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Purpose: We aimed to define cell subpopulations of odontogenic keratocyst (OKC), parti-
cularly relating to angiogenesis and explored the potential regulation mechanism for
angiogenesis.

Materials and Methods: Single-cell RNA sequencing (scRNA-seq) analysis was investi-
gated on 14,072 cells from 3 donors with OKC. The differential expressed genes, cell
trajectory and intercellular communications were evaluated by bioinformatic analysis.
Hydrostatic pressure (80 mmHg, 6h) was applied to the primary fibroblasts of OKC and
the supernatant was collected for cytokines detection by cytokine antibody array. The
chemokine (C-X-C motif) ligand 12 (CXCL12) and CD31 expressions were explored by
immunohistochemistry in tissue microarray of OKC.

Results: Five different cell types were identified in the epithelium of OKC and 3 different
cell types in the OKC fibroblasts were characterized, indicating high intra-lesional hetero-
geneity. CXCLs were highly enriched in the subset of fibroblasts and showed close interac-
tions with endothelial cells. Hydrostatic pressure (80mmHg) significantly increased CXCL12
secretions in OKC fibroblasts. Stromal CXCL12 expressions were closely related to CD31
expressions of tissue microarray of OKC.

Conclusion: CXCLs enriched fibroblasts are crucial for angiogenesis of OKCs which could
be partially regulated by hydrostatic pressure.

Keywords: odontogenic keratocyst, RNA sequencing, heterogeneity, angiogenesis,
fibroblasts, CXCLs

Introduction

Odontogenic keratocyst (OKC) is a locally invasive jaw cystic lesion character-
ized by a relatively high growth potential and a tendency towards recurrence.'
The histology of OKC usually shows a thin parakeratinized epithelium, with
columnar cells in the basal layer possessing focal reverse polarization.! Genetic
and molecular researches had revealed the presence of PTCH! mutations and
to OKC
pathogenesis.* The unusual behavior of OKC, grow along the long axis of

the activation of the Hedgehog signaling pathway related

the jaw and relatively high recurrence, suggests that aberrant molecular events
behind its local invasiveness.” Angiogenesis and cellular invasion are complex
multistage processes that begin with the degradation of the extracellular matrix
and, tumor-associated matrix

caused by proteolytic enzymes, especially,

metalloproteinases.*
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Chemokines are important transmitter for leukocyte
migration to inflammatory sites which play significant
roles in inflammation.’ Inflammation had been frequently
detected in OKCs.®® Previous study had illustrated that
a focal increase of proliferating epithelial cells were
detected adjacent to moderate to severe inflammation in
OKC, but without a significant effect on the overall pro-
liferative activity of the cysts.® Compared to classical
OKC and dentigerous cyst (DC), inflamed OKC and
inflamed DC showed significantly higher proliferating
cell nuclear antigen expression.” The thicker lining epithe-
lia was also found in OKC with focal inflammation sites
than those without inflammation.® Therefore, inflammation
might be closely related with the focal proliferation of
epithelia. Recent years, chemokines are thought to be
involved in endothelial cells functions especially
angiogenesis.” Chemokine receptors are now proved to
be expressed on endothelial cells and chemokines could
bind to the receptors and lead to the activation of these
receptors which finally lead to various cellular responses
including endothelial cells migration, proliferation, and
tube formation.’

Mechanical stress had been vital in musculoskeletal
health and disease. In addition to the genetic factors,
intracystic fluid pressure had been long present in the
odontogenic cystic lesions and affected the development
of odontogenic cystic lesions.'®'! Marsupialization, which
reduced intracystic fluid pressure, had shown obvious clin-
ical benefits in OKC.'? New bone formations within OKC
could be detected after marsupialization.'? Intracystic fluid
pressure had been reported to induced IL-la expression
and relating to the development of OKC."" Mechanical
stress is now also emerging as a possible trigger for
some forms of chronic inflammatory lesions, such as per-
jodontitis and rheumatoid arthritis.!>!'* However, the
potential relation between mechanical stress and chemo-
kine release within OKC remains unclear.

Body tissue comprises a heterogeneous population of
various cells, secreted factors and extracellular matrix
proteins, together forming the tissue microenvironment.'
Tissue was influenced and regulated by various extracel-
lular signals including cytokines, chemokines which are
conserved between mice and humans at transcriptional
levels.' Heterogeneity is a fundamental and intrinsic char-
acteristic underlining the presence of various cell clusters,
but the discrepancy is covered when unlabelled cells are
used for omic analysis.'® Single-cell RNA sequencing
(scRNA-seq) represents an innovative method to discover

the transcriptional heterogeneity in health and diseases,
revealing new insights into tissue composition, and disease
progression,'” and actually, the discovery of the cell popu-
lations that contribute to OKC pathogenesis is in urgent
need.

In this study, single-cell RNA sequencing was per-
formed using fresh OKC tissue samples. The result
revealed that CXCLs were highly enriched in the subset
of fibroblasts and showed close interactions with endothe-
lial cells and myeloid cells which were partially regulated
by mechanical stress. We investigated the pathological
mechanism of OKC and providing a new insight into the
pathogenesis of OKC.

Materials and Methods

Tissue Dissociation and Preparation

Three OKC tissue samples were collected from the
Department of Oral and Maxillofacial Head Neck
Surgery, School & Hospital of Stomatology, Wuhan
University. The patients agreed and signed the informed
consent form, and ethical approval was acquired from the
Ethics Committee of the School of Stomatology, Wuhan
University (Wuhan, PR China). The processing of clinical
samples was conducted in accordance with the Declaration
of Helsinki. Specimens of OKC were carefully washed
with Hanks solution for 5 times and cutted into 2-3 mm
pieces. Then, 2 mL GEXSCOPE® Tissue Dissociation
Solution was used for the tissue pieces digestion at 37°C
for 15 mins in 15 mL tubes. The solutions were filtered
using 40-micron sterile strainers and then centrifuged at
200 x g for 3 mins. After centrifugation, the supernatant
was carefully removed, and the deposit was gently sus-
pended in 2 mL phosphate buffered saline (PBS)
(Servicebio, Wuhan, China). Red blood cells were
removed using 3 mL red blood cell lysis buffer
(Servicebio, Wuhan, China) which was incubated with
the collected cells at 37°C for 5 mins. Then, the buffer
was removed by centrifugation with speed of 200 x g for 3
mins. The pellet was suspended in 2 mL PBS and stained
by trypan blue (Servicebio, Wuhan, China). The stained
suspension was observed and evaluated in microscope.

Single-Cell RNA Sequencing

Single-cell suspension was diluted to the concentration of
1 x 10° cells/mL in PBS (Servicebio, Wuhan, China).
Microfluidic chips were used and the single-cell suspen-
sion was added to the microfluidic chips. The scRNA-seq
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libraries were established using GEXSCOPE®™ Single-Cell
RNA Library Kit (Singleron Biotechnologies, Nanjing,
China). Individual libraries were prepared using 4nM and
then pooled for the sequencing. Pools were later
sequenced on Illumina HiSeq X using 150 bp paired end

reads.

Analysis of Raw Read Data

FastQC was used for the process of raw reads and fastp
was used to remove low quality reads.'® Cutadapt was
employed to remove Poly-A tails and adaptor sequences.
After quality control, STAR (version 2.5.2b) was used to
map reads to the reference genome GRCh38 (ensembl
version 92 annotation). Feature Counts software was
used for the acquirement of Gene counts and Unique
Molecular Identifier (UMI) counts. Based on the gene
counts and UMI counts, files of expression matrix were
obtained for subsequent analyses. The sequencing data of
the present study was acquired and deposited in the Gene
Expression Omnibus (GEO) database (accession number
GSE176351).

Quality Control, Dimension-Reduction

and Clustering

Cells were screened by gene counts between 300 and
4000. In addition, cells were also filtered by UMI counts
below 30,000. Cells which had over 30% mitochondrial
content were dropped out. After filtering, OKC cells were
reserved for the subsequent analyses. Seurat R package
(v3.0.2)
clustering.lg NormalizeData() and ScaleData() was used
for  the
FindVariableFeautres() was used for top 2000 variable

was used for dimension-reduction and

normalization of gene  expressions.
genes selection for principal component analysis. As
results, basal cells were characterized into five subsets by
FindClusters, with the top 20 principle components and
resolution parameter at 1.0. For subclustering of basal cells

and fibroblasts, the resolution was set to 1.2.

Differentially Expressed Genes (DEGs)

Analysis and Cell Type Annotation

Seurat FindMarkers() was employed for DEG analysis.
Specifically, genes which were expressed in greater than
10% of the total cells within a cluster and with average log
(Fold Change) of larger than 0.25 were regarded as DEGs.
The cell type identity of each cluster was determined with
the expression of canonical markers found in the DEGs.

Heatmaps, dot plots and violin plots showing the expres-
sion of markers used to identify each cell type were
generated by Seurat DotPlot.

Pathway Enrichment and Gene Set

Enrichment Analysis

To investigate the potential functions of subtypes of basal
cells, the Gene Ontology (GO) analysis was used with the
“clusterProfiler” R package version.”” The P_adj values
smaller than 0.05 were regarded as significantly enriched
pathways. The activity of selected genes in cells were
evaluated by AUCell version package (version 1.2.4). To
determine cells with the given active gene set, the assign-
ment threshold was set to 0.2 for each gene set in each
cell.

Trajectory Analysis

To map differentiation/conversion of cell subtypes of
fibroblasts during shift from fibroblasts #1 to fibroblasts
#3, pseudo time trajectory analysis was performed with
Monocle R package (version 2.10.1).>' For constructing
the trajectory, top highly variable genes were selected from
different clusters by Seurat. The trajectory was visualized
by plot cell trajectory.

Cell-Cell Interaction Analysis

Cell—cell interactions between fibroblasts #3 and other cell
types were predicted based on known ligand-receptor
pairs by Cellphone DB version 2.0.>> Permutation number
for calculating the null distribution of average ligand-
receptor pair expression in randomized cell identities was
set to 1000. Individual ligand or receptor expression was
thresholded by a cutoff based on the average log gene
expression distribution for all genes across each cell
type. Predicted interaction pairs with p value < 0.05 and
of average log expression > 0.1 were considered as sig-
nificant and visualized by circlize R package (v 0.4.10).

Primary Culture of OKC Fibroblast
Culture and Hydrostatic Pressure

Treatment in Culture

The primary fibroblast culture was performed as described
previously.?® The tissue of OKC was immediately rinsed by
PBS (Servicebio, Wuhan, China) and cutted into 5 x 5 mm
cubes which were placed on the cell culture dishes. DMEM
(Servicebio, Wuhan, China) medium supplemented with
10% FBS and 1% penicillin and streptomycin (Servicebio,
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Wuhan, China). The medium was changed every 3 days.
After 7 days, spindle shape cells were present in the periph-
ery of the tissue of OKC. The cells were cultured and seeded
at 1 x 10° cells/well in six-well culture plates. Press 200
System (Shanghai Naturethink Life & Scientific CO., Ltd)
was used for the hydrostatic pressure treatment. This com-
puter-regulated bioreactor applies hydrostatic pressure to the
cultured cells (80 mmHg, 6 hours). Through setting atmo-
spheric pressure, the compressive forces were applied to the
cultured cells within the incubator.

Cytokine Antibody Array

The samples for cytokines and chemokines detection were
stored as previously described.”®> Supernatant of cultured
fibroblasts (5 x 10°/well in six-well culture plates) was
collected and stored in —80°C. Following the manufac-
turer’s protocols, detection of cytokines and chemokines
was performed by Bio-Plex Pro Human Cytokine
Screening 40-plex panel using Bio-PlexMAGPIX System

(Bio-Rad) (Wayen Biotechnologies (Shanghai), Inc).

Immunohistochemical Staining of
CXCLI2 and CD31 in OKC

Immunohistochemical staining was performed as described
preViously.23 Tissue microarray (TMA) of 30 cases of primary
OKC was collected (Servicebio, Wuhan, China). Briefly, tis-
sue slides were dewaxed, hydrated, washed and endogenous
peroxidase neutralized. Then, tissue sections with 4 um thick
were incubated with goat serum at 37°C for 20 mins. Anti-
CXCL12 (1:100; Proteintech, Wuhan, China) and CD31
(1:200; Proteintech, Wuhan, China) were incubated with slides
overnight with at 4°C. The second antibodies were incubated
and followed by DAB staining (Zhongshan golden bridge,
Beijing, China). The nuclei were counterstained with hema-
toxylin (Servicebio, Wuhan, China).

Scoring System and Analysis
Aperio Image Scope CS2 scanner (CA, USA) was used for
TMA slides scan. Aperio Quantification software (Version

9.1) was applied for the quantification. The stromal area
was manually selected for quantification. Then, the for-
mula (1 x the percentage of weakly positive staining) + (2
x the percentage of moderately positive staining) + (3 x
the percentage of strongly positive staining) was applied to
count H-scores of stromal area. The scaled values
(H-scores) of CXCL12 and CD31 expressions were sub-
sequently converted to the dataset (Microsoft Excel).
Then, the stromal expressions (H-scores) of CXCL12 and
CD31 were assessed by the Spearman correlation.

Statistical Analysis

The data were represented as mean = SD. Student’s ¢-test
was applied to analyze the data between control group
and experimental group. Correlations between two vari-
ables were assessed by the Spearman correlation. P <
0.05 was considered as statistically significant differ-
ences. GraphPad Prism 7 were used for all statistical
analyses.

Results
Single-Cell Sequencing and Cell Type

Identification

Fresh OKC tissue samples were divided into two parts: one
was used for hematoxylin eosin staining, the other one for
scRNA-seq. Clinical characteristics of OKC are listed in
Table 1. As regard the scRNA-seq, fresh tissue was digested
until obtaining a single-cell suspension containing 1.5 x 10°,
1.0 x 10° and 1.3 x 10° cells and the viability of cells was
81.60%, 83.50% and 84.3%, respectively. After quality con-
trol, 14,072 single cells were clustered into eight major clus-
ters. The cell types were annotated by cluster-specific genes
combined with classic markers: basal cells (KRT5+; 8019
cells); endothelial cells (CDHS5+; 1450 cells); fibroblasts
(LUM+; 2242 cells); pericytes (RGS5+; 258 cells); myeloid
cells (LYZ+; 1737 cells); T cells (CD3D+; 186 cells); mela-
nocytes (MLANA+; 37 cells) and plasma cells (MZB1+; 143
cells) (Figure 1A and B). Then, the gene-expression heatmap
was shown to reveal the top differentially expressed genes in

Table | Clinical Features of Three OKC Patients

No. Age Gender Unilocular or Multilocular Location Solitary or Multiple Primary or Recurrent

| 36y Male Multilocular Mandible Solitary Primary

2 6y Female Multilocular Mandible Solitary Primary

3 47y Female Multilocular Mandible Solitary Recurrent (not marsupialized)
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Figure | Identification of cell types in odontogenic keratocyst (OKC) tissue samples. (A) UMAP plot of single cells profiled in the presenting work colored by major cell
types (basal cells, fibroblasts, myeloid cells, endothelial cells, T cells, plasma cells, pericytes and melanocytes); (B) Cell number of major cell types in OKC; (C) Heatmap of
the top expressed genes in major cell types. (D) Proportion of major cell types in 3 patients with OKC (cases |, 2, and 3). (E) Re-clustering of basal cells (KRT5+) into 5
subtypes represented by UMAP plot. (F) Re-clustering of fibroblasts (LUM+) into 3 subtypes represented by UMAP plot.

each group (Figure 1C). Cell components of OKC showed
high heterogeneity among the donors (Figure 1D). The KRTS
+ basal cells were clustered again into 5 groups (Figure 1E).
Fibroblasts (LUM+) were clustered into three different types

(Figure 1F).

Fibroblasts Heterogeneity in the

Odontogenic Keratocyst Tissue Samples

Fibroblasts (LUM+) were clustered into three clusters.
SFRP4 and SPP1 were highly enriched in fibroblast #1
(Figure 2A and Table 2). Fibroblast #3 exhibited a strong
enrichment in the genes of various chemokines, including
CXCL1, CXCLI13, CXCL12, CXCL6 and CXCLS
(Figure 2A, Table 3). Fibroblast #2 exhibited a strong
enrichment in the genes of cell proliferation, including
H2AFZ, TOP2A, and MKI67 (Table 4). The differentia-
tion trajectory revealed that the fibroblast #3 was distrib-
uted at the beginning (Figure 2B). As regard to distribution
of the clusters among patients, we found that fibroblast
subsets varied in the cases, but fibroblast #3 account for
more than 50% and was the most common type

(Figure 2C). GO analysis was performed on the DEGs of
fibroblast #3 and others to investigate the function of each
subgroup. Fibroblast #1 was related to extracellular matrix
constituent and glycosaminoglycan binding (Figure 2D).
Fibroblast #2 was related to tubulin binding and micro-
tubule binding (Figure 2E). Fibroblast #3 showed enriched
genes in cytokine activity and chemokine activity
(Figure 2F). These results indicated that fibroblast #3
was the most common cell types for OKC fibroblasts and
were enriched in chemokine and cytokine genes.

Mechanical Stress Regulated Genes Were
Enriched in Fibroblast #3

To further explore the potential characteristics of fibro-
blasts subsets, the cytoskeleton-related genes including
TAGLN2 and integrin (ITGAS8) were explored and they
were highly expressed in the fibroblast #3 indicating the
potential mechanical regulation in the fibroblast #3
(Figure 3A). Odontogenic keratocysts are usually semi-
fluids contained lesions and the intracystic fluid pressure
had been examined and showed about 80 mmHg at the
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Figure 2 Three different fibroblast subtypes identified in odontogenic keratocyst (OKC). (A) Differential gene expression panel from fibroblasts #1 into fibroblasts #3. (B)
Trajectory analysis of the differentiation from fibroblasts #1 into fibroblasts #3 in 3 OKC samples (cases |, 2, and 3). (C) Proportion of major clusters of fibroblasts in 3
patients with OKC (cases |, 2, and 3). (D-F) Enriched GO analysis of the up-regulated genes in fibroblasts #| to fibroblasts #3. Colored circle indicates P values of

differential genes among the fibroblast clusters.

initial stage. To mimic the potential effects of hydrostatic
pressure, we employed the compressive loading system
and applied 80 mmHg pressure on the fibroblasts for 6
h (Figure 3B). The cytokine antibody array was used for
the test of cytokines, especially chemokines, within the
supernatant of the cultured fibroblasts. The results showed
that CXCL12 were significantly upregulated in the hydro-
static pressure treated fibroblasts compared with control
group (P<0.01, Figure 3C). But other chemokines
(CCL21, CXCLS5, CX3CL1, CXCL1, CXCL8, CCL2,
CCL25) showed no significant changes (Figure 3C). The
CXCL5 chemokines are the most high in concentrations
(over 2000 pg/mL) among the chemokines (Figure 3C).

Fibroblast #3 is Closely Related to
Angiogenesis of OKC

To further evaluate the receptor of CXCLs, we evidenced that
atypical Chemokine Receptor 1 (ACKR1) was enriched in

endothelial cells (Figure 4A). The cell—cell interaction net-
work among the cell types identified in this study was inves-
tigated using CellphoneDB v2.0. Notably, fibroblast #3
showed specific strong interactions with endothelial cells
(Figure 4B). To further validate the CXCLs expression
levels, we constructed tissue microarray of OKC (n = 30),
we evaluated the CXCL12 expressions using immunohisto-
chemistry, and we found CXCL12 were mainly expressed in
the fibroblasts and immune cells (Figure 4C). By statistical
analysis of H-scores of CXCL12 and CD31, the stromal
expressions of CXCL12 which were closely correlated with
CD31 expressions (R’= 0.4853, P < 0.001) (Figure 4D).
These results indicated that CXCL12 expressions within the
stroma might be closely related to the angiogenesis of OKC.

Discussion
Our scRNA-seq data identified heterogeneous cell popula-
tions within OKC. The CXCLs were enriched in the subset
of fibroblasts (fibroblast #3,

chemokine enriched
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Table 2 Differentially Expressed Genes (Top20) in Fibroblast I1#  Table 4 Differentially Expressed Genes (Top20) in Fibroblast 2#

Gene_ID P_val Avg logFC Gene_ID P_val Avg logFC
SPPI 1.84E-13 3.702499 H2AFZ 2.24E-43 2.028003
IBSP 6.29E-52 2.280443 STMNI 2.03E-75 2.022453
MMPI3 | .88E-55 2.229566 TOP2A 3.13E-156 1.974051
OGN 3.62E-106 1.549341 NUSAPI 2.36E-190 1.962624
ASPN 1.05E-133 1.327424 CENPF 2.67E-176 1.854618
SFRP4 5.40E-67 1.279383 MKI67 5.80E-208 1.769999
RARRES| 3.38E-37 0.983258 PTTGI 2.04E-118 1.759264
COLIIAI 4.61E-51 0.925185 HIST IH4C 4.24E-09 1.742559
CADMI 4.02E-64 0.901635 CDKN3 3.36E-158 1.571367
SMOC2 1.23E-50 0.849884 BIRC5 4.78E-212 1.553972
OMD |.08E-94 0.808201 CKAP2 |.78E-74 1.552295
TNC 1.92E-06 0.801446 TPX2 5.11E-178 1.531792
COLI2AI 7.34E-44 0.749576 HMGB2 5.20E-48 1.530907
SELENOP 4.22E-40 0.737748 UBE2C 2.68E-160 1.503739
CXCLI4 2.14E-49 0.698414 SMC4 3.02E-55 1.44283
FNDCI 1.24E-35 0.694902 PCLAF 3.47E-165 1.38261
PRSS35 5.62E-37 0.651196 ANLN 1.04E-207 1.360481
NBLI 3.23E-28 0.60975 CCNBI 2.90E-128 1.354611
COLECI2 7.89E-24 0.578211 MT2A 7.30E-17 1.333772
MAF |.85E-31 0.576983 ASPM 2.12E-213 1.262103

Table 3 Differentially Expressed Genes (Top20) in Fibroblast 3#

Gene_ID P_val Avg logFC
CXCLI 6.67E-48 2.386979
CXCL8 2.26E-27 2.03334
CXCLI3 |.88E-35 2.003686
CXCL2 7.05E-45 1.328155
CXCL6 8.62E-26 1215113
F2R 3.47E-118 1.206156
CCL2 I.10E-63 1.183726
CCLI9 5.86E-27 1.177755
RGSI6 3.44E-33 1.08099
PTGDS 2.43E-39 1.08079
CXCLI2 6.74E-24 1.08053
APCDDI |.49E-57 1.024052
CXCL3 7.47E-20 1.00399
MT2A 4.35E-59 0.986462
TCIM 5.74E-38 0.984974
MME |.16E-55 0.968696
NCOA7 I.10E-67 0.95202
COL4AI 8.81E-50 0.931461
SOD2 I.19E-49 0.928893
CTSC 7.80E-46 0.914053

fibroblasts). We evidenced that CXCLs enriched fibro-
blasts were closely related with the endothelial cells and
immune cells. Furthermore, hydrostatic pressure, which
was frequently present in odontogenic lesions could

induce the in OKC fibroblasts.

secretion

A regulatory network was also constructed based on fibro-
blast #3 in a bioinformatic way. Due to lack of the single-
cell analysis of OKC, the results were firstly used to
elucidate the comprehensive cellular regulatory network
of OKC.

Heterogeneity is a fundamental and intrinsic character-
istic underlining the presence of various cell populations.**
However, due to the lack of detection method at single
levels, the heterogeneity of OKC had long been unex-
plored. scRNA-seq enables the exploration of the tran-
scriptome of single cells which provide the opportunities
for cell types identification and cellular heterogeneity
recognition. Presently, we had identified 8 major cell
types including basal cells, fibroblasts, myeloid cells,
endothelial cells, pericytes, T cells, plasma cells and mel-
anocytes. The most common cell types were basal cells
accounting for about 50% of total cell populations.
Fibroblast proportions varied in individuals. But fibroblast
#3 (chemokine enriched fibroblasts) was the most common
subset of fibroblasts populations indicating the indispen-
sable roles of chemokine enriched fibroblasts in OKC.

OKCs are frequently local inflamed being caused by
microbial infection or other unknown factors.>* Even
more, mechanical stress, including compressive and tensile
force, triggers a local immunological response, inflamma-
tion and bone resorption.'*'* In addition, marsupialization
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Figure 3 Mechanical stress regulated CXCL 2 secretion in fibroblasts. (A) Dot plot showing the expression of TAGLN2and ITGAS8 in 3 fibroblast clusters (fibroblasts #I,
#2, and #3). The red dotted rectangle represent average relative expressions >0.5 in 3 fibroblast clusters. (B) Diagram of hydrostatic pressure device used to apply pressure
on the cultured fibroblasts of odontogenic keratocyst (OKC). (C) Chemokine profiles (CCL21, CXCL5, CX3CLI, CXCLI, CXCL8, CCL2, CXCLI2, and CCL25) from the
supernatant of the hydrostatic pressure (80 mmHg, 6h) treated fibroblasts of OKC. Graphs in C represent the Mean * SD. The green histogram represent values in control

cultures. Differences were analyzed using Student’s t-test. **P < 0.01.

which reduced the hydrostatic pressure within OKC sig-
nificantly boost the new bone formation and lower the
proliferation of basal cells.'”> The chemokine enriched
fibroblasts were also highly expressed mechanical stress
related genes (TAGLN2 and ITGAS) indicating the poten-
tial close relation between mechanical stress and chemo-
kine release. Presently, it was shown that fibroblasts
produced chemokine (CXCL12) in response to hydrostatic
pressure as mechanical stress. In a study with 14 radicular
cysts, the found that the initial intracystic pressure was 47
mmHg and the odontogenic keratocyst was 80 mmHg.'"*
In another study, the intracystic pressure of odontogenic
keratocyst ranged from about 20 mmHg to 120 mmHg in 9
OKC patients.'"® Oka et al found that the pressure of 80

mmHg caused IL-1o mRNA elevations and increased the
secretion of MMP-1, MMP-2, MMP-3, and PGE2 in the
fibroblasts.'" We employed intracystic pressure (80mmHg)
to mimic the physical environment in vitro for OKC study.

Cytokine profiles had been investigated in the cyst
fluids and tissue of odontogenic lesions. Kolokythas et al
reported that aspirate contained IL-1 and TNF-a were
relatively enriched in the OKC group (n = 6) indicating
the potential association with epithelial proliferation.?®
Dezerega et al reported that monocyte chemotactic pro-
tein-3 (MCP-3) was expressed in apical lesions relating to
clinical symptoms. MCP-3 might be involved in stimulat-
ing mononuclear chemotaxis.?’ Cavalla et al reported api-
cal lesions showed elevated CXCLI12 expressions and
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Figure 4 Chemokine enriched fibroblasts were closely related to endothelial cells. (A) Violin plot showing the expression of ACKRI in major cell types. (B) Heatmap
showing the number of potential ligand-receptor pairs among cell groups predicted by CellphoneDB v2.0. (C) CXCLI2 and CD3I staining in tissue microarray of
odontogenic keratocyst (OKC). (D) Stromal CXCLI2 was closely related to CD31 staining in OKC (R?= 0.4853; P < 0.001). Scale bar for (C) = 200 um.

were related to persistent recruitment of immune cells,
particularly of mast cells.”® However, studies regarding
chemokines in tissue of odontogenic keratocyst were rare.

Although many studies had reported the functions of
CXCL12-CXCR4 in various diseases,”’ only a few reports
had described CXCL12 secretion regulated by mechanical
forces.>® CXCL12, also named stromal cell derived factor
la (SDF-1a), is a vital player in angiogenesis, inflammation,
and embryonic development.’' Study showed that autocrine
CXCL12 could increase migration ability and tubule

formation ability of human umbilical vein endothelial cells,
without VEGF, through activating the CXCR7 receptor.*
Importantly, several chemokines such as CXCL1, CXCLS8
and CXCL12 induce angiogenesis directly through binding
to G-protein-coupled chemokine receptors located on
endothelial cells, resulting in elevated angiogenesis ability.*®
In murine cortical osteocytes and periosteal cells, mechanical
loading could significantly upregulated the SDF-1
expressions.*® Others have revealed that mechanical stretch
induces expression of CXCL1 in liver sinusoidal endothelial
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cells to enroll neutrophils.’® Static stretch significantly
increased mRNA expressions of iNOS, IL-6, and MCP-1 in
the culture of colonic circular smooth muscle cells.*® Until
now, no studies had reported CXCL12 expressions in OKC
and CXCLI12 secretions under the hydrostatic pressure.
Herein, we treated primary OKC fibroblasts using 80
mmHg and found significant elevations of CXCL12 in the
supernatant of OKC fibroblasts. By CellPhoneDB analysis,
the communication relationship between chemokine enriched
fibroblasts, myeloid cells and endothelial cells was confirmed.
This refers to the angiogenic roles of chemokine-related
fibroblasts which was also evidenced by close relations
between tissue expression of CXCL12 and vascular endothe-
lial marker CD31.

However, there are some limitations in this study.
Firstly, small cases of OKC are not enough to infer about
molecular subtypes of OKC. Especially the PTCH gene
mutations should be considered in the further studies.
Secondly, the post-translational modifications were not
explored in this study. The transcriptional level and the
protein level should be studied in broad spectrum at the
same time. Thirdly, short-term and long-term hydrostatic
pressure effects should be explored in the future to eluci-
date the mechanism of OKC pathogenesis.

Conclusion

In conclusion, this work is the first study that fully char-
acterized the landscape of OKC cells at a genomic level by
scRNA-seq. Our work illustrated the role of one fibroblast
subset, named chemokine enriched fibroblasts, and the
close relationship with angiogenesis and immune infiltra-
tions which was partially regulated by hydrostatic pres-
sure. Our results revealed new insight on OKC cell
subtypes and the relationship between physical microen-
vironment and angiogenesis of OKC. Thus, these results
facilitated the understanding of the heterogeneity within
OKC lesions and provide new pathogenesis for OKC.
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