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ABSTRACT
◥

Purpose: Cisplatin (CDDP)-based chemotherapy is a first-line
treatment for patients with advanced head and neck squamous cell
carcinomas (HNSCC), despite a high rate of treatment failures,
acquired resistance, and subsequent aggressive behavior. The pur-
pose of this study was to study the mechanism of CDDP resistance
and metastasis in HNSCC. We investigated the role of NRF2
pathway activation as a driven event for tumor progression and
metastasis of HNSCC.

Experimental Design: Human HNSCC cell lines that are highly
resistant to CDDPwere generated. Clonogenic survival assays and a
mouse model of oral cancer were used to examine the impact of
NRF2 activation in vitro and in vivo on CDDP sensitivity and
development of metastasis. Western blotting, immunostaining,
whole-exome sequencing, single-cell transcriptomic and epige-
nomic profiling platforms were performed to dissect clonal evolu-
tion and molecular mechanisms.

Results: Implantation of CDDP-resistant HNSCC cells into the
tongues of nude mice resulted in a very high rate of distant
metastases. The CDDP-resistant cells had significantly higher
expression of NRF2 pathway genes in the presence of newly
acquired KEAP1 mutations, or via epigenomic activation of
target genes. Knockdown of NRF2 or restoration of the wild-
type KEAP1 genes resensitized resistant cells to CDDP and
decreased distant metastasis (DM). Finally, treatment with inhib-
itor of glutaminase-1, a NRF2 target gene, alleviated CDDP
resistance.

Conclusions: CDDP resistance and development of DM are
associated with dysregulated and epigenetically reprogrammed
KEAP1–NRF2 signaling pathway. A strategy targeting KEAP1/
NRF2 pathway or glutamine metabolism deserves further clinical
investigation in patients with CDDP-resistant head and neck
tumors.

Introduction
Head and neck squamous cell carcinoma (HNSCC) not associated

with human papillomavirus (HPV) infection remains a leading cause
of cancer deaths worldwide with 202,000 cases/year and an estimated
5-year survival of 50%which has not changed for decades (1). Cisplatin
(CDDP)-based chemotherapy is used in the treatment of the majority
of patients with advanced stage HNSCC despite the introduction of
immunotherapy and targeted agents into clinical practice (2). How-
ever, CDDP resistance, both intrinsic and acquired, is frequently
encountered in clinical practice and has been linked to treatment
failure and development of distant metastasis (DM; ref. 3). Therefore,
it is critical to understand how tumor cells survive the stress of CDDP
or evolve into therapy-resistant populations. We sequenced the
TP53 gene from surgical specimens obtained from patients enrolled
in clinical trial NRG/RTOG-0234 whowere treated surgically for stage
II or IVHPV-negative HNSCCwith high-risk pathologic features. The
patients received radiation plus cetuximab and either CDDP or
docetaxel as adjuvant treatment. In this study, patients treated with
CDDPdemonstrated a higher rate ofDMand death fromdisease in the
context of wild-type (WT) TP53 (4). In contrast, this effect was not
observed in patients treated with docetaxel indicating that it is a
chemotherapy-specific event (4).

These preliminary data led us to hypothesize that head and neck
tumors with wtTP53 can develop CDDP resistance and enhanced
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metastatic potential. To test this hypothesis, we developed CDDP-
resistant HNSCC cell lines with WT p53 in vitro (5). Orthotopic
implantation of these cells into the tongues of nude mice resulted in a
very high rate of DMs. RNA sequencing (RNA-seq) performed in
CDDP tumors harvested from the in vivo mouse model showed
substantial upregulation of KEAP1/NRF2-dependent genes. Numer-
ous studies have demonstrated that NRF2 (which is generally referred
to as NFE2L2) is upregulated by chemotherapeutic drugs including
CDDP (6, 7). KEAP1 negatively regulates NRF2, a transcription factor
which binds to antioxidant response elements (ARE) on the DNA and
initiates the transcription of a number of downstream target genes
involved in regulation of redox balance and cellular detoxification (8).
Furthermore, whole-exome sequencing (WES) has demonstrated that
KEAP1 is mutated at two sites in its BTB (Broad complex, Tramtrack
and Bric-a-Brac) domain in the CDDP-resistant cells. The BTB
domain mediates binding of KEAP1 to CUL3 and NRF2 (8), suggest-
ing that these mutations are loss-of-function (LOF) mutations which
abrogate KEAP1 protein function, thereby activating NRF2 signaling.
We also show that short hairpinRNA (shRNA) targeted suppression of
NRF2 or overexpression of KEAP1 reversed CDDP resistance in vitro
and in vivo in theCDDP-resistantHNSCCcell lines through inhibition
of proliferation and induction of ferroptotic cell death. An in vitro
single-cell RNA sequencing (scRNA-seq) and single-cell Assay for
Transposase-Accessible Chromatin using sequencing (scATAC-seq)
analyses provided evidence that most of the KEAP1/NRF2 genes were
epigenetically changed in a specific subpopulation of CDDP-resistant
cells. Glutamate is the main precursor for glutathione (GSH)
synthesis, which is the major cellular antioxidant for maintaining
redoxhomeostasis. IncreasedNRF2expressionprotects tumor cellDNA
from intracellular reactive oxygen species (ROS)-mediated damage, in
part through NRF2-mediated upregulation of glutamate-cysteine ligase
subunits (GCLC and GCLM), the enzymes that catalyze the production
of GSH from glutamate (9). Because of this cellular glutamine addiction,
glutaminase-1 (GLS1), the rate-limiting enzyme that converts glutamine
to glutamate, has emerged as a promising therapeutic target (10). In this
study, we demonstrate that the KEAP1/NRF2-mediated CDDP resis-
tance can be overcome in vitro and in vivowith the use of a novel potent,
selective, and orally bioavailable GLS1 inhibitor, IACS-6274 (11). This
drug is currently under early clinical testing in human solid tumors
(NCT03894540; ref. 12).

Materials and Methods
Cell lines and cell culture

The HNSCC parental HN30-P cell line was obtained from
an established cell line repository in the laboratory of J.N. Myers
(University of Texas MD Anderson Cancer Center) under approved
institutional protocols. CDDP-resistant cell line HN30-R8 made from
the parental HN30 was obtained from the Laboratory of Dr. Vlad
Sandulache (Baylor College of Medicine) in February 2019. The
HN30-R8 cell line was established by gradually increasing the CDDP
concentration in culture media over 21 weeks following initial
CDDP treatment according to a published protocol (5). Cell lines
were cultured in DMEM (Gibco), containing 10% FBS, L-glutamine,
sodium pyruvate, nonessential amino acids, and vitamin solution.
All cell lines were maintained at 37�C in a humidified incubator
containing 5% CO2 and periodically tested to ensure a Mycoplasma-
free culture environment. All experiments were performed using
cells from early passages. The HNSCC cell lines were authenticated
using short tandem repeat analysis (13) within 6 months of use for
the current study.

Generation of NRF2 knockdown andWT KEAP1 overexpressing
stable cell lines

The scrambled control lentiviral shRNA and two different lenti-
viral NRF2 shRNA particles (sc-37030-V and sc-44332-V), and
sc-108060 control shRNA plasmid-A, were all purchased from Santa
Cruz Biotech (California). The pLVX-Puro-CMV WT hKEAP1
lentiviral plasmid (Vector ID: VB900000–0026bfu) was obtained
from VectorBuilder. The pLVX-M-puro, plasmid #125839 was pur-
chased from Addgene. HN30-R8 cells stably expressing these plas-
mids were generated as previously described (14), and details of the
experiment were described in Supplementary Materials andMethods
section.

Clonogenic survival assay
To determine colony formation, HN30-P and HN30-R8 and their

derivative cells were seeded in 6-well plates (3 wells/treatment
condition) at predetermined densities set for each cell line and
exposed to different fixed-ratios of CDDP (0–20 mmol/L) or IACS-
6274 (0–5.0 mmol/L). Controls (untreated) received 0.1% DMSO
made in culture medium equivalent to the DMSO percentage in
other treatment conditions. Cells were cultured for 10 to 14 days
and clonogenic cell survival based on the IC50 values was deter-
mined as previously described (15).

Analysis of combined drug effects
The combination index (CI) and isobologram analyses evaluating

drug synergism were calculated via CalcuSyn Software (Biosoft) using
the Chou–Talalay method (16). Details of the experiment were
described in the Supplementary Materials and Methods section.

Western blot analysis
According to the IC50 values, minimally toxic and physiologically

relevant drug doses of CDDP and IACS-6274 were identified. Briefly,
HNSCC cells were treated in 10-cm dishes with CDDP (10 mmol/L)
and IACS-6738 (10 mmol/L) either alone or in combination for 12, 24,
and 48 hours. Whole cell lysates were prepared, and Western blot
analyses were conducted as described previously (15). Antibodies used
for Western blotting were described in Supplementary Materials and
Methods section.

Translational Relevance

For more than three decades, cisplatin (CDDP) remains the
first-line systemic agent for the treatment of advanced HNSCC
and other solid tumors, despite the high prevalence of intrinsic
and extrinsic CDDP resistance among patients with these cancer
types. Better understanding of how tumor cells evolve into
therapy-resistant populations is principal to overcoming treat-
ment failure and maximizing disease control and survival. Here,
we demonstrate that hyperactivated KEAP1/NRF2 signaling by
CDDP exposure leads not only to acquisition of CDDP resis-
tance, but also an enhanced metastatic phenotype in HNSCC
preclinical models which is at least in part supported by either
inactivating mutations of KEAP1 or epigenetic reprogramming
by NRF2. Our study is an important step towards identifying
novel therapeutic strategies to enhance CDDP effectiveness in
HNSCC.
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Incucyte live scratch wound cell migration and invasion assay
Briefly, HN30-P and HN30-R8 cells were grown in a 96-

well plate (3�103/well) and treated with various doses of CDDP
(0.63–10 mmol/L) for 24 hours. Incucyte Live Scratch Wound and
Invasion Assay was performed as described in Supplementary
Materials and Methods section.

Orthotopic nude mouse model of oral cancer metastasis and
therapy

All animal experimentation was approved by the Institutional
Animal Care and use Committee of the University of Texas MD
Anderson Cancer Center. Our orthotopic nude mouse tongue model
was previously described in the literature (15, 17, 18). To determine the
CDDP-resistant HNSCC cell growth kinetics and their response to
CDDP in vivo, cells (5�104) were suspended in 30 mL of PBS and
injected into the lateral tongues of male athymic nude mice because
oral cancer is mostly prevalent in male patients. Mice were then
randomized into different groups 8 to 10 days after injection and
treatmentwith vehicle orCDDP (4mg/kg, i.v., via tail-vein for 4weeks)
was started when tumors reached a range of 3 to 6 mm3 in size. For the
in vivo drug combination study, the HN30-R8 CDDP-resistant cells
were injected into themice oral tongues as described above, and treated
with either CDDP (4 mg/kg, i.v., once a week) alone, the glutaminase
inhibitor, IACS-6274 (100 mg/kg dissolved in methylcellulose, oral
gavage, twice a day daily, 5 days/week) alone, or their combination
or vehicle (0.5% methylcellulose) for 4 weeks. A total of 10 to 12
mice in each group were used, and 90% of the mice had tumor
growth under each condition. Mice were monitored twice a week
and their weight and tumor volume were recorded. Tongue tumors
were measured with microcalipers, and tumor volume was calcu-
lated as A � B2 � (p/6), where A is the longest dimension of the
tumor and B is the dimension of the tumor perpendicular to A. Mice
were euthanized when they lost more than 20% of their preinjection
body weight. During necropsy, cervical lymph nodes and lungs were
harvested, formalin-fixed, and subjected to histologic evaluation
using hematoxylin and eosin (H&E) staining to identify and count
the number and size of metastases. Lymph node and lung metastatic
tumor sections from mice injected with HN30-R8 cells were sub-
jected to immunostaining with human leukocyte antigen (HLA)
antibody and counterstained with DAPI to confirm the human cell
origin of the metastases in these sections.

Mice xenograft bulk RNA-seq
HNSCC cell lines, HN30-P and HN30-R8, were injected in oral

tongues of mice and treated with CDDP as described above. When
significant CDDP response and tumor growth difference were seen
among the treatment groups (at day 42), mice (N¼ 3) were sacrificed
and primary tumors from each group were obtained and frozen in
liquid nitrogen. Total RNAwas isolated from tumor samples using the
RNeasy mini kit reagents (QIAGEN) according to the manufacturer’s
instructions. For in vivo RNA-seq, total RNA was submitted to the
Sequencing and Microarray Facility at MD Anderson Cancer Center
for next-generation sequencing (Illumina HiSeq). RNA integrity and
confirmation of a lack of genomic DNA contamination was confirmed
with Xenome tool classification. Quality control (QC) was then
performed using FastQC and FastQ Screen. Sequencing reads were
aligned to human reference genome (GRCh38), using TOPHAT2 and
its refined classification approach, Xenome. Read counts that aligned
to a transcript for each gene region and accurate transcript quanti-
fication were calculated using RSEM method. Weakly expressed and
noninformative (non-aligned) genes were filtered out before normal-

ization. Data were filtered and then transformed to log2 counts
per million and principal component analysis was performed in
the R-statistical analysis. Differentially expressed genes (DEG) were
identified using linear model likelihood ratio and ANOVA-like tests
implemented in the edgeR package with Benjamini–Hochberg
multiple testing correction. Significance was set on the basis of the
FDR cutoff of 0.05; the significant genes were based on the
ANOVA-like test results. Filtering criteria include selection of DEG
with an adjusted P value of < 0.05, keeping genes that have at least
50 average reads and 2-fold change in the higher of the two
comparison groups (CDDP versus untreated controls), and exclu-
sion of noncoding RNAs. A CDDP resistance gene signature was
unbiasedly identified by considering the genes (i.e., up- or down-
regulated among the groups) based on the above statistical criteria
for HN30-R8 cells compared with the parental HN30-P cells.
Significant genes regulated by CDDP resistance were analyzed and
depicted in the cluster heatmaps.

The Cancer Genome Atlas-HNSCC survival and functional
annotation analyses

Transcriptome data on 314HPV-negative oral cavity squamous cell
carcinoma (OCSCC) from The Cancer Genome Atlas (TCGA) was
obtained from NCI Genomic Data Commons and analyzed for
correlation of the upregulated KEAP1/NRF2/CUL3 (KNC) genes with
survival. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses of the upregulated KNC genes were
performed (19) and details of analyses were described in Supplemen-
tary Materials and Methods section.

WES and mutational calling
WES was performed using the Illumina protocol at MD Anderson

Cancer Center. Genomic DNA was extracted from HN30-P and
HN30-R8 cell lines (1�106 to 2�106) using the QIAamp DNA Kit
(QIAGEN) according to the manufacturer’s instructions. The WES
was carried out as described previously (20–23). The details of the
experiment were described in Supplementary Materials and Methods
section.

Sanger sequencing
To validate the KEAP1 mutations obtained from the WES, specific

flanking intronic primer pairs (KEAP1 forward: 5-ACACTGCAGGT-
CAAGTACCAG-3; KEAP1 reverse: 5-AGGGATGGACGAGTGCT-
CATC-3) for the selected KEAP1 mutations were designed using the
Primer3 algorithm8 tool. Details of the experiment were described in
Supplementary Materials and Methods section.

GSH and ROS levels
Briefly, total GSH reducedwasmeasured after treatment ofHN30-P

and HN30-R8 cells with IACS-6274 (2.5 mmol/L) for 24 hours as
indicated and collected according to the manufacturer’s protocol
(Promega, V6611). Experimental details were described in Supple-
mentary Materials and Methods section.

Glutamine and glutamate levels in CDDP-resistant HNSCC
xenograft model

To determine that the IACS-6274 could inhibit glutaminolysis
and engage its targets in vivo, tumors were harvested from mice at
8 or 24 hours following treatment with single-agent IACS-6274
(100 mg/kg/mice) as indicated and snap-frozen until use. Details of
the experiments were described in Supplementary Materials and
Methods section.
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Oil-red staining and ferroptosis experiment
For lipid accumulation, HN30-R8 cells expressing pLenti plasmid

with non-targeting control, NRF2 shRNA, andWThKEAP1 cells were
treated with 5 mmol/L CDDP. Oil-red staining experiment was
described in detail in Supplementary Materials and Methods section.

In vitro scRNA-seq and scATAC-seq analyses
The HNSCC cells (HN30-P, HN30-R8) were treated with CDDP

(2.5 mmol/L) for 48 hours in triplicates and cell suspensions were
subjected to scRNA-seq and scATAC-seq analyses as previously
described (24–33). Our sequencing library averaged 3,000 cells per
sample, 6.5k genes/50k UMIs/115k reads per cell detected. Cell Ranger
ATAC tool was used to preprocess (alignment, trimming, and iden-
tification of transpose cut sites) the fastq files. We selected only the
high-quality cells, in terms of their transcription start site (TSS) scores
and number of unique fragments. After the dimensionality reduction
(LSI method) and normalization (TF-IDF), we used a graph-based
clustering andUMAPwhich identified 7 unique clusters. Details of the
analyses were described in the SupplementaryMaterials andMethods.

Statistical analysis
The Student t and one-way ANOVA tests were used to analyze

in vitro data. For in vivo mouse studies, a two-way ANOVA test was
used to compare tumor volumes between control and treatment
groups. Survival following drug treatment was analyzed by the
Kaplan–Meier method and compared with the log-rank test. All data
were expressed as mean � standard error, and P values of 0.05 or less
were considered statistically significant. Sample categorization into
“Low” or “High” KNC gene expression was determined by ROC
analysis andYouden’s Index calculation, considering the 5-year overall
survival (OS) as the variable of interest. Associations between cate-
gorical variables and survival were determined by the log-rank test,
considering a 5-year follow-up interval. For continuous variables,
univariate Cox regression analysis was employed and the significance
was established by the Wald and likelihood ratio tests. Differences in
gene expression between groups were accessed by the Wilcoxon test
and were considered significant when P values were lower than 0.05.

Data availability statement
The data generated in this study are available within the article

and its Supplementary Data files. Data used in this study that is not
included in the paper or supplementary files can be made available
upon request from the corresponding author.

Results
Acquired cisplatin resistance enhances tumor formation andDM
in vivo in an orthotopic mouse model of oral tongue cancer

To identify molecules and pathways other than TP53 mediating
CDDP resistance and metastases, the HN30-R8 CDDP-resistant
HNSCC cell lines were initially generated from an established
HNSCC cell line with WT TP53 status (HN30). After chronic
growth in escalating CDDP concentrations, the cell line was
able to grow in 4 to 10 mmol/L CDDP, at which point a hetero-
geneous pool of cells (HN30-R8) was created and used for further
analyses. These values are approximately 10- to 20-fold greater
than the previously described IC50 values for CDDP in a panel of
HNSCC cell lines (18). The cells were maintained in growth media
containing 8 mmol/L CDDP during that time period, except when
CDDP was withdrawn for specific individual experiments. The
degree of sensitivity to CDDP treatment in HN30-R8 cells was

evaluated using clonogenic survival assay as previously described.
HN30-R8 cells demonstrated decreased sensitivity to CDDP and
enhanced colony formation (IC50 ¼ 6.0–8.0 mmol/L) compared
with their CDDP sensitive HN30-P (parental) cells (IC50 ¼ 0.53
mmol/L; Fig. 1A and B). In addition, a live movie of the Incucyte
wound scratch assay showed that CDDP exposure increased the rate
of migration in HN30-R8 cells compared with their HN30-P
sensitive counterparts (Supplementary Fig. S1). In vivo resistance
of HN30-R8 cells was confirmed upon xenotransplantation in nude
mice where CDDP treatment had no effect on the growth of HN30-
R8 and failed to improve survival of mice. In comparison, CDDP
treatment of animals with HN30-P (parental) tumors led to sub-
stantial tumor reduction and improved survival following CDDP
administration (Fig. 1C and D). Mice harboring HN30-R8 tumors
had elevated rates of regional lymph node metastasis and DM to
lungs, with the highest DM in CDDP-treated HN30-R8–bearing
mice (66%) compared with parental HN30-P treated with CDDP
(0%; Fig. 1E and F). Immunostaining with human anti-HLA
antibody conformed the human cell origin of the metastases in
the lymph nodes and lungs and differentiated them from the
possibility of spontaneous mouse lymphomas (Fig. 1G). Taken
together, these data suggest that acquired CDDP resistance in
HNSCC may be linked to treatment failure and the development
of DM in clinical practice.

Acquisition of cisplatin resistance is accompanied by
dysregulation of the KNC pathway in vivo in HNSCC

To gain insight into mechanisms of acquired CDDP resistance, we
performed unbiased global enrichment genes analysis (i.e., RNA-seq)
on primary tumor specimens from mice with HN30-R8 or HN30-P
tumors in the presence and absence of CDDP treatment. A CDDP
resistance gene signature was unbiasedly identified by taking the genes
(i.e., up- or downregulated among the groups) with a Benjamini–
Hochberg adjustedP value (q value) less than or equal to 0.05 and a fold
change greater than 1.5 for HN30-R8 cells compared with the parental
HN30-P cells as described in Materials and Methods. The Venn
diagram showed that 462 genes were upregulated basally in untreated
(NT) HN30-R8 versus untreated HN30-P that remained upregulated
in HN30-R8 CDDP resistant versus HN30-P CDDP treated (Fig. 2A).
Approximately, 717 genes were upregulated in HN30-R8 CDDP
treated versus HN30-P CDDP treated (Supplementary Table S1).
Only 3 genes were more highly expressed in the HN30-R8 after
treatment with CDDP (Fig. 2A). No significant increase in gene
expression was found in parental HN30-P tumors from mice that
received CDDP compared with HN30-P tumors from mice that
received only vehicle. However, 85 KNC target genes were differen-
tially expressed and ranked among the top significantly upregulated
genes in the list (LogFC >1.5; adj P < 0.05) in the HN30-R8 versus
HN30-P tumors, irrespective of CDDP treatment (Fig. 2A). The
heatmap shows Z-scores of FPKM expression for KNC genes and
upper annotation denotes average fold change of HN30-R8 versus
HN30-P untreated (NT) or with CDDP. Because CDDP resistance
altered the expression of KEAP1/NRF2 axis genes, we focused on the
top 10 regulated genes for further analysis and characterization
(Fig. 2B). Western blotting confirmed that total protein levels of
NRF2 and its downstream targets GCLC,GCLM, andAKR1C1–3were
highly elevated in HN30-R8 and KEAP1 protein expression severely
diminished compared with parental HN30-P (Fig. 2C andD). Expres-
sion levels of KEAP1 and NRF2 proteins did not change upon
treatment with CDDP in the cells tested (Fig. 2C andD). To examine
if the NRF2 target genes are upregulated during metastasis, five
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Figure 1.

Acquired cisplatin resistance enhances tumor formation and DM in vivo in an orthotopic mousemodel of oral tongue cancer. HN30-P and HN30-R8 cells were plated
on 6-well dishes, treated with various concentrations of CDDP in vitro, and subjected to clonogenic survival assays as indicated. A and B, Representative images of
clonogenic survival and curves indicating decreased cisplatin sensitivity in CDDP-resistant HN30-R8 cells. HN30-P and its CDDP-resistant derivative, HN30-R8, were
orthotopically injected into the tongues ofmale athymic nu/numice and treated intravenously via tail injectionwith 4mg/kg of CDDP for 4weeks. Tumor growthwas
routinely monitored with a standard caliper and is reported as tumor volumemeans� SEM. C, Tumor growth curves calculated after 4 weeks of injection. Statistical
analysiswas performedby aone-wayANOVA test. ���� ,P <0.0001 CDDP resistant versus sensitive.D,Kaplan–Meier survival curve forOS ofmice injectedwithHN30
parental or CDDP-resistant cells with and without CDDP treatment. E, H&E representative images of the primary tongue, lymph, and lung metastatic tumors.
F, Percentage of tumor incidence in tongue, neck lymph nodes, and lungs in mice treated with CDDP. G, Representative images of positive human HLA
immunostaining confirming thehuman cell origin of themetastases in the lymphnodes and lungs. TheHLAantibody staining is shown in brownandDAPI counterstain
is shown in blue.
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Figure 2.

Acquisition of cisplatin resistance is accompanied by dysregulation of the KNC pathway in vivo in HNSCC. Primary tongue tumor tissues were obtained from mice
injectedwith HN30-P (parental) and HN30-R8 cell lines untreated or treated with CDDP and subjected to RNA-seq analysis as indicated previously.A,Venn diagram
showed462geneswere upregulatedbasally in untreated (NT)HN30-R8 vs. untreatedHN30-P that remainedupregulated in resistant cells plusCDDPversus parental
cells plus CDDP. A total of 717 geneswere upregulated in CDDP-treated HN30-R8 versus HN30-P cells. Only 3 geneswere upregulated in HN30-R8 cells treatedwith
CDDP. Approximately 85 KNC target genes were upregulated in the HN30-R8 versus HN30-P cells, irrespective of CDDP treatment. Heatmap shows Z-scores of
FPKM expression for 85 KNC genes significantly enriched and upper annotation denotes average fold change of HN30-R8 versus parental HN30-P untreated (NT) or
with CDDP-treated cells.B, Table showing the top 10 selected genes including KEAP1/NRF2-regulated genes and their functions in mice tumors. C andD, Expression
of KEAP1/NRF2 selected genes validated by Western blot analysis. E, Positions of nonsynonymous mutations on the functional domains of KEAP1 detected in the
CDDP-resistant HN30-R8 but not in the parental HN30-P cells using WES analysis as indicated. F and G, Representative Sanger sequencing chromatograms of the
KEAP1 mutations shown in E.
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formalin-fixed, paraffin-embedded (FFPE)metastatic tumors from the
HN30-R8 CDDP-treated group were subjected to RNA-seq according
to published method (34, 35) and described in the Supplementary
Materials and Methods. Only 8 of the 85 previously NRF2-regulated
genes were significantly upregulated in distant metastatic HN30-R8
tumors compared with primary tumors (Supplementary Table S2).

Somatic mutations in the KNC pathway occur in roughly 12% of
HNSCC, and KEAP1 mutations (36, 37) typically disrupt interaction
with NRF2 leading to activation of the latter and upregulation of its
downstream target genes (38). Therefore, we performed WES to
explore the possible molecular mechanism of NRF2 pathway activa-
tion in HN30-P and HN30-R8 cell lines treated with CDDP for
24 hours. We detected about 197 de novo mutations in HN30-R8
CDDP cells that were not seen in the HN30-P parental cell lines
(Fig. 2E; Supplementary Table S2). No mutations in traditional
tumor suppressors or oncogenes such as TP53, NOTCH1, CDKN2A,
or thePIK3CA andRAS oncogenes were detected, nor in cancer drivers
previously linked to HNSCC except for KEAP1. Interestingly, two
distinct missense (G349A:p.E117K) and truncating stop-gain (C513A:
p.C171X) mutations were detected in the BTB binding domain
of KEAP1 in HN30-R8 CDDP-resistant cell lines (Fig. 2E; Supple-
mentary Table S3). These mutations were not detected in the HN30-P
parental cell lines, suggesting that they were acquired de novo
under CDDP pressure or may have been present at a very low
frequency in HN30 parental cells and selected for over time with
acquisition of CDDP resistance. The presence of KEAP1 mutations
was further validated by Sanger sequencing (Fig. 2F and G). GO and
KEGG pathway analyses revealed that the top 10 selected KNC genes
were significantly enriched in biological processes including dauno-
rubicin metabolic process, doxorubicin metabolic process, steroid
hormone and lipid metabolic processes, tissue and epithelium devel-
opment processes, andmetabolism of xenobiotics by cytochrome P450
(Supplementary Fig. S2A). The prognostic value of the top 10 KNC-
gene signature was also evaluated in the TCGA-HNSCCpatient cohort
(N¼ 314) available in the cBioPortal web. Kaplan–Meier survival plots
showed that high expression of this gene signature is significantly
correlated with poor survival (P ¼ 0.016 for 5-year survival, and P ¼
0.023 for disease-free survival) in patients withHPV-negative HNSCC
(Supplementary Fig. S2B). These results clearly suggest that genes
regulated by the KNC axis are good predictors of poor prognosis in
patients with HNSCC, consistent with published data (39). WES has
confirmed that HN30-R8 cells remained resistant and did not undergo
de novo TP53 mutation during resistance selection. Therefore, we
wondered whether the biological impact would be similar in the
presence of a mutated TP53, given its prevalence in HNSCC. To
explore potential interactions, we turned to the HNSCC TCGA
dataset. Both KEAP1 and NRF2mutations could be found in samples
that were either TP53 WT or mutant (Supplementary Fig. S3A),
among OCSCC and laryngeal/hypopharyngeal (LHSCC) tumors.
Focusing on the OCSCC (Supplementary Fig. S3B), the TP53 status
alone was a poor prognosticator of OS. Using our previously published
and validated NRF2 gene signature (40), however, we found that
OCSCC patients with a high NRF2 activation score had significantly
worse OS compared with those with lowNRF2 scores (Supplementary
Fig. S3C; MS ¼ 35.5 months vs. 65.8 months; P ¼ 0.038). A similar
trend of worse survival was found if patients were instead stratified by
mutations in the NRF2 pathway, but it didn’t reach statistical signif-
icance (Supplementary Fig. S3D). When both TP53 status and NRF2
activation score were considered, survival was actually worse for
patients with WT TP53 among tumors with high NRF2 activation
(Supplementary Fig. S3E). Nevertheless, as expected, patients with

high NRF2 activation had worse OS compared with those with low
NRF2 activation regardless of TP53 status. Interestingly, tumors with
WT TP53 and high NRF2 activation were enriched for NRF2 muta-
tions (Supplementary Fig. S3F and S3G; P ¼ 0.0035), which could
explain their worse prognosis. These data suggest that the main driver
of poor prognosis appears to be theNRF2 activation state, regardless of
TP53 status.

NRF2 targeted suppression or restoration of WT KEAP1 inhibits
in vitro and in vivo tumor growth

Multiple investigators have linked activation and alterations in the
KEAP1/NRF2 pathway to increased tumor aggressiveness (6), reduced
response to immunotherapy (41), and CDDP resistance (7). Consis-
tent with these studies, we observed that stable shRNA knockdown
(KD) of NRF2 reversed CDDP resistance in HN30-R8 cells, bringing
down the IC50 for CDDP from 5.2 mmol/L (control cells infected with
empty Lentiviral vector) to as low as 0.6 mmol/L after KD (Fig. 3A–C).
Loss of NRF2 protein in several clones (Fig. 3C) was accompanied by a
reduction in the protein levels of the downstream target GCLC
(Fig. 3D). In an orthogonal approach, we further confirmed the role
of altered KEAP1/NRF2 in CDDP resistance by stably restoring a
KEAP WT gene to HN30-R8 cells. Infection with cDNA for WT
human KEAP1 reduced the CDDP IC50 from 5.3 mmol/L (control cells
infected with empty lentiviral vector) to 0.83 mmol/L (Fig. 3E and F),
which was accompanied by increased expression of KEAP1 protein
and reduction in NRF2, GCLC, and GCLM (Fig. 3G). To evaluate the
impact of altered KEAP1/NRF2 on CDDP sensitivity in vivo, we
injected the HN30-R8 stably expressing NRF2 shRNA or WT KEAP1
vectors into tongues of NUDE mice followed by CDDP treatment as
indicated. Tumor growth kinetics was not significantly different
between untreated NRF2 shRNA harboring and vector control cells
which were treated or untreated with CDDP (Fig. 3H). However,
NRF2 shRNA sensitized HN30-R8 tumors to CDDP treatment and
significantly reduced tumor growth when compared with either
untreated NRF2 shRNA control group (P < 0.0004) or lentiviral vector
treated (P < 0.0001) or untreated control groups (P < 0.0001; Fig. 3H).
This result is consistentwithpublisheddata in cervical cancer cells (42).
Body weight was not significantly different between treatment and
control groups (Fig. 3I). Similarly, restoration of WT KEAP1 remark-
ably improved the response to CDDP and resulted in a significant
tumor growth inhibition when compared with either untreated
WT KEAP1 control group (P ¼ 0.0002) or lentiviral vector treated
(P < 0.0001) or untreated control groups (P < 0.0001; Fig. 3J).
Interestingly, mice bearing tumors expressing WT KEAP1 alone also
showed significant tumor growth reduction (P ¼ 0.02; Fig. 3J) and
improved mouse survival (Supplementary Fig. S4). In addition, body
weight was not affected and did not differ significantly between
treatment and control groups (Fig. 3K). In addition, mice with
HN30-R8 tumors expressing NRF2 shRNA or WT KEAP1 showed
decreased lung DM upon treatment with CDDP compared with mice
with lentiviral vector control with or without CDDP (Supplementary
Fig. S5A–S5B).

Restoration of KEAP1/NRF2 pathways increases cisplatin
sensitivity in resistant HNSCC cells through ferroptosis

To determine if KD of NRF2 or forced expression of KEAP1
sensitized HN30-R8 cells to CDDP via apoptosis, the apoptotic
markers, PARP and caspase-3 cleavage, were examined after 12, 24,
and 48 hours of treatment with CDDP. No cleavage of PARP
or caspase-3 was observed in these cells when exposed to CDDP
(Supplementary Fig. S6A–S6B). Recent studies have shown that
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Figure 3.

NRF2 targeted suppression or restoration of WT KEAP1 inhibits in vitro and in vivo tumor growth. HN30-R8 cells were transduced with NRF2 shRNA andWT KEAP1
constructs and the established stable cell lineswere subjected to clonogenic survival assays followingCDDP treatment and comparedwith control transfected cells as
described in Methods. A and B, Survival curves and representative clonogenic survival images showing that CDDP resistance is reversed in HN30R8 following NRF2
shRNA KD. C and D, Western blots confirming successful KD of NRF2, associated with decreased GCLC downstream target proteins in clones C#1, C#3, and C#4
respectively. E and F, Survival curves and representative clonogenic survival images showing that CDDP resistance is also reversed in HN30-R8 after restoring WT
KEAP1. G, Reduction in downstream targets GCLC and GCLM following the restoration of WT KEAP1 in clones C#1 and C#2, respectively. H–K, Tumor growth curves
and percent bodyweight loss in orthotopicmousemodel during the treatmentwith CDDP. Shown aremeasurements fromoral tongues bearingHN30-R8 cells stably
expressing NRF2 shRNA or WT KEAP1 following treatment with CDDP (4 mg/kg) for 4 weeks as indicated. Tumor cells expressing the same lentiviral vectors were
used as control and identical for experiments presented in H, I, J, and K. Each treatment group contains 8 to 10 mice. All in vivo data were expressed as� SEM and
P values < 0.05 were considered significant.
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Figure 4.

scRNA-seq revealed enrichment of a KNC gene signature in cisplatin-resistant HNSCC cells. A, Experimental model in which HN30-P and HN30-R8 cells were
collected after 48 hours of treatment with an optimal dose of 2.5 mmol/L CDDP which causes minimal apoptotic cell death and then processed for single-cell gene
expression profiling as described in Methods. B and C, UMAP clustering analysis of all 4 cell lines tested, where B shows the cell labels and C shows the clusters.
D,Relative representation of each cell sample in cell clusters. E,Pathway analysis of genes activated upon CDDP treatment in HN30-P parental cell lines. F,Violin plot
showing upregulated expression of selected KNC primary target genes in HN30-R8 cells with and without CDDP treatment.
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Figure 5.

scATAC-seq analysis identifiedepigenomic features of cisplatin resistance. Parental HN30-P andCDDP-resistantHN30-R8 cellswere treatedwithCDDP (2.5mmol/L)
and collected after 48 hours of treatment with an optimal dose of 2.5 mmol/L CDDP which causes minimal apoptotic cell death and then processed for scATAC gene
expression profiling as indicated. A, UMAP clustering analysis and scATAC cell labels of all four cell lines tested. B, Identification of 7 unique scATAC clusters in all 4
cells.C,Relative representation of each cell sample in cell clusters.D,Gene scores of KNCpathway targets andABCC9 in specific clusters in CDDP-resistant HN30-R8
cells. E, Specific transcriptional (TF) motifs overrepresented in the peaks enriched in Cluster 1. F, Tracks showing aggregate ATAC-seq peaks for annotated genes in
observed 7 clusters.
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Figure 6.

Glutaminase synthase inhibition disrupts redox balance and overcomes acquired cisplatin resistance in vitro and in vivo. A, IC50 values obtained from clonogenic
survival curves showing that HN30-R8 are more sensitive to the glutaminase synthase inhibitor (IACS-6274) in vitro compared with their parental HN30-P
counterparts. B, Representative images of clonogenic survival assays in HN30-R8 cell lines treated with combination of CDDP and IACS-6274. C, Isobolograms
assessed by Chou and Talalay CI indicate strong synergism with combination of CDDP and IACS-6274 in HN30-R8 cells. The CI < 1.0 indicates synergism. Addition
of IACS-6274 to CDDP resulted in CI¼0.10 at the effective dose (ED50) that killed 50% of the cells following treatment with the two drugs.D, Reduced levels of GSH
(��� , P < 0.001) in HN30-R8 cells following treatment with IACS-6274. E, ROS levels are significantly elevated (���� , P¼ 0.0001) after treatment with various doses
of IACS-6274 in HN30-R8 compared with HN30-P cells in vitro. F, Treatment with IACS-6274 increases expression of the DNA damage response marker, H2AX, in
HN30-R8 comparedwithHN30-P cells. Mice injectedwithHN30-R8 cellswere treatedwith IACS-6274 as described inMethods. (Continued on the following page.)
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ferroptosis, a newly identified mode of programmed cell death
mediated by oxidative stress and lipid peroxidation (43–45) may be
triggered by CDDP (46). Therefore, we examined if acquisition of
CDDP resistance resulted in decreased ferroptosis in resistant
cells upon treatment with CDDP. Compared with cells with lentiviral
vector, untreated resistant cells expressing NRF2 shRNA or WT
KEAP1 had higher levels of lipid peroxidation and accumulation, and
these levels were significantly increased following CDDP exposure
(Supplementary Fig. S7A–S7B). Furthermore, Western blot analysis
showed that expression of the inhibitory ferroptosis marker
GPX4 (glutathione peroxidase 4) was diminished in resistant cells
expressing NRF2 shRNA or WT KEAP1 compared with lentiviral
control cells (Supplementary Fig. S7C). Ferroptotic cell death in
HN30-R8 cells was further confirmed with the use of the ferroptosis
inducer RLS3 (inhibitor of GPX4) and inhibitor of ferroptosis,
ferrostatin. Consistent with published data (5), clonogenic survival
assays showed that ferrostatin did not reverse CDDP toxicity inHN30-
R8 cells with lentiviral vector control (Supplementary Fig. S7D and
S7G), suggesting that CDDP by itself does not trigger ferroptosis.
In addition, treatment with RLS3 did not result in induction of
ferroptosis in these cells. However, CDDP and RLS3 were able to
trigger significant ferroptosis in the cells expressing NRF2 shRNA or
WT KEAP1 vectors as demonstrated by the ability of ferrostatin to
reverse CDDP and RLS toxicities in these cells (Supplementary
Fig. S7E–S7G). These results are consistent with a recent publica-
tion which showed that NRF2 KD or KEAP1 overexpression
increased ferroptotic cell death in F98 glioma cells (47). Taken
together, our data clearly indicate that upregulation of the KEAP1/
NRF2 pathway is associated with resistance to ferroptosis during
acquisition of CDDP resistance in HNSCC cells.

scRNA-seq revealed enrichment of a KNC gene signature in
cisplatin-resistant HNSCC cells

To deeply understand the evolution of the CDDP-resistant
cells, we performed scRNA-seq and scATAC-seq analysis on HN30
CDDP-sensitive cells (HN30-P) along with the CDDP-resistant line
(HN30-R8) with or without treatment with CDDP in vitro (Fig. 4A).
For the scRNA-seq, our sequencing library averaged 3,000 cells per
sample which is capable of detecting 6.5k genes/50k UMIs/
115k reads per cell. Graph-based clustering (UMAP) showed 7
different clusters identifiable from the scRNA-seq data from these 4
cell populations (Fig. 4B and C). Interestingly, CDDP treatment
induced a transcriptomically distinct phenotype as obvious from the
differentiation of CDDP-treated parental HN30 cells (Cluster 3 vs. 1
and 2) from parental cell lines in the UMAP space (Fig. 4B–D).
Similarly, we noted distinct clusters for HN30-R8 cells in compar-
ison to HN30-P cells. Pathway analysis revealed activation of the
cell cycle, p53 signaling, senescence, platinum resistance, and FoxO
signaling pathway in the CDDP-resistant Cluster 3 (Fig. 4E).
We found multiple genes of the KNC pathways to be upregulated
upon CDDP treatment in parental HN30-P cells and in CDDP-
resistant HN30-R8 cells (versus parental; Fig. 4F). These data

suggest transcriptionally distinct clusters of cells arise upon CDDP
treatment as well as during acquired resistance over time.

scATAC-seq analysis identified epigenomic features of cisplatin
resistance

NRF2, amaster regulator of the anti-oxidative stress response (48) is
a transcription factor which is likely to regulate the epigenome. To
better understand the chromatin accessibility differences at enhancers
and promoters, we performed scATAC-seq studies in the same
samples as above with an average of 3,000 cells per sample. Cell
Ranger ATAC tools (alignment, trimming, and identification of
transpose cut sites) were used to preprocess the fastq files. We selected
only the high-quality cells, in terms of their TSS scores and number of
unique fragments. After the dimensionality reduction (LSI method)
and normalization (TF-IDF), UMAP-based clustering identified 7
unique populations (Fig. 5A and B). Clusters 6 and 7 were enriched
in HN30 parental untreated line (HN30-P NT); Cluster 5 in parental
CDDP-treated line (HN30-P CDDP); and Clusters 2, 3, and 4 inter-
mingled in the CDDP-resistant HN30-R8 untreated (HN30-R8 NT)
and CDDP-treated (HN30-R8 CDDP) cell lines (Fig. 5A–C). Impor-
tantly, we noted a unique subpopulation “Cluster 1”which consisted of
cells from all 4 conditions (albeit a lower number of cells). The cells in
this cluster displayed stem cell–like features including enrichment
of epithelial–mesenchymal transition (EMT), hypoxia, p53, and
xenobiotic metabolism pathways (HALLMARK pathway analysis,
FDR < 0.01). It also harbored high expression of KNC genes AKR1C1,
AKR1C2, AKR1C3, and SPP1 (Fig. 5D; Supplementary Table S4A).
This cluster also expressed cell surface markers such as ABCC9,
LPAR4, LILRA4, KIR3DL3, SSTR1, and CLEC14a (Supplementary
Table S4B). In this Cluster 1, the topmost two motifs present in the
enriched peaks belonged to NRF transcription factors (TF; Fig. 5E).
Also, this cluster contains motifs for various Kr€uppel-like factor
family members which are known to be key regulators of stem cell
function (49). We also observed ATAC-seq peaks for KNC genes
andABCC9 among others in the resistant clusters (Fig. 5F). This raises
the possibility that an NRF2-driven epigenetically primed subpopu-
lation with stem-like features may associate with, and potentially
contribute to, the CDDP resistance. Taken together, these data suggest
that activation of the KNC pathway enhances cellular oxidative stress
response toCDDPanddrivesCDDP resistance andmetastasis through
a novel epigenetic mechanism.

Glutaminase synthase inhibition disrupts redox balance and
overcomes acquired cisplatin resistance in vitro and in vivo

Our data support a hypothesis that NRF2 hyperactivation is
required to develop CDDP resistance in HNSCC. One way to reverse
acquiredCDDP resistance would be to pharmacologically target one of
the metabolic steps required for effective GSH synthesis or utilization
that drives NRF2-dependent CDDP neutralization. The enzyme GLS1
is needed for glutamine utilization and conversion to glutamate,
an important precursor amino acid forGSH synthesis (50). Clonogenic
survival assays demonstrated that treatment with the GLS1 inhibitor,

(Continued.)G, Single-agent IACS-6274 activitywas observedwith 100mg/kg twice a daydosing regimen (� ,P¼0.03 two-wayANOVA) andwaswell tolerated (H).
Treatment with IACS-6274 for 8 hours decreases GLU/GLN ratio indicating target engagement with the dose used (I). Nude male mice were injected orally with the
HN30-R8 CDDP-resistant cells and treated with vehicle control, CDDP, IACS-6274 alone and in combination with CDDP as described in Methods. J, IACS-6274
showed single agent activity, enhanced CDDP sensitivity, and decreased tumor growth. K, Proposed signaling model of acquired CDDP resistance in HNSCC. Under
non-stressed conditions, KEAP1 directs ubiquitin-mediated degradation of NRF2 via proteasomes. Under oxidative stress generated by CDDP resistance, KEAP1 is
mutated, NRF2 is stabilized and promotes transcription of ARE-containing genes associated with epigenetic modification of its downstream target genes. The
hyperactivated NRF2 can protect the HNSCC cells from oxidative stress via suppression of ferroptotic and/or apoptotic cell death leading to enhanced cellular
proliferation and accelerated tumor progression.
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IACS-6274, resulted in higher growth inhibition in HN30-R8 cells
(IC50 ¼ 0.05 mmol/L) compared with parental HN30-P (IC50 ¼
0.82 mmol/L; Fig. 6A). We next examined whether IACS-6274 syner-
gized with CDDP treatment in HN30-R8 cells, using the CI method of
Chou and Talalay (16). An isobologram plot of effective doses (ED50;
50% inhibition), ED75 (75% inhibition), and ED90 (90% inhibition)
obtained from Fig. 6B, showed that the CI at each inhibitory con-
centration is less than 1.0, indicating strong synergism following
combination treatment in these cells (Fig. 6C). We hypothesized that
acquired CDDP resistance is likely a function of oxidative stress
generation, and to test this, we measured in vitro cellular changes
in GSH, ROS, and gH2AX in HN30-P and HN30-R8 cells following
IACS-6274 treatment as described in Methods. IACS-6274 signifi-
cantly decreased the GSH levels and increased global ROS levels in
HN30-R8 but not in HN30-P cells in a dose-dependent manner
(Fig. 6D and E). Consistent with these results, IACS-6274 greatly
increased gH2AXat the higher dose tested inHN30-R8 comparedwith
parental HN30-P cells (Fig. 6F). These results suggest that IACS-6274
antitumor effects are linked to the generation of oxidative stress
response. To demonstrate that IACS-6274 could robustly inhibit its
targets and reduce glutaminolysis in vivo, a group of mice (N¼ 8) was
first injected subcutaneously with HN30-R8 cells and tumors were
randomized across groups by size. Animals were treated with IACS-
6274 at a dose of 100 mg/kg orally, twice a day as indicated. Single-
agent IACS-6274 activity was observed with this dosing regimen and
was well tolerated (Fig. 6G and H). Tumors were also harvested and
snap-frozen after 8 hours and analyzed to determine the ratio of
glutamine and glutaminase metabolites. Treatment with the drug for
the time indicated significantly decreased glutamate/glutamine (GLU/
GLN) ratio, indicating target engagement with the dose used (Fig. 6I).
We next testedwhether the IACS-6274 could sensitizeCDDP-resistant
HNSCCcells toCDDP treatment in vivo. Therefore, the effect of IACS-
6274 either alone or in combination with CDDP, was assessed in an
orthotopic nude mouse model injected with HN30-R8 cells in the
tongue.Unlike subcutaneous injection, orthotopic oral injectionmodel
described above, IACS-6274 (100 mg/kg, orally, twice daily, 5 times a
week) alone resulted in significant tumor growth reduction compared
with untreated control or CDDP-treated mice (P < 0.05; Fig. 6J),
suggesting the positive impact of the tumor microenvironment on
the drug response. The combination of these drugs significantly
inhibited oral tumor growth,when comparedwith all treatment groups
(P < 0.05; Fig. 6J). Furthermore, IACS-6274 alone and in combination
with CDDP improved animal survival compared with animals in the
untreated control and CDDP treatment groups (P < 0.05; Supplemen-
tary Fig. S8A). None of themice in the single or combination treatment
arms showed more than 10% body weight loss or any signs of drug
toxicity (Supplementary Fig. S8B), suggesting that the combination of
drugs was well tolerated during the study.

Discussion
Cisplatin was introduced into clinical practice in the 1970s, and it

remains an essential treatment regimen for advanced stage HNSCC to
decrease the rates of locoregional recurrence and DM (51). Regardless
of its importance and extensive research into this therapeutic agent,
the mechanisms of CDDP resistance remain unclear. Although many
putative genomic drivers and proteomic events have been linked to
intrinsic or acquired CDDP resistance, there is no cohesive principle
that explains the molecular mechanism(s) of resistance or identifying
strategies to overcome it in resistant tumors. Using human HNSCC
tumor lines with WT TP53, we generated clones that are highly

proliferative and resistant to CDDP in the laboratory. We observed
an increased incidence of DM in a mouse orthotopic tongue tumor
using these CDDP-resistant cell lines, in agreement with human
clinical data that patients with TP53 WT HNSCC failing CDDP
treatment have a higher rate of DM (4). We also provide strong
evidence that acquired CDDP resistance in HNSCC is mechanistically
linked to an upregulated gene signature that constitutes the KNC
pathway consistent with other recent publications (39, 52). Remark-
ably, this appears to be driven at least in part through selection and
enrichment of cell populations with two acquired and distinct KEAP1
mutations resulting in hyperactivated NRF2 signaling. We think that
these mutations are likely LOF mutations, occurring within the BTB
binding domain of KEAP1 that is required for homodimerization and
binding with the CUL3. As a result, KEAP1 adopts an altered
conformation and becomes incapable of binding and recruiting CUL3
to degradeNRF2. Therefore, NRF2 becomes stabilized and localized in
the nucleus to enhance ARE target gene expression. Consequently,
mutant KEAP1 drives HNSCC CDDP resistance and progression via
KEAP1/NRF2 pathway hyperactivation. In this study, the expression
levels of the KEAP1, NRF2, and their downstream targets remain
unchanged in vitro upon treatment with CDDP, particularly in the
parental cell line. This is probably due to a slowed andmore organized
adaptation to higher levels of oxidative stress to avoid swift metabolic
disturbance in these cells that are readily sensitive to CDDP. KD of
NRF2 with shRNA or restoration of WT KEAP1 in vitro and in vivo
significantly resensitized resistant cells to CDDP and decreased the
incidence of DM suggesting to us that activation of NRF2 pathway is a
permissive step to acquired CDDP resistance which may be necessary
but not sufficient to confer this resistance. It is not clear why CDDP-
resistant tumors expressing NRF2 shRNA or WT KEAP1 constructs
continued to grow slowly in most experimental conditions following
cessation of CDDP treatment in vivo. These tumors were established
from heterogenous pooled cells and probably some populations had
incomplete NRF2 KD and/or low WT KEAP1 expression levels that
resulted in slow growth characteristics.

We have also shown that increased sensitivity to CDDP in NRF2 KD
or overexpressingWTKEAP1 resistant cells is likely driven by activation
of ferroptosis, a programmed cell death mechanism dependent on lipid
accumulation and peroxidation via utilization of iron (46). These results
further suggest that the KEAP1/NRF2-related anti-oxidative stress in
CDDP-resistant HNSCC cells is strongly associated with ferroptosis
suppression. Currently, it is not clear how acquired CDDP resistance
increases the incidence of DM. SPP1 (secreted phosphoprotein 1, also
called osteopontin, OPN) is a primary NRF2 target gene overexpressed
andcorrelatedwithpoorsurvival inmanycancers includingHNSCC(53).
SPP1 functions as an extracellularmatrix oncoprotein involved in cellular
migration and tumor metastasis (54). Whole transcriptome RNA-seq
performedonFFPE sections frommice tissues revealed that the SPP1was
significantly upregulated in DM site compared with the primary site in
the HN30-R8 CDDP–treated group (Supplementary Table S2). Future
experiments are needed to determine if activation of SPP1 is a major
driver event in CDDP resistance and metastasis.

Somatic mutations in the KNC pathway occur in small portion of
HNSCC (36, 37). Therefore, alternative mechanisms must exist to
regulate KEAP1 and NRF2 expression. Recent studies have suggested
that the KEAP1/NRF2 signaling can be regulated by epigenetic
mechanisms in cancers (55, 56). Consistent with these studies, we
showed that multiple KEAP1/NRF2 target genes were epigenetically
regulated at the transcriptional level in the CDDP-resistant HNSCC
cells. More importantly, our scATAC-seq revealed that Cluster 1
displayed enriched peaks with transcriptional motifs containing stem
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cell–like features, EMT surface markers, and high expression of KNC
genes such as AKR1C1, AKR1C2, AKR1C3, and SPP1. These findings
are supported by a recent study which demonstrated that EMT and
cancer stem cells lead to acquired CDDP resistance and tumor
recurrence through epigenetic changes in HNSCC (57). Although our
data suggest that a unique epigenomic reprogramming contributes to
evolution of CDDP-resistant clones in HNSCC, it remains unclear
how this occurs and therefore further in vitro and in vivo molecular
characterization is necessary to understand this mechanistic link. We
speculate that it is largely driven by NRF2 which may act as a core/
pioneer transcription factor in this scenario. Moreover, because Clus-
ter 1 cells are epigenetically different, it would be crucial to isolate cells
from this cluster and determine if a clonal population with a specific
enhancer or repressor modulates the stem cell–like features and KNC
genes and drives the resistance to CDDP. It would also be important
to determine the epigenome maps and chromatin state of Cluster 1
cells through profiling 6 histone modification marks that have been
previously used to characterize essential epigenetic elements and com-
binatorial chromatin states in normal tissues (30, 31). Okazaki and
colleagues have shown that NRF2 KD decreases the H3K27Ac depo-
sition, suggesting that NRF2 contributes to enhancer formation (58).
Our bulk-level ATAC-seq analysis suggests that there is an immediate
chromatin opening following CDDP treatment in HN30-P cells, and a
long-term chromatin opening in the CDDP-resistant HN30-R8 cells in
parallel to the acquisition of resistance (Supplementary Table S5A-B).
Chromatin immunoprecipitation sequencing analyses will be needed to
identify the histone marks and TF DNA binding motifs that drive
acquisition of CDDP resistance in our HNSCC cell line models.

It is entirely possible that multiple mechanisms exist, which enable
tumor cells to become resistant to CDDP. This includes increased
localization of CDDP to the lysosomal compartment and cellular efflux
as suggested by others (59–61). Using fluorescent probes, we previ-
ously observed increased localization of CDDP to the lysosome in
HN30-R8 cells accompanied by a reduction in total cellular CDDP
compared with CDDP-sensitive parental HN30-P cells (59). An
emerging body of evidence has linked expression of the copper (Cu)
transporter ATP7B to lysosomal sequestering and efflux of CDDP in
exosomal bodies (60). Interestingly, we observed a significant increase
in the in vivo expression of ATP7B in CDDP-resistant HN30-R8 cells,
consistent with multiple resistance mechanisms (Supplementary
Fig. S9). Given the large number of DEGs between HN30-R8 and
parental cells, efforts are nowunderway to comprehensively identify all
the different pathways and genes that may contribute to the CDDP-
resistant phenotype, using pooled LOF CRISPRi library screens. It has
been reported that KEAP1 mutations in cancer cells can cause
increased cellular antioxidant capacity and dependency on exogenous
glutamine and as such become sensitive to glutamine deprivation (62).
Consistent with this study, we demonstrated that CDDP resistance in
HNSCC could be robustly reversed with the novel GLS1 inhibitor,
IACS-6274, with concomitant increase in glutamine levels relative to
glutamate. Therefore, our data implicate that the KEAP1/NRF2
pathway inactivation provides a specific vulnerability to blockade of
glutamine metabolism under CDDP-resistant conditions in HNSCC.
One limitation of this study is the use of one CDDP-resistant cell line
model and validation in more CDDP-resistant cell lines is necessary.

In conclusion, our data provide evidence that chronic CDDP
treatment selects for resistant tumors with an expression profile
dominated by KEAP1/NRF2 dysregulated genes and epigenetic repro-
graming. This may contribute to induction of acquired CDDP resis-
tance and development of DM in HNSCC. Our data also suggest that
inhibition of KEAP1/NRF2 pathway or GLS1 are potential approaches
to sensitize CDDP-resistant HNSCC tumors.
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