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Abstract
Background: Various cancer stem cell (CSC) biomarkers and genes encoding them in head and neck
squamous cell carcinoma (HNSCC) have been identi�ed and evaluated. However, the validity of these
factors in the prognosis of HNSCC has been questioned and remains to be ascertained. In this study, we
examined the clinical signi�cance of CSC biomarker genes in HNSCC by using �ve publicly available
HNSCC cohorts.

Methods: To predict the prognosis of patients with HNSCC, we developed and validated CSC gene
signatures whose mRNA expression was correlated with at least one of four CSC genes, CD44, MET,
ALDH1A1, and BMI1.

Results: Patients in TCGA HNSCC cohort were classi�ed into CSC gene-associated high-risk (CSC-HR;
n=285) and CSC gene-associated low-risk (CSC-LR; n=281) subgroups. The 5-year overall survival and
recurrence-free survival rates were signi�cantly lower in the CSC-HR subgroup than in the CSC-LR
subgroup (p=0.04 and 0.02, respectively). The clinical signi�cance of the CSC gene signature was
validated using four independent cohorts. Cox proportional hazards models showed that the CSC gene
signature was an independent prognostic factor for patients with HNSCC. Furthermore, CSC gene
signature was associated with the prognosis of patients with HNSCC who received radiotherapy or those
with HPV (-) status.

Conclusion: The CSC gene signature was associated with the prognosis of HNSCC and may help in
personalized treatments for patients with HNSCC.

Background
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide, and
includes all cancers that occur in the mucosa of the oropharynx, oral cavity, hypopharynx, or larynx [1].
Approximately 650,000 new cases of HNSCC occur and 350,000 patients die worldwide every year [2].
Despite advances in therapeutic methods, the survival rates of this condition have not markedly improved
over the past few decades [3].

HPV status is a well-known factor that in�uences the prognosis of patients with HNSCC [4]. Recently,
various molecular markers that in�uence HNSCC prognosis have been actively identi�ed for precision
medicine and personalized treatment [5]. However, there are still many other molecular markers that
require further investigation. Cancer stem cells (CSCs) and CSC markers are considered important targets
in this context [6].

CSCs make up part of the tumor that has long-term repopulation potential, the ability to evade cell death,
clonal tumor initiation capacity, and self-renewal properties [7]. CSCs have been identi�ed through the
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expression of cell surface markers, which are mostly selected by embryonic stem cells or by self-
properties involved with tissue development lineage molecules [8]. The most well-known CSC marker is
CD44, which is associated with cell proliferation, angiogenesis, adhesion, and migration in tumorigenesis
[9]. In addition to CD44, 27 CSC biomarkers have been reported and evaluated in HNSCC [10].

However, CSCs are composed of only a small proportion of cancer cells [11] and can be regulated by
external forces and cell-autonomous forces [12]. In other words, CSCs may not necessarily be rare within
tumors, and non-CSCs in tumors can be reversibly reprogrammed to become CSCs [13]. Thus, genes
encoding CSC markers in tumors need to be analyzed, regardless of whether they are CSCs or non-CSCs.
However, the validity and clinical signi�cance of these genes has been questioned recently and remains
to be ascertained in HNSCC. Additionally, the validity and underlying relationship among these CSC
biomarker genes to predict the prognosis of HNSCC have not been demonstrated. Therefore, further
research is needed to validate the role of CSC biomarker genes in HNSCC and to determine personalized
treatments for patients with HNSCC.

In this study, we analyzed the genomic data of patients with HNSCC to determine the molecular subtypes
associated with CSC biomarker genes, thereby predicting their prognosis. We hypothesized that the
investigation of mRNA expression of various genes including CSC biomarker genes in The Cancer
Genome Atlas (TCGA) HNSCC cohort would generate CSC gene-related molecular signatures, which could
be validated in various independent HNSCC cohorts. We also investigated the prognostic importance of
CSC gene signatures in various subgroups of patients with HNSCC.

Methods
Patient cohorts

Selection of patient cohorts was referred form our previous study [14]. Gene expression levels and clinical
data from �ve independent cohorts were downloaded from public databases. Using the UCSC Cancer
Genomics Browser (http://xenabrowser.net/datapages/), clinical and gene expression data of TCGA
cohort (n = 566) were obtained. Using the National Center for Biotechnology Information Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo), corresponding data from the Institute for Medical
Informatics, Statistics and Epidemiology (Leipzig cohort, GSE65858, n = 270) [15], Fred Hutchinson
Cancer Research Center (FHCRC cohort, GSE41613, n = 97) [16], MD Anderson Cancer Center (MDACC
cohort, GSE42743, n = 74) [16], and AHEPA Hospital in Thessaloniki (Greece cohort, GSE27020, n = 109)
[17] were obtained. The gene expression pro�le of TCGA cohort was measured using Illumina HiSeq 2000
(Illumina Inc., San Diego, CA, USA), while that of the Leipzig cohort was measured using Illumina
HumanHT-12 v4.0 Expression Beadchip, and those of the FHCRC, MDACC, and Greece cohorts were
measured using Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix Inc., California, USA). All
gene expression data were standardized using different platforms.

Selection of reference CSC genes (training cohort)
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Search results of reported CSC biomarkers and encoding genes were obtained from Xiao. et al [10].
Speci�cally, CSC biomarkers and encoding genes were searched in PubMed using the terms ‘tumor stem
cells’, ‘tumor stem-like cells’, ‘CSCs’, ‘cancer stem cells’, ‘cancer stem-like cells’, and ‘HNSCC’, ‘head and
neck squamous cell carcinoma’. Twenty-eight genes were selected from studies that met the following
criteria: 1) studies in humans, 2) studies showing validated evidence, and 3) an original research paper.
Case reports, comments, reviews, letters to the editor, and conference abstracts were excluded.

To select reference CSC genes among the 28 CSC genes, we additionally searched articles about CSC
biomarkers or encoding genes in HNSCC written between 2012 and 2021. Articles were searched in
PubMed using the terms ‘HNSCC’, ‘head and neck squamous cell carcinoma’, and each term about ‘CSC
biomarkers and encoding genes’. We selected genes satisfying the following criteria: (a) CSC biomarkers
showing clinical signi�cance when classi�ed according to expression and (b) those that have been
studied more than twice.

The selected genes were analyzed using a training cohort (TCGA cohort). First, TCGA cohorts were
classi�ed into two subgroups according to the mRNA expression of each gene. To de�ne dichotomous
cut-off values for continuous mRNA expression for each gene, an online tool
(http://molpath.charite.de/cutoff/) was applied [18]. The Kaplan–Meier method was used to generate
survival curves for each subgroup for each gene. The log-rank test was used to compare the prognoses of
the two subgroups for each gene. CSC genes showing signi�cant differences in the 5-year overall survival
(OS) or recurrence-free survival (RFS) between the two subgroups classi�ed according to the mRNA
expression were selected as reference CSC genes.

Development of CSC gene-related signature

Gene expression data were analyzed using TCGA cohort to identify CSC gene-related signatures in
HNSCC. Genes whose mRNA expression levels were negatively or positively correlated with at least one of
the CSC gene markers were selected. We then performed hierarchical clustering analysis with the centered
correlation coe�cient as a measure of similarity and a complete linkage clustering method using the
Gene Cluster 3.0 program [19]. Patients were divided into CSC gene-associated high-risk (CSC-HR) and
low-risk (CSC-LR) subgroups. The subgroup showing signi�cantly lower survival rates than the other
group was de�ned as the CSC-HR subgroup. The Java Treeview program was used to generate heat
maps for cluster analysis.

Construction of prediction models and validation in the four independent cohorts

Before constructing the prediction models, all gene expression data for each cohort were standardized
because they were generated using different platforms. The Support Vector Machine (SVM) class
prediction engine was used to test the ability of CSC gene-related signatures to predict the class of
patients with HNSCC in another four independent cohorts [20]. Gene expression data in TCGA cohort were
combined to form a series of classi�ers according to the SVM algorithm, and the robustness of the
classi�er was estimated according to the misclassi�cation rate determined during leave-one-out cross-
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validation of the training set using BRB–Array Tools [21]. Validation was conducted in four independent
cohorts (Leipzig, FHCRC, MDACC, and Greece).

Pathway analysis

To identify gene ontology categories with signi�cantly enriched gene numbers, 81 CSC gene-related
signatures were analyzed using the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) (version 6.8) [22]. To map the CSC gene signature to the reference set of direct and indirect
relationships, default settings from the software were utilized. Then, relevant inputs to the gene list, such
as the biological functions and molecular networks, were generated using the software’s algorithm.
Signi�cant gene annotation was determined using a two-tailed Fisher’s exact test (p < 0.05).

Statistical analysis
Gene expression data and survival data were used to test prognostic signi�cance. Statistical analysis of
data was also referred from our previous study [14]. OS was de�ned as the number of months from the
date of diagnosis to death. The number of months from the date of diagnosis to recurrence was de�ned
as RFS. The Kaplan–Meier method was used to produce OS and RFS curves in each subgroup of each
cohort. The log-rank test was used to compare OS and RFS between each subgroup. Univariate and
multivariate Cox regression models were used to evaluate independent prognostic factors associated
with the survival of patients with HNSCC. The results of the Cox regression analyses were reported as
hazard ratios (HRs), 95% con�dence intervals (95% CIs), and p values. The R software package
(http://www.r-project.org) was used for all statistical analyses. Statistical signi�cance was set at p < 0.05.

Results
Development of CSC gene-related signature in patients with HNSCC

Among 28 CSC genes encoding CSC biomarker proteins validated in HNSCC [10], we selected seven CSC
genes—CD44, MET, ALDH1A1, BMI1, PROM1, SOX2, and POU5F1– from a literature search that satis�ed
the following criteria: (a) showing clinical signi�cance associated with expression of corresponding CSC
biomarker proteins in HNSCC and (b) studied more than twice over the past 10 years [5, 8, 9, 23–31]. In
TCGA cohort, high expression of four CSC genes (CD44, MET, ALDH1A1, and BMI1) was signi�cantly
associated with patient prognosis (p = 0.0069, 0.0051, 0.028, and 0.021, respectively; Fig. S1). Thus, these
four genes were selected as reference CSC genes.

We identi�ed the genes whose mRNA expression was correlated with at least one of the four reference
CSC genes in TCGA cohort. A total of 81 genes were identi�ed and were selected as CSC gene-related
signatures (Fig. S2A, Table S1). Using the CSC gene signature, patients in TCGA cohort (n = 566) were
divided into the CSC-HR (n = 285) and CSC-LR (n = 281) subgroups (Fig. 1A). The CSC-HR subgroup
showed signi�cantly higher mRNA expression of CD44 and MET than the CSC-LR subgroup (p < 0.0001
and p < 0.0001, respectively). And, the CSC-HR subgroup showed signi�cantly lower mRNA expression of
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ALDH1A1 and BMI1 than the CSC-LR subgroup (p < 0.0001 and p < 0.0001, respectively). Using Kaplan–
Meier analysis and log-rank test, we con�rmed that the CSC-HR subgroup showed signi�cantly lower 5-
year OS and RFS rates than the CSC-LR subgroup (p = 0.04 and p = 0.02, respectively; Fig. 1B-C).

Independent validation of CSC gene-related signature

The CSC gene signature was validated using four independent cohorts: the Leipzig (n = 270), FHCRC (n = 
97), MDACC (n = 74), and Greece (n = 109) cohorts (Fig. S2B). The details of the clinical and pathological
characteristics of each cohort used in this study are shown in Table 1. Patients in each validation cohort
were e�ciently classi�ed into the CSC-HR and CSC-LR subgroups based on the CSC gene signature. The
CSC-LR subgroup in each validation cohort showed better prognosis than the CSC-HR subgroup (Fig. 2).
In the Leipzig cohort, the CSC-HR subgroup showed lower 5-year OS rates than the CSC-LR subgroup (p = 
0.06; Fig. 2A). Furthermore, the 5-year OS rates were signi�cantly lower in the CSC-HR subgroups than in
the CSC-LR subgroups in the FHCRC and MDACC cohorts (p < 0.0001 and p = 0.02, respectively; Fig. 2B-
C). Also, in the Greece cohort, the CSC-HR subgroup showed signi�cantly lower 5-year RFS rates than the
CSC-LR subgroup (p = 0.009; Fig. 2D).
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Table 1
Clinical and pathological characteristics of the �ve independent HNSCC cohorts.

Characteristics TCGA
cohort

(n = 566)

Leipzig
cohort

(n = 270)

FHCRC
cohort

(n = 97)

MDACC
cohort

(n = 74)

Greece
cohort

(n = 109)

Age          

≥ 60 316
(55.83%)

117 (43.33%) 47 (48.45%) 37 (50.00%) 74 (67.89%)

< 60 249
(43.99%)

153 (56.67%) 50 (51.55%) 37 (50.00%) 35 (32.11%)

Unknown 1 (0.18%) 0 0 0 0

Sex          

Male 415
(73.32%)

223 (82.59%) 66 (68.04%) 58 (78.38%) 104
(95.41%)

Female 151
(26.68%)

47 (17.41%) 31 (31.96%) 16 (21.62%) 5 (4.59%)

Smoking          

Yes 423
(74.73%)

222 (82.22%) NA 59 (79.73%) 108
(99.08%)

No 128
(22.61%)

48 (17.78%) NA 15 (20.27%) 1 (0.92%)

Unknown 15 (2.65%) 0 NA 0 0

Alcohol          

Yes 371
(65.55%)

239 (88.52%) NA NA 58 (53.21%)

No 182
(32.16%)

31 (11.48%) NA NA 51 (46.79%)

Unknown 13 (2.3%) 0 NA NA 0

Tumor site          

Oral cavity 346
(61.13%)

83 (30.74%) 97 (100%) 71 (95.95%) 0

Oropharynx 82 (14.49%) 102 (37.78%) 0 3 (4.05%) 0

HNSCC, head and neck squamous cell carcinoma; TCGA, The Cancer Genome Atlas; FHCRC, Fred
Hutchinson Cancer Research Center; MDACC, MD Anderson Cancer Center; CSC, cancer stem cell;
CSC-HR, CSC gene-associated high-risk; CSC-LR, CSC gene-associated low-risk; NA, not available
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Characteristics TCGA
cohort

(n = 566)

Leipzig
cohort

(n = 270)

FHCRC
cohort

(n = 97)

MDACC
cohort

(n = 74)

Greece
cohort

(n = 109)

Larynx 128
(22.61%)

48 (17.78%) 0 0 109 (100%)

Hypopharynx 10 (1.77%) 33 (12.22%) 0 0 0

Unknown 0 4 (1.48%) 0 0 0

T classi�cation          

T1-T2 218
(38.52%)

115 (42.59%) NA 30 (40.54%) NA

T3-T4 344
(60.78%)

155 (57.41%) NA 44 (59.46%) NA

Unknown 4 (0.71%) 0 NA 0 NA

N classi�cation          

Negative 295
(52.12%)

94 (34.81%) NA 42 (56.76%) NA

Positive 267
(47.17%)

176 (65.19%) NA 32 (43.24%) NA

Unknown 4 (0.71%) 0 NA 0 NA

Stage          

I-II 135
(23.85%)

55 (20.37%) 41 (42.27%) 19 (25.68%) 30 (27.52%)

III-IV 417
(73.67%)

215 (79.63%) 56 (57.73%) 55 (74.32%) 79 (72.48%)

Unknown 14 (2.47%) 0 0 0 0

HPV status          

Positive 68 (12.01%) 60 (22.22%) 0 (%) NA NA

Negative 274
(48.41%)

209 (77.41%) 97 (100%) NA NA

Unknown 224
(39.58%)

1 (0.37%) 0 NA NA

Radiotherapy          

HNSCC, head and neck squamous cell carcinoma; TCGA, The Cancer Genome Atlas; FHCRC, Fred
Hutchinson Cancer Research Center; MDACC, MD Anderson Cancer Center; CSC, cancer stem cell;
CSC-HR, CSC gene-associated high-risk; CSC-LR, CSC gene-associated low-risk; NA, not available
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Characteristics TCGA
cohort

(n = 566)

Leipzig
cohort

(n = 270)

FHCRC
cohort

(n = 97)

MDACC
cohort

(n = 74)

Greece
cohort

(n = 109)

Yes 304
(53.71%)

NA NA 47 (63.51%) 54 (49.54%)

No 171
(30.21%)

NA NA 26 (35.14%) 43 (39.45%)

Unknown 91 (16.08%) NA NA 1 (1.35%) 12 (11.01%)

Treatment          

Unimodal 188
(33.22%)

78 (28.89%) 43 (44.33%) 25 (33.78%) 43 (39.45%)

Multimodal 278
(49.12%)

189 (70.00%) 53 (54.64%) 48 (64.87%) 54 (49.54%)

Palliative 1 (0.17%) 3 (1.11%) 0 0 0

Unknown 99 (17.49%) 0 1 (1.03%) 1 (1.35%) 12 (11.01%)

CSC gene
signature

         

CSC-HR subgroup 285
(50.35%)

122 (45.19%) 38 (39.18%) 47 (63.51%) 57 (52.29%)

CSC-LR subgroup 281
(49.65%)

148 (54.81%) 59 (60.82%) 27 (36.49%) 52 (47.71%)

HNSCC, head and neck squamous cell carcinoma; TCGA, The Cancer Genome Atlas; FHCRC, Fred
Hutchinson Cancer Research Center; MDACC, MD Anderson Cancer Center; CSC, cancer stem cell;
CSC-HR, CSC gene-associated high-risk; CSC-LR, CSC gene-associated low-risk; NA, not available

CSC gene signature as an independent prognostic factor of HNSCC

To assess the independent prognostic factors of patients with HNSCC, we performed univariate and
multivariate Cox proportional hazards models using CSC gene signature, patient demographics, social
history, HPV status, and clinical staging of patients in TCGA and FHCRC HNSCC cohorts (n = 663). CSC
gene signature (CSC-HR vs. CSC-LR subgroup), HPV status (negative vs. positive), and advanced clinical
stage (stage III and IV vs. stage I and II) were independent prognostic factors of OS in patients with
HNSCC (p = 0.0086, 0.0031, and 0.0035, respectively; Table S2).

Association of CSC gene signature with HPV status of HNSCC

We thought that if the additional survival analysis was performed individually according to the HPV
status, it might be helpful to �nd appropriate indications to investigate CSC gene signatures to predict
patient prognosis in HNSCC. Thus, we analyzed the prognosis of the CSC-HR and CSC-LR subgroups in
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patients with HPV (+) and HPV (-) HNSCC from the �ve HNSCC cohorts (Fig. 3). There were no signi�cant
differences in 5-year OS rates between the CSC-HR and CSC-LR subgroups in patients with HPV (+)
HNSCC (n = 128, p = 0.2; Fig. 3A). However, the CSC-HR subgroup showed signi�cantly lower 5-year OS
rates than the CSC-LR subgroup in patients with HPV (-) HNSCC (n = 578, p = 0.003; Fig. 3B).

Association of CSC gene signature with the result of radiotherapy

The expression of CSC markers is correlated with poor prognosis after radiotherapy in HNSCC [32, 33].
However, the clinical correlation between radiotherapy and genes encoding CSC markers has not been
clearly studied. Thus, we analyzed the prognosis of the CSC-HR and CSC-LR subgroups in the �ve HNSCC
cohorts that did and did not receive radiotherapy. The CSC-HR subgroup showed signi�cantly lower 5-
year OS rates than the CSC-LR subgroup among patients with HNSCC who received radiotherapy (p < 
0.0001; Fig. 4A). But, the CSC-HR subgroup showed no signi�cant differences in 5-year OS rates
compared to the CSC-LR subgroup in patients with HNSCC who did not receive radiotherapy (Fig. 4B).
Next, we compared patients who received radiotherapy and those who did not receive radiotherapy in the
CSC-HR and CSC-LR subgroups, respectively. In the CSC-HR subgroup, patients who received radiotherapy
showed no signi�cant differences in 5-year OS rates compared to those who did not receive radiotherapy
(p = 0.1; Fig. 4C). However, in the CSC-LR subgroup, patients who received radiotherapy showed
signi�cantly higher 5-year OS rates than those who did not receive radiotherapy (p < 0.0001; Fig. 4D). The
interaction test for OS was performed to determine any correlation between radiotherapy and the CSC
gene signature in HNSCC. The results revealed a signi�cant correlation between radiotherapy and the
CSC gene signature (p < 0.0001).

Pathway analysis

A total of 11 signi�cant Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identi�ed
using DAVID (Table S3). Several pathways appeared to be related to the cancer or HNSCC pathways,
including focal adhesion (p = 1.0E-5), small-cell lung cancer (p = 3.1E-4), ECM–receptor interaction (p = 
4.6E-3), proteoglycans in cancer (p = 7.2E-3), PI3K-Akt signaling pathway (p = 1.0E-2), and pathways in
cancer (p = 6.5E-2). Pathways associated with endothelial–mesenchymal transition signaling were also
identi�ed: regulation of the actin cytoskeleton (p = 8.5E-3) and leukocyte transendothelial migration (p = 
9.9E-3).

Discussion
In this study, we developed and validated CSC gene signatures in �ve independent HNSCC cohorts. We
observed that patients in the CSC-HR subgroup had a worse prognosis than those in the CSC-LR
subgroup. Similar results were observed in the two subgroups of patients with HPV (-) HNSCC.
Furthermore, the CSC gene signature could accurately predict outcomes in patients receiving
radiotherapy. Thus, the CSC gene signature could identify patients with HNSCC who do not respond to
radiotherapy and need intensi�ed or personalized treatment.
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Cancer cells within individual tumor masses often represent distinct phenotypic states that differ in their
functional attributes [7]. Within this tumor heterogeneity, CSCs are considered essential for tumor
initiation, maintenance, recurrence, and metastasis. To date, the identi�cation of CSCs has been mainly
based on CSC surface markers. However, genes encoding these CSC biomarkers to predict the prognosis
of patients with HNSCC have not been studied clearly. Thus, we focused on the association between CSC
biomarker genes and the prognosis of patients with HNSCC.

We thought it was di�cult to predict the prognosis of HNSCC by considering all CSC biomarker genes,
because each CSC biomarker gene had different effects on the prognosis, and the proportion of the
expression of each CSC biomarker gene is heterogeneous depending on each patient. Thus, we decided
to select CSC biomarker genes satisfying the following criteria: (a) whose corresponding biomarkers’ high
expression showed clinical signi�cance in more than 2 studies in the last 10 years, and (b) whose high
expression of each gene was signi�cantly associated with prognosis in patients with HNSCC. Finally, we
selected four CSC biomarker genes, CD44, MET, ALDH1A1, and BMI1. We then comprehensively analyzed
�ve independent public cohorts considering these genes.

CD44 is a transmembrane glycoprotein that is the major receptor for hyaluronan [9]. CD44 is a commonly
used CSC marker and is associated with prognosis in various human tumors, including HNSCC [34].
ALDH1 (aldehyde dehydrogenase 1) and BMI-1 (B-lymphoma Moloney murine leukemia virus insertion
region-1) are two of the most studied CSC markers in HNSCC [35]. ALDH1 is an important stem cell
marker for normal and cancer cells [36]. ALDH1 regulates cellular function by detoxifying various
aldehydes and retinoid signaling. BMI-1 is important for the self-renewal ability of stem cells and is
related to epithelial–mesenchymal transition [37]. The expression of c-MET (mesenchymal-to-epithelial
transition factor) was found to be a CSC marker positively correlated with that of CD44 in HNSCC clinical
databases [38]. From these results, the CSC biomarker genes selected in this study might also play a
signi�cant role in the prognosis of HNSCC.

Patients with HPV (-) HNSCC showed a worse prognosis in terms of OS and RFS than those with HPV (+)
HNSCC [39]. However, each patient with HPV (-) HNSCC has a different prognosis because of various risk
factors. We con�rmed that the CSC gene signature was an independent prognostic factor for HNSCC
regardless of HPV status. In addition, the CSC-HR subgroup showed a signi�cantly worse prognosis than
the CSC-LR subgroup in patients with HPV (-) HNSCC. Next, we investigated whether CSC gene signatures
in�uenced the prognosis of patients with HPV (+) HNSCC. In these patients, the 5-year OS rates tended to
be lower in the CSC-HR subgroup than in the CSC-LR subgroup, but the differences were not signi�cant.
This might be because of the relatively small size of the HPV (+) HNSCC cohorts (n = 128). Further
studies in larger HPV (+) HNSCC cohorts are needed to con�rm the association between CSC gene
signatures and the prognosis of patients with HPV (+) HNSCC.

CSCs can regulate their proliferative and self-renewal capacity and, thus, are involved in metastasis,
cancer development, and resistance to radiotherapy [40]. However, the association between various CSC
biomarker genes and the response to radiotherapy in HNSCC has not been studied. Only the mRNA
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expression of CD44 has been shown to be a signi�cant predictor of local recurrence after radiotherapy in
early-stage laryngeal cancer [32]. Thus, we hypothesized that the overexpression of a speci�c mRNA of
CSC biomarker genes in HNSCC might be correlated with the response to radiotherapy. However, each
patient heterogeneously expresses various CSC biomarker genes and, thus, might respond
heterogeneously to radiotherapy. Our results showed that compared to the CSC-HR subgroup, the CSC-LR
subgroup bene�ted signi�cantly from radiotherapy. These results indicate that CSC gene signature might
help to program a radiotherapy schedule if further research is conducted on the response to various
doses of irradiation in CSC-HR and CSC-LR HNSCC cell lines.

A limitation of our study is that we analyzed CSC gene signatures using �ve different public HNSCC
cohorts. Thus, there was a difference in the essential information included in each cohort. In particular,
HPV status was missing in the two cohorts. In addition, detailed treatment modality methods or doses,
such as postoperative radiotherapy, concurrent chemoradiotherapy, and induction chemoradiotherapy
with operation, were not included in each cohort. To compensate for the missing information, we
conducted additional analysis on the CSC gene signature and found that the CSC gene signature was
associated with the prognosis in patients with HPV (-) HNSCC and the response to radiotherapy in
HNSCC.

To the best of our knowledge, this is the �rst study to assess the prognosis of patients with HNSCC
considering various CSC biomarker genes. Each CSC biomarker gene in�uenced the prognosis of patients
with HNSCC, but the proportions of these genes were highly heterogeneous according to each patient.
Thus, we clari�ed that the gene signatures of the four reference CSC biomarker genes—CD44, MET,
ALDH1A1, and BMI1—were signi�cantly related to the prognosis of patients with HNSCC. In addition, the
Cox proportional hazards model showed that the CSC gene signature was an independent prognostic
factor that in�uenced the OS of patients with HNSCC.

Conclusion
We developed CSC gene signatures that could predict the prognosis of patients with HNSCC. In addition,
CSC gene signature was associated with the prognosis of patients with HNSCC who received
radiotherapy or those with HPV (-) HNSCC. Therefore, our data provided evidence that CSC gene
signatures may help design personalized treatments for patients with HNSCC following detailed
classi�cation.
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Figures

Figure 1

Strati�cation of patients with HNSCC in TCGA cohort according to the 81 CSC gene signatures.

(a) Patients in TCGA HNSCC cohort were classi�ed into CSC-HR (n=285) and CSC-LR (n=281) subgroups
by hierarchical clustering. (b, c) The 5-year OS and RFS rates of each group were determined using
Kaplan–Meier plots. The CSC-HR subgroup showed signi�cantly lower 5-year OS and RFS rates than the
CSC-LR subgroup (p=0.04 and 0.02, respectively). *p<0.05

Figure 2

Validation of the 81 CSC gene signatures in the four independent HNSCC cohorts.

Each cohort was strati�ed to CSC-HR and CSC-LR subgroups by using the 81 CSC gene signatures.
Predicted outcomes in four cohorts were depicted using Kaplan–Meier plots. (a-c) The 5-year OS rates of
each subgroup were determined in the Leipzig (n=270), FHCRC (n=97), and MDACC (n=109) cohorts
(p=0.06, <0.0001, and =0.02, respectively). (d) Furthermore, the 5-year RFS rates of each subgroup was
determined in the Greece cohort (n=109; p=0.009). *p<0.05
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Figure 3

Association of CSC gene signature with HPV status in the �ve independent HNSCC cohorts.

(a, b) The 5-year OS rates of CSC-HR and CSC-LR subgroups in patients with HPV (+) and HPV (-) HNSCC
are depicted using Kaplan–Meier plots (n=128 and 578; p=0.2 and 0.003, respectively). *p<0.05
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Figure 4

Association of CSC gene signature with radiotherapy in the �ve independent HNSCC cohorts.

(a, b) The 5-year OS rates of CSC-HR and CSC-LR subgroups in patients with HNSCC who did and did not
receive radiotherapy (n=348 and 196, respectively) and (c, d) those of patients with HNSCC according to
radiotherapy in the CSC-HR (n=293) and CSC-LR (n=251) subgroups are depicted using Kaplan–Meier
plots. Patients in the CSC-LR subgroup bene�ted signi�cantly from radiotherapy (p<0.0001 and <0.0001,
respectively). *p<0.05
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