Bier, C.; Knauer, S.K. Targeting Taspase1 for cancer therapy–letter. Cancer Res. 2012, 72, 2912. [CrossRef] [PubMed]
32. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; D’Agostino McGowan, L.; Francois, R.; Grolemund, G.; Hayes, A.; Henry, L.;

Hester, J.; et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]
33. Stauber, R.H.; Knauer, S.K.; Habtemichael, N.; Bier, C.; Unruhe, B.; Weisheit, S.; Spange, S.; Nonnenmacher, F.; Fetz, V.; Ginter, T.;

et al. A combination of a ribonucleotide reductase inhibitor and histone deacetylase inhibitors downregulates EGFR and triggers
BIM-dependent apoptosis in head and neck cancer. Oncotarget 2012, 3, 31–43. [CrossRef] [PubMed]

34. Sorensen, B.H.; Nielsen, D.; Thorsteinsdottir, U.A.; Hoffmann, E.K.; Lambert, I.H. Downregulation of LRRC8A protects human
ovarian and alveolar carcinoma cells against Cisplatin-induced expression of p53, MDM2, p21Waf1/Cip1, and Caspase-9/-3
activation. Am. J. Physiol. Cell Physiol. 2016, 310, C857–C873. [CrossRef]

35. Bao, J.; Perez, C.J.; Kim, J.; Zhang, H.; Murphy, C.J.; Hamidi, T.; Jaubert, J.; Platt, C.D.; Chou, J.; Deng, M.; et al. Deficient
LRRC8A-dependent volume-regulated anion channel activity is associated with male infertility in mice. JCI Insight 2018, 3, e99767.
[CrossRef]

36. Shen, M.R.; Droogmans, G.; Eggermont, J.; Voets, T.; Ellory, J.C.; Nilius, B. Differential expression of volume-regulated anion
channels during cell cycle progression of human cervical cancer cells. J. Physiol. 2000, 529 Pt 2, 385–394. [CrossRef]

37. Rosendo-Pineda, M.J.; Moreno, C.M.; Vaca, L. Role of ion channels during cell division. Cell Calcium 2020, 91, 102258. [CrossRef]
38. Zhang, H.; Deng, Z.; Zhang, D.; Li, H.; Zhang, L.; Niu, J.; Zuo, W.; Fu, R.; Fan, L.; Ye, J.H.; et al. High expression of leucinerich

repeatcontaining 8A is indicative of a worse outcome of colon cancer patients by enhancing cancer cell growth and metastasis.
Oncol. Rep. 2018, 40, 1275–1286. [CrossRef] [PubMed]

39. Zeng, L.S.; Yang, X.Z.; Wen, Y.F.; Mail, S.J.; Wang, M.H.; Zhang, M.Y.; Zheng, X.F.; Wang, H.Y. Overexpressed HDAC4 is associated
with poor survival and promotes tumor progression in esophageal carcinoma. Aging 2016, 8, 1236–1249. [CrossRef]

40. Cai, J.Y.; Xu, T.T.; Wang, Y.; Chang, J.J.; Li, J.; Chen, X.Y.; Chen, X.; Yin, Y.F.; Ni, X.J. Histone deacetylase HDAC4 promotes the
proliferation and invasion of glioma cells. Int. J. Oncol. 2018, 53, 2758–2768. [CrossRef]

41. Aster, J.C.; Pear, W.S.; Blacklow, S.C. The Varied Roles of Notch in Cancer. Annu. Rev. Pathol. 2017, 12, 245–275. [CrossRef]
[PubMed]

42. Yuan, X.; Wu, H.; Xu, H.; Xiong, H.; Chu, Q.; Yu, S.; Wu, G.S.; Wu, K. Notch signaling: An emerging therapeutic target for cancer
treatment. Cancer Lett. 2015, 369, 20–27. [CrossRef] [PubMed]

43. Siemer, S.; Wunsch, D.; Khamis, A.; Lu, Q.; Scherberich, A.; Filippi, M.; Krafft, M.P.; Hagemann, J.; Weiss, C.; Ding, G.B.; et al.
Nano Meets Micro-Translational Nanotechnology in Medicine: Nano-Based Applications for Early Tumor Detection and Therapy.
Nanomaterials 2020, 10, 383. [CrossRef] [PubMed]

44. Gribko, A.; Kunzel, J.; Wunsch, D.; Lu, Q.; Nagel, S.M.; Knauer, S.K.; Stauber, R.H.; Ding, G.B. Is small smarter? Nanomaterial-
based detection and elimination of circulating tumor cells: Current knowledge and perspectives. Int. J. Nanomed. 2019, 14,
4187–4209. [CrossRef]

45. Lu, P.; Ding, Q.; Li, X.; Ji, X.; Li, L.; Fan, Y.; Xia, Y.; Tian, D.; Liu, M. SWELL1 promotes cell growth and metastasis of hepatocellular
carcinoma in vitro and in vivo. EBioMedicine 2019, 48, 100–116. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1252826
http://doi.org/10.1371/journal.pone.0055540
http://www.ncbi.nlm.nih.gov/pubmed/23383219
http://doi.org/10.1038/nature05541
http://www.ncbi.nlm.nih.gov/pubmed/17251932
http://doi.org/10.1038/nrc2584
http://www.ncbi.nlm.nih.gov/pubmed/19165225
http://doi.org/10.1016/j.ejca.2017.06.023
http://www.ncbi.nlm.nih.gov/pubmed/28756138
http://doi.org/10.1002/emmm.201303411
http://doi.org/10.1371/journal.pone.0008960
http://www.ncbi.nlm.nih.gov/pubmed/20126410
http://doi.org/10.1016/j.celrep.2014.05.036
http://www.ncbi.nlm.nih.gov/pubmed/24953650
http://doi.org/10.4161/cc.6.5.3902
http://doi.org/10.1158/0008-5472.CAN-07-0494
http://www.ncbi.nlm.nih.gov/pubmed/17616652
http://doi.org/10.1038/onc.2015.436
http://doi.org/10.1158/0008-5472.CAN-12-0150
http://www.ncbi.nlm.nih.gov/pubmed/22593195
http://doi.org/10.21105/joss.01686
http://doi.org/10.18632/oncotarget.430
http://www.ncbi.nlm.nih.gov/pubmed/22289787
http://doi.org/10.1152/ajpcell.00256.2015
http://doi.org/10.1172/jci.insight.99767
http://doi.org/10.1111/j.1469-7793.2000.00385.x
http://doi.org/10.1016/j.ceca.2020.102258
http://doi.org/10.3892/or.2018.6556
http://www.ncbi.nlm.nih.gov/pubmed/30015914
http://doi.org/10.18632/aging.100980
http://doi.org/10.3892/ijo.2018.4564
http://doi.org/10.1146/annurev-pathol-052016-100127
http://www.ncbi.nlm.nih.gov/pubmed/27959635
http://doi.org/10.1016/j.canlet.2015.07.048
http://www.ncbi.nlm.nih.gov/pubmed/26341688
http://doi.org/10.3390/nano10020383
http://www.ncbi.nlm.nih.gov/pubmed/32098406
http://doi.org/10.2147/IJN.S198319
http://doi.org/10.1016/j.ebiom.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31597595


Cancers 2021, 13, 4831 18 of 18

46. Friard, J.; Corinus, A.; Cougnon, M.; Tauc, M.; Pisani, D.F.; Duranton, C.; Rubera, I. LRRC8/VRAC channels exhibit a noncanonical
permeability to glutathione, which modulates epithelial-to-mesenchymal transition (EMT). Cell Death Dis. 2019, 10, 925. [CrossRef]
[PubMed]

47. Osada, A. NC-6004, a novel cisplatin nanoparticle, in combination with prombolizumab for head and neck cancer. Int. Clin. Med.
2019, 3, 1–2. [CrossRef]

48. Plummer, R.; Wilson, R.H.; Calvert, H.; Boddy, A.V.; Griffin, M.; Sludden, J.; Tilby, M.J.; Eatock, M.; Pearson, D.G.; Ottley, C.J.;
et al. A Phase I clinical study of cisplatin-incorporated polymeric micelles (NC-6004) in patients with solid tumours. Br. J. Cancer
2011, 104, 593–598. [CrossRef]

49. Endo, K.; Ueno, T.; Kondo, S.; Wakisaka, N.; Murono, S.; Ito, M.; Kataoka, K.; Kato, Y.; Yoshizaki, T. Tumor-targeted chemotherapy
with the nanopolymer-based drug NC-6004 for oral squamous cell carcinoma. Cancer Sci. 2013, 104, 369–374. [CrossRef]

50. Zhang, S.; Li, J.; Lykotrafitis, G.; Bao, G.; Suresh, S. Size-Dependent Endocytosis of Nanoparticles. Adv. Mater. 2009, 21, 419–424.
[CrossRef] [PubMed]

51. Iversen, T.G.; Skotland, T.; Sandvig, K. Endocytosis and intracellular transport of nanoparticles: Present knowledge and need for
future studies. Nano Today 2011, 6, 176–185. [CrossRef]

52. Goldman, M.J.; Craft, B.; Hastie, M.; Repecka, K.; McDade, F.; Kamath, A.; Banerjee, A.; Luo, Y.; Rogers, D.; Brooks, A.N.; et al.
Visualizing and interpreting cancer genomics data via the Xena platform. Nat. Biotechnol. 2020, 38, 675–678. [CrossRef] [PubMed]

53. Trothe, J.; Ritzmann, D.; Lang, V.; Scholz, P.; Pul, U.; Kaufmann, R.; Buerger, C.; Ertongur-Fauth, T. Hypotonic stress response of
human keratinocytes involves LRRC8A as component of volume-regulated anion channels. Exp. Dermatol. 2018, 27, 1352–1360.
[CrossRef] [PubMed]

54. Siemer, S.; Hahlbrock, A.; Vallet, C.; McClements, D.J.; Balszuweit, J.; Voskuhl, J.; Docter, D.; Wessler, S.; Knauer, S.K.; Westmeier,
D.; et al. Nanosized food additives impact beneficial and pathogenic bacteria in the human gut: A simulated gastrointestinal
study. NPJ Sci. Food 2018, 2, 22. [CrossRef]

55. Westmeier, D.; Siemer, S.; Vallet, C.; Steinmann, J.; Docter, D.; Buer, J.; Knauer, S.K.; Stauber, R.H. Boosting nanotoxicity to combat
multidrug-resistant bacteria in pathobiological environments. Nanoscale Adv. 2020, 2, 5428–5440. [CrossRef]

56. Docter, D.; Bantz, C.; Westmeier, D.; Galla, H.J.; Wang, Q.B.; Kirkpatrick, J.C.; Nielsen, P.; Maskos, M.; Stauber, R.H. The protein
corona protects against size- and dose-dependent toxicity of amorphous silica nanoparticles. Beilstein J. Nanotechnol. 2014, 5,
1380–1392. [CrossRef]

57. Westmeier, D.; Posselt, G.; Hahlbrock, A.; Bartfeld, S.; Vallet, C.; Abfalter, C.; Docter, D.; Knauer, S.K.; Wessler, S.; Stauber, R.H.
Nanoparticle binding attenuates the pathobiology of gastric cancer-associated Helicobacter pylori. Nanoscale 2018, 10, 1453–1463.
[CrossRef]

http://doi.org/10.1038/s41419-019-2167-z
http://www.ncbi.nlm.nih.gov/pubmed/31804464
http://doi.org/10.15761/ICM.1000147
http://doi.org/10.1038/bjc.2011.6
http://doi.org/10.1111/cas.12079
http://doi.org/10.1002/adma.200801393
http://www.ncbi.nlm.nih.gov/pubmed/19606281
http://doi.org/10.1016/j.nantod.2011.02.003
http://doi.org/10.1038/s41587-020-0546-8
http://www.ncbi.nlm.nih.gov/pubmed/32444850
http://doi.org/10.1111/exd.13789
http://www.ncbi.nlm.nih.gov/pubmed/30252954
http://doi.org/10.1038/s41538-018-0030-8
http://doi.org/10.1039/D0NA00644K
http://doi.org/10.3762/bjnano.5.151
http://doi.org/10.1039/C7NR06573F

	Introduction 
	Results and Discussion 
	Identifying Clinically Relevant Players of Cisplatin Resistance 
	Profiling Cisplatin Sensitivity Pathways and Relevance of VRAC as a Critical Determinant for Cisplatin Resistance 
	VRAC Expression in HNSCC Cancer Cells Is Key for Platinum Drug Sensitivity and Specificity 
	The Drug Uptake Transporter VRAC Is a Critical Determinant for Cisplatin Resistance in Naturally Occurring Cancer Cells 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Clinical Data Analysis 
	Cell Culture 
	Generation of Cisplatin Resistant Model 
	Sequencing of DNA and RNA 
	Probing Cell Viability 
	Fluorescence Microscopy 
	Cell Migration Assay 
	Transient LRRC8A Expression 

	Conclusions 
	References

