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Integrated analysis of single-cell RNA-seq and bulk RNA-seq
reveals distinct cancer-associated fibroblasts in head and neck
squamous cell carcinoma
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Background: The heterogeneity of cancer-associated fibroblasts (CAFs) in head and neck squamous cell
carcinoma (HNSCC) has been widely acknowledged, but has not yet been elucidated. The potential roles
and clinical relevance of CAFs subclusters in HNSCC progression remain obscure.

Methods: In this study, we combined single-cell and bulk tissue transcriptome profiles of HNSCC with
clinical data from The Cancer Genome Atlas (TCGA). The Seurat package was used to perform single-cell
RINA-seq analysis to distinguish distinct CAFs subtypes. Prognostic relevance of several CAFs markers was
assessed and functional analysis was also performed.

Results: We identified eight CAFs subclusters; of these, seven showed enhanced expression levels
in HNSCC tumor tissues compared to normal tissue, and three (clusters 0, 3, and 4) were associated
with poorer overall survival. Further functional analysis revealed that cluster 0 was characterized by
myofibroblasts with high alpha smooth muscle actin (aSMA) expression and enrichment in smooth muscle
contraction. The cluster 3 exhibited expression of extracellular matrix (ECM)-related genes and was enriched
in epithelial-mesenchymal transition (EMT)-related gene sets. Cluster 4 expressed high levels of the major
histocompatibility complex (MHC) class I family, which was characterized as antigen-presenting CAFs.
Conclusions: We determined CAFs heterogeneity in HNSCC. 8 CAFs subclusters were recognized
and 3 of which were prognosis related. The 3 CAFs subclusters showed distinct phenotypes enriched in
myofibroblast function, ECM remodeling and antigen-presenting function respectively.
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Introduction

The tumor microenvironment (TME) is a complex
ecosystem composed of cancer cells, immune cells, and
stromal cells (1). Cancer-associated fibroblasts (CAFs)
are a major component of the TME, and their prominent
roles in head and neck squamous cell carcinoma (HNSCC)
progression have been widely studied (2). CAFs help
HNSCC growth by secreting proteins, miRNAs and
metabolites (3). On one side, they secrete factors that act
on tumor cells resulting to more aggressive phenotype. On
the other side, they contribute to TME reprogramming
which favors tumor progress (4). Presently, the origin,
phenotype, and functions of CAFs are poorly understood.
They are broadly defined as spindle-shaped cell clusters,
which are negative for epithelial, endothelial, and leukocyte
markers (5). Numerous studies have suggested that CAFs
can originate from a variety of cells, such as resident
fibroblasts, precursor cells, or even tumor cells (6). Multiple
origins decide the complex phenotypes and functions of
CAFs in the TME. Particularly, the inter- and intra-tumor
heterogeneity of CAFs has been largely demonstrated,
which requires specific research on distinct tumor types at
the single cell level.

A major challenge in distinguishing subclusters of CAFs
is the lack of reliable markers. Development of single-
cell sequencing and related algorithms provides powerful
methods for the study of CAFs subclusters. Different from
traditional bulk RNA sequencing, single-cell sequencing
technology obtains transcriptome profiles at the level of a
single-cell which makes single-cell heterogeneity studies
possible (7). Li et al. (8) revealed two subclusters of CAFs,
one of which expressed genes related to extracellular matrix
(ECM) remodeling and the other expressed markers of
myofibroblasts. Bartoschek ez 4/. recognized four clusters
CAFs in breast cancer, which were named vascular CAF,
matrix CAF, cycling CAF, and developmental CAF (9).
Sebastian et /. (10) studied CAFs heterogeneity in 4T1
breast cancer model and identified myofibroblastic CAFs,
inflammatory CAFs and another subpopulation expressing
major histocompatibility complex. Zhang er al. (11)
identified 6 distinct fibroblast subsets in human intrahepatic
cholangiocarcinoma, of which the majority were vascular
CAFs with positive CD146 expression.

The extent of CAF heterogeneity and functions of CAFs
subcluster in HNSCC remains poorly characterized. Puram
et al. performed transcriptomes of approximately 6,000
single cells from 18 HNSCC patients using Smart-Seq
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technology. The ~1,500 fibroblasts were subdivided into two
main subsets and one minor subset. Typical markers, such
as alpha smooth muscle actin (aSMA/ACTA?2), fibroblast
activation protein (FAP), and podoplanin (PDPN), were
applied to distinguish different CAFs subclusters. However,
functions of CAFs subclusters and their corresponding roles
in HNSCC remain obscure.

In this study, we accessed HNSCC single-cell RNA-
seq data and bulk RNA-seq data from a public database.
Re-analysis was performed using the Seurat package (12)
to distinguish CAFs subclusters and identify cluster
biomarkers. Based on an integrated analysis from individual
CAFs, bulk RNA-seq data, and clinical data, we further
determined the functions of several CAF clusters and
described their relationships with clinical outcomes. We
present the following article in accordance with the MDAR
reporting checklist (available at https://dx.doi.org/10.21037/
atm-21-2767).

Methods
Data processing

Single-cell transcriptome files of HNSCC tumors
(GSE103322) were downloaded from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/), and the data of 1,423 fibroblasts were extracted for
further analysis. The Cancer Genome Atlas (TCGA) bulk
RNA-sequencing (RNA-seq) data and clinical information
regarding HNSCC were downloaded via cBioPortal. R
software (version 3.5.3) was used for all analyses. This
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Single-cell RNA-seq analysis

The Seurar package was used to perform single-cell RNA-
seq analysis. Cells that had either over 2,500 or below 200
expressed genes were removed. Also, cells that expressed
over 5% of genes derived from the mitochondrial genome
had been also removed due to a risk of low quality. A total
of the top 2,000 variably expressed genes were selected after
log normalization. Non-linear dimensional reduction was
performed using the Uniform Manifold Approximation and
Projection (UMAP) method, with 15 principal components
and resolution at 0.7. All CAFs were then divided into 8
subclusters automatically using FindCluster function. Cluster
biomarkers were found using the Seurar package. The
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raw data of marker gene expression in 8 CAFs subclusters
analyzed in this study was also uploaded as supplemental
information in total online: https://cdn.amegroups.cn/
static/public/atm-21-2767-1.xIsx.

Correlation to bulk RNA-seq in TCGA data

"To explore potential roles of CAFs subclusters in HNSCC,
the top 100 marker genes for each cluster were selected
as representation. The HNSCC bulk RNA-seq data were
obtained from TCGA after z-score normalization. The
corresponding expression of CAFs subclusters marker
genes were combined in HNSCC bulk RNA-seq data, and
the average expression for each subcluster was compared
between the tumor and normal groups.

Survival analysis

To assess the correlation between each CAFs subcluster
and the prognosis of HNSCC patients, clinical data
were downloaded using TCGA biolinks. The average
combined expression of the top 100 marker genes for each
subcluster was calculated for each patient. After matching
the expression of selected marker genes in the bulk RNA-
seq data from TCGA, 439 HNSCC samples with complete
expression profiles and clinical data were included. We
then assessed the effect of marker gene expression for
each subcluster on overall survival using the survival
package (https://rdocumentation.org/packages/survival/
versions/2.42-3).

Functional enrichment analysis

To explore the potential function of each CAFs subcluster,
single-sample GSEA (ssGSEA) analyses for single-cell
sequencing data were performed based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and
hallmark gene sets using GSVA package (13). All analyzed
gene sets were obtained from the Molecular Signatures
Database (MSigDB) (14). P<0.05 was set as the cutoff.

Statistical analysis

Statistical analyses were performed using the R software
(https://mirrors.tuna.tsinghua.edu.cn/CRANY/). The
unpaired 7-test was used to compare the marker gene
expression levels of each cluster between tumor and normal
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tissues. Kaplan-Meier survival analysis was conducted
to compare the prognostic risk HNSCC patients with
different average expression levels of each CAFs subcluster.
Differences with a P value <0.05 were considered
significant.

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Results

Single-cell analysis revealed fibroblasts beterogeneity in
HNSCC

In our sample, 1,423 fibroblasts data were included. The
single-cell RNA-seq data was analyzed using the Seurat
package. After removing low quality cells, the top 2,000
variably expressed genes were included to identify CAFs
subclusters (Figure 14). The top 10 variably expressed genes
were ACTA2, HP, CCL20, SLN, CCL21, DCN, LUM, IBSP,
DLK1, and TAGLN. Subclustering revealed eight distinct
subclusters (Figure 1B,C).

Marker genes for CAFs subclusters

After dimensionality reduction using principle component
analysis, we recognized eight CAFs subclusters. To further
identify the marker genes for each of these eight subclusters,
we used the FindMarker function of the Seurat package to
compare cells from each subcluster. Marker genes were
required with a default threshold of LogFC >0.25 and were
also detectable for more than 15% of cells in this subcluster.
A total of 5,551 marker genes were then calculated in total
online: https://cdn.amegroups.cn/static/public/atm-21-
2767-1.xlsx. The top three marker genes analyzed for each
subcluster are displayed in Figure 2.

We then screened the expression of typical CAFs markers
among eight CAFs, including a-SMA (ACTA2), FAP, FSP1
(S100A4), CTGF, VIM, PDGFRB, PDPN, TNC, and
ITGB1 (Figure 3). FSP1, CTGE, VIM, and I'TGB1 showed
a high average expression among the eight subclusters.
Most of the CAFs subclusters showed a high PDGFRB
expression level, except for cluster 5. Apart from clusters
0 and 2, the remaining six CAFs subclusters all exhibited
high PDPN expression levels. TNC was highly expressed
in clusters 0, 3, and 4. The aSMA expression was elevated in
clusters 0 and 2, while FAP was highly expressed in clusters
1,3, and 6.
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Figure 1 Single-cell analysis revealed fibroblasts heterogeneity in head and neck squamous cell carcinoma (HNSCC). (A) The top 2,000

variably expressed genes were selected for subsequent analysis; (B) Heatmap showing well distinction among eight clusters; (C) Non-linear

dimensional reduction was performed using the Uniform Manifold Approximation and Projection (UMAP) method and the eight clusters

are shown.

3 CAFs subclusters were associated poor survival in
HNSCC patients

To explore the clinical roles of each CAFs subcluster in
HNSCC progression, we integrated the single-cell RNA-
seq data with bulk RNA-seq data and clinical data from
TCGA database. We first compared the average expression
of eight CAFs subclusters between HNSCC tumor and
normal tissues. Most of the CAFs subclusters showed
significantly higher expression in tumor tissue (except for
cluster 7), which indicated a potential spectator role of
cluster 7 in HNSCC (Figure 4A4).

Next, we evaluated the possible impact of the relative

© Annals of Translational Medicine. All rights reserved.

presence of these CAFs subclusters on the overall survival of
HNSCC patients. The top 100 marker genes for each CAFs
subcluster were selected, except for clusters 6 and 7 because
of limited cell counts. The Kaplan-Meier plots revealed that
three CAF's subclusters (clusters 0, 3, and 4) were associated
with poorer overall survival (Figure 4B) (P<0.05).

CAFs subclusters exhibited distinct biological functions

To further explore possible biological function of the three
survival-related CAFs subclusters (clusters 0, 3, and 4), we
performed functional enrichment analysis based on the
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Figure 3 Ridge plot displaying typical fibroblast markers expression in eight clusters.

KEGG pathway and hallmark gene sets using ssGSEA
analysis. As shown in Figure 5A,B, cluster 0 CAFs were
enriched in the KEGG pathways of vascular smooth
muscle contraction, the cyclic guanosine monophosphate-
dependent protein kinase (cGMP-PKG) signaling pathway,
and the oxytocin signaling pathway. The cluster 3 CAFs
were enriched in the KEGG pathways of protein processing
in the endoplasmic reticulum, oxidative phosphorylation,
proteoglycans in cancer, and ECM-receptor interaction
(Figure 5C). Furthermore, hallmark gene sets related to
EMT were also enriched in cluster 3 CAFs (Figure 5D).
Cluster 4 CAFs were enriched in the KEGG pathways
of ribosome, antigen processing and presentation, and
phagosome (Figure SE,F).

© Annals of Translational Medicine. All rights reserved.

Discussion

As a main component in the TME, CAFs have been
reported to play multiple roles in tumor progression,
including tumorigenesis, angiogenesis, metastasis,
immunomodulation, metabolic reprogramming, drug
resistance, and anti-tumorigenesis (15). However, no single
CAFs cluster could exert all of the above functions in the
TME because of the remarkable heterogeneity in their
origins, phenotypes, functions, and tumor types (16).

CAFs also exhibit intra-tumor heterogeneity in HNSCC.
Recent studies have suggested that CAFs subclusters
with high a-SMA expression exhibit greater tumor
supportive ability, secreting more proteins such as matrix
metalloproteinase-2 (MMP2), transforming growth factor-p

Ann Transl Med 2021;9(12):1017 | https://dx.doi.org/10.21037/atm-21-2767



>

2.5

2.0

1.5

1.0

0.5

0.0

Average marker gene expression

v o)

1.00

0.75

0.50

0.25

Survival probability

0.00

1.00

0.75

0.50

0.25

Survival probability

0.00

1.00

0.75

0.50

Survival probability

0.25

0.00

Annals of Translational Medicine, Vol 9, No 12 June 2021 Page 7 of 11
- Average marker expression of fibroblasts in HNSCC
—
: Bl Normal
- ; Bl Tumor
4
—
— ‘ N ';' ;
. P NS
da- & & b -a-‘ ....." ¥ ° «%‘ - o
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
cluster 0 cluster 1 cluster 2 cluster 3 cluster 4 cluster 5 cluster 6 cluster 7
cluster 0 « Low expression = High expression 1.00 cluster 1 « Low expression = High expression
>
£ 075
a
©
Q
o
g 0.50
©
2
- > -
Log-rank S 025 Log-rank
P=0.0048 2] P=0.38
cluster 0 0.00/ Cluster 1
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (days) Time (days)
cluster2 - Low expression = High expression 1.00 cluster 3 Low expression = High expression
\\\\ _
w E 0.75
et 3
= P i ]
Lo Q
o
a 0.50
©
2
Log-rank < Log-rank
P=0.9 @ %25 p-0.0032
cluster 2 0.00 cluster 3
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (days) Time (days)
) ) . Strata ~ os5=1 = o0s5=2
cluster 4 Low expression = High expression cluster 5 Low expression =+ High expression
1.00
2
= 0.75
Q
[
Q
Q
a 0.50
©
=
Log-rank g 0.5 Log-rank
P=0.0098 D P=0.81
cluster 4 0.00 cluster 5
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (days) Time (days)

Figure 4 Cancer-associated fibroblasts (CAFs) subclusters are associated with poor survival in head and neck squamous cell carcinoma

(HNSCC) patients. (A) Most CAFs subclusters (except from cluster 7) showed significantly higher expression in tumor tissues from TCGA

database; (B) Kaplan-Meier curve showing the impact of the relative presence of these CAFs subclusters on HNSCC patients’ overall

survival. Patients with a relatively higher expression of CAFs clusters 0, 3, and 4 had a poorer overall survival (P<0.05).
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1/2 (T'GF-B1/2), and interleukin-6 (IL-6) (3). On the contrary,
CAFs subclusters with a lack of a-SMA expression have
been reported to be genetically closer to normal fibroblasts,
which secrete less TGF-B1 but more hyaluronan (17).
Puram ez al. (18) profiled the transcriptomes of ~6,000
single cells from 18 HNSCC patients using SMART-Seq2
technology. Among 1,500 fibroblasts, two main subclusters
and one minor subcluster were proposed. The first main
subcluster was considered as myofibroblast with high a-SMA
expression. The second subcluster was reported to express
CAFs-related genes such as FAP, PDPN, and CTGE. The
minor subcluster was considered as resting fibroblast due to
a lack of typical CAFs markers.

To further illuminate the heterogeneity of CAFs in
HNSCC, we applied the Seurat package to re-analyze the
transcriptomes data of 1,423 fibroblasts downloaded from
the GEO database (GSE103322). In this study, a total of
eight subclusters were discriminated and corresponding
marker genes were calculated. We then screened the gene
expression of typical CAFs markers and found that no single
marker can distinguish specific CAFs subclusters. CTGE,
VIM, and ITGB1 expressed analogously high expression
among all subclusters. Also, CAFs clusters 0 and 2 both
exhibited high a-SMA expression, and FAP was elevated
in clusters 1, 3, 4, and 6. Beyond this, recent studies also
pointed out that these markers lack specificity as they are
also expressed by mesodermal cells, myeloid cells, and
pericytes (16). We calculated the specific marker genes for
each subcluster using the Sewrat package, which showed
better discrimination (Figure 3). Further validation should
be performed by iz vivo examinations.

"To explore the clinical roles of different CAFs subclusters
in HNSCC, we performed integrated analysis using bulk
RNA-seq data and clinical data from TCGA database.
Except for cluster 7, all of the other CAFs subclusters
exhibited a higher average expression level in HNSCC
tumor tissues, which suggested that cluster 7 CAFs might
be resting and spectators in the development of HNSCC.
We further explored the prognostic risk of distinct CAFs
subclusters on the overall survival of HNSCC patients. We
found that HNSCC patients with high expression levels
of CAFs subclusters 0, 3 and 4 had poorer overall survival,
which indicated potential pro-tumor functions of these
three subclusters.

SsGSEA analysis was further performed to study the
functions of distinct CAFs subclusters based on the KEGG
pathway and hallmark gene sets. We found that cluster 0
CAFs with high a-SMA expression were enriched in the

© Annals of Translational Medicine. All rights reserved.
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vascular smooth muscle contraction pathway, which was
consistent with the myofibroblast function reported in
previous studies (5). Myofibroblasts have been characterized
by high expression of aSMA and myosin light-chain
proteins (MYLK, MYL9), which were widely found in
several cancers (3,19,20). Compared to resting fibroblasts,
myofibroblasts exhibit enhanced proliferative and migratory
properties. Apart from their well-established smooth muscle
contraction ability, they have also been reported to produce
collagen and T'GF-B, and participate in ECM remodeling
(16,21). Our results revealed a consistent smooth muscle
contraction function in cluster 0, but the ECM remodeling
function was more enriched in cluster 3, which had
low levels of aSMA expression. This indicated that the
phenotype and function of myofibroblasts should be further
subdivided by speciality.

The cluster 3 CAFs were enriched in EMT gene sets.
The KEGG pathways related to ECM interaction and
actin cytoskeleton regulation were also enriched. Previous
studies have demonstrated that CAFs are a major source
of ECM components in the TME, including collagens,
glycoprotein, and the matrix metalloproteinases family
(MMPs) (5,22,23). Due to a remarkable ECM remodeling
ability, CAFs help to establish a collagen-rich TME, which
may enhance EMT and the invasiveness of cancer cells in
several tumors, including breast, prostate, and colon cancers
(24-26). The cluster 3 CAFs exhibited a similar phenotype
and function with matrix CAF, which was characterized
by the enrichment of genes related to ECM and EMT, as
reported in breast and lung cancers (9,27). Although some
studies recognized ECM-remodeling CAFs as subtypes of
myofibroblasts (6), our results showed that cluster 3 CAFs
had a lack of aSMA expression, which indicated a different
phenotype from myofibroblasts.

The cluster 4 CAFs exhibited a potential immunoregulation
function, which were enriched in antigen processing
and presentation. Recent studies have revealed a novel
antigen-presenting CAFs (apCAFs) in pancreatic ductal
adenocarcinoma (28) and breast cancer (29). It was reported
that apCAFs could express genes related to the major
histocompatibility complex (MHC) class 11 family. In vivo
examination further confirmed that apCAFs could present
antigens to T cells. However, the apCAFs expressed low
level of costimulatory genes, which are required for T cell
proliferation. This indicated that apCAFs might participate
in immunosuppression in the TME (5). The present study
revealed that apCAFs might also exist in HNSCC tissue.

In summary, we determined the heterogeneity of CAFs
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in HNSCC. The prognostic relevance of each CAFs
subcluster was estimated, and the potential biological
function was determined. However, this study was
conducted based on non-high throughput transcriptome
data acquired by Smart-Seq technology, in which captured
cell numbers were restricted and interference from different
patients was unavoidable. Further high throughout single-
cell sequencing analysis and iz vive study should be carried
out for validation.
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