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1. Introduction
Keloid is a skin disease that can be characterized by 

fibroblast hyperproliferation and excessive accumulation 
of extracellular matrix. During the healing process of 
wound, the keloid loses normal constraints and control 
over collagen synthesis metabolism. Previously, keloids 
are usually classified as harmless skin growths, the ke-
loids demonstrate biological features similar to malignant 
tumors [1], such as excessive proliferation, resistance to 
apoptosis, and invasive behavior. Interestingly, recent sta-
tistical research demonstrated the overall cancer risk was 
1.49-fold higher in the keloid group compared to healthy 
control group. When regarding skin-related cancers, the 
risk of keloid group is higher (Relative risk = 1.73) [2]. 

Previous studies have proved the alterations of fibro-
blasts in keloid samples, and they determined the dysregu-
lated pathways, regulators and ligand-receptor interactions 
in keloid fibroblasts, as well as several potential targets for 
medical therapies [3]. Other studies comparing keloid and 
scar groups also showed the fibroblast can be divided into 
4 subpopulations: secretory-papillary, secretory-reticular, 
mesenchymal and pro-inflammatory [4,5]. 

Although there are several studies that discovered 
the inner changes in keloid, melanoma and other skin 
diseases, comparative insight among different skin states 
is still needed. To uncover the heterogeneity among dif-
ferent states of skin, we collected normal, scar, keloid and 
tumor samples (melanoma and cutaneous squamous cell 
carcinoma). Comparative analyses were performed to de-
monstrate the heterogeneity of cell types and subtypes in 
different skin states.

2. Materilas and Methods
2.1. Sample collection

A total of three single cell RNA-seq datasets were used, 
containing five groups, which were downloaded from the 
gene expression ombinous (GEO), with accession num-
bers of GSE163973 (Keloid and normal scar samples), 
GSE144240 (cutaneous squamous cell carcinoma and nor-
mal samples), GSE72056 (melanoma samples).

2.2. Single-cell RNA sequencing (scRNA-seq) data pro-
cessing

All cells were extracted from the full datasets, filtered 
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the tumor cells based on the cell type annotation provided 
by the authors, and then handled by Seurat [6]. Before ana-
lysis, the normal cells were filtered to remove low-quality 
cells with high and low (>6000 and <200) UMI-counts. 
Also, the mitochondrial genes were removed. 

The cells from different datasets were integrated direct-
ly. The gene expression for each cell was normalized by 
log-transformation and refined by a scale factor of 10000. 
Then the liner dimension reduction, here we used prin-
cipal component analysis, was performed using different 
dimensions, to determine the elbow point (k=9). Harmony 
was used to eliminate the batch effects caused by different 
samples [7]. Cells were used to construct a structural SNN 
graph, and then clustered by modifying the Louvain com-
munity detection method. Finally, the clustering results 
were visualized using the uniform manifold approxima-
tion and projection for dimension reduction (UMAP). 

2.3. Calculation of correlation coefficient score
Based on the various cell type fractions in different 

projects, we evaluated the Pearson correlation coefficient 
score between different projects. A score close to 1 means 
a positive correlation and the score close to -1 means a 
negative correlation.

2.4. Calculation of cell-cycle score
To quantify the cell-cycle state in different fibroblast 

subpopulations, we adopted the S- and G2/M-phased gene 
sets from previous study [8], and calculated the cell cycle 
scores by Seurat. Each cell will be assigned a score, as 
well as the predicted classification in either G2M, S or G1 
phase, based on its expression of G2/M and S phase mar-
kers.

2.5. Detection of differential expressed genes
For specific clusters, the differential expressed genes 

were detected by “FindMarkers”, with other clusters as 
background. To obtain more global and exact changes for 
each cluster, we only kept the genes with Foldchange>1 
and required the percentage of candidate genes more than 
0.25. Further, the Wilcox test was performed to filter the 
genes with adjusted P-value (Bonferroni correction) be-
low 0.05.

2.6. Gene ontology and KEGG enrichment analysis
Before enrichment analysis, the gene symbols were 

transformed to ENTREZID, by clusterProfiler v4.8 [9]. 
Gene ontology functional enrichment, as well as KEGG 
enrichment of DEGs at P < 0.05 was analyzed using clus-
terProfiler. The candidate enrichment results were filtered 
by a cutoff of P-value below 0.05, and adjusted P-value 
below 0.05, refined by “BH” method.

2.7. Gene set enrichment analysis
Gene Set Enrichment Analysis (GSEA) was also 

conducted using clusterProfiler v4.8. The gene sets and 
molecular signatures were obtained from the Molecular 
Signatures Database [10]. A threshold of adjusted P-va-
lue<0.05 is used to filter final gene set. Finally, the whole 
results were visualized by GseaVis. 

2.8. Statistical analysis
This study utilized Pearson correlation coefficients 

for analyzing relationships between cell fractions, and 

the Wilcoxon test for identifying differentially expressed 
genes, adjusting significance with Bonferroni correction 
(P < 0.05). Cell-cycle states were analyzed via gene set 
scoring. Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analyses, along-
side Gene Set Enrichment Analysis (GSEA), identified 
significant pathways and gene sets (adjusted P < 0.05), 
employing the clusterProfiler package for comprehensive 
statistical evaluations.

3. Results
3.1. Single-cell RNA-seq reveals cell heterogeneity of 
different skin states 

The improvement of high throughput technology, 
such as single-cell RNA sequencing, provides a novel, 
detailed way to understand the cellular heterogeneity in 
various states of skin. We collected the scRNA datasets 
from melanoma (MEL), cutaneous squamous cell carci-
noma (CSCC), keloid skin (KS), scar skin (SS), and heal-
thy control (HC) samples. After stringent filtration, a total 
of 89,805 normal cells are obtained. To reduce the batch 
effects, the single-cell data were integrated with Harmony 
and then clustered by Uniform Manifold Approximation 
and Projection (UMAP) (Figure 1A). To address the cell 
types of 19 clusters more precisely, we calculated the mar-
ker genes of each cluster, and combined those in previous 
study, and then annotated the 19 clusters as 6 cell types 
(Figure 1A, B, C) [11-13]. The epithelial cells were based 
on the expression of KRT14 and KRT5, endothelial cells 
were PECAM1 and CDH5, smooth muscle cells were 
ACTA2 and RGS5, fibroblast cells were PDGFRA and 
PDGFRB, immune cells were PTPRC, and melanocytes 
were MLANA (Figure 1C).

We next observed the dynamic cell proportions in dif-
ferent skin states (Figure 1D). When compared to HC and 
tumor (MEL and CSCC) samples, KS and SS samples 
have more fibroblast cells, endothelial cells, and smooth 
muscle cells. These alterations have also been reported to 
be one reason for the abnormal development of keloid and 

Fig. 1. Overview of integrated cells from 5 skin states. (A) U M A P 
for all integrated cells, clustered by project id (left), cluster id (middle), 
and annotated cell types(right). (B) The differential expressed genes 
among 19 clusters. (C) Dot plot showing the expression of known 
marker genes in each cell cluster. (D) Cell fractions of cell types in 5 
skin states.
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scar [4,14,15]. Also, the changes in immune cell propor-
tion, especially for lymphocytes, may reflect the different 
skin states. The tumor samples have more immune cells, 
indicating immune infiltration, while the keloid and scar 
samples have less proportion.

3.2. The subtypes of fibroblast cells various in different 
skin states

To further understand the functional changes of fibro-
blast cells in skin diseases, we extracted fibroblast cells 
from the integrated dataset, and re-cluster these cells into 
8 subtypes (Figure 2A, B). Notably, the HC samples only 
have 1 subtype c4, we named this subtype as normal fibro-
blast, which can be marked by MMP1 and MMP3, WNT5A 
(Figure 2B). Tumor samples (MEL and CSCC) have 2 fi-
broblast subtypes, c4 and c7 (Figure 2B). The cluster c7 
didn’t exist in the normal samples (Figure 2B), so we na-
med c7 as cancer-like fibroblast, which is highly expressed 
TK1 and MKI67 and SPC25 (Figure 2D). And the frac-
tion of c7 is also distinct in different cancer types (MEL: 
82.2%; CSCC: 1.6%). Besides tumor samples, this cancer-
like fibroblast also exists in KS (1.1%) and SS (0.68%) 
samples, close to the fraction in CSCC. In the correlation 
statistics, KS and SS were more similar, than healthy and 
tumor samples (Figure 2C), which may suggest the dif-
ferent skin states.

A total of 252 specific expressed genes of c7 were 
found (percentage of expressed cells more than 0.25, and 
log2 fold change 0.5), when comparing c7 and other clus-
ters. 242 pathways were significantly enriched in GO en-
richment analysis (Figure 2D). The results showed that the 
antigen processing and presenting, as well as MHC II pro-
tein-related cascades, may be the key functional changes 
for the cancer-like fibroblast.

3.3. The specific fibroblast subtypes in keloid and scar
To demonstrate the differences between KS and SS 

samples, we removed the normal fibroblast c4 and cancer-
like fibroblast c7. Referring to previous study, the fibro-
blasts in keloid can be divided into secretory-papillary, 
secretory-reticular, mesenchymal, and pro-inflammatory 
subtypes [5]. Secretory-papillary fibroblasts are generally 
located in the papillary, comprising APCDD1, AXIN2, 
COLEC12, PTGDS, and COL18A1, the reticular fibroblast 
located in the reticular dermis, with markers genes such as 
MFAP5 and WISP2 [5]. Mesenchymal fibroblasts can be 
defined by some mesenchymal progenitor markers, such 
as COL11A1 and POSTN, which may correspond to ske-
letal system development, ossification, or osteoblast diffe-
rentiation. The signatures of pro-inflammatory fibroblasts 
contain APOE, CCL19 and CXCL13 [4,5]. 

Based on these known markers, the 13,336 cells can 
be divided into 4 subtypes, c0 and c6 are pro-inflamma-
tory fibroblast, c1 is secretory-reticular fibroblast, c2 is 
secretory-papillary fibroblast, c3 and c5 is mesenchymal 
fibroblast (Figure 3A, C). The clustering and cell fraction 
results are similar to previous study, supporting the robust-
ness of results [4]. 

Among these 4 subtypes of fibroblast, the mesenchy-
mal fibroblast increased in keloid compared to normal 
scar, showing the greatest changes in cell fraction, from 
10.8% in SS to 36.6% in KS. And mesenchymal fibroblast 
is the only subtype whose cell fraction increased in KS, 
while other 3 subtypes all decreased (Figure 3B). Further 

Fig. 3. Annotation of fibroblast subtypes in keloid and scar samples. 
(A) UMAP for annotated fibroblast subtypes. (B) Bar plot showed the 
proportion differences for the four fibroblast subtypes between KS 
and SS. (C) Feature plots showed the marker genes expression of 4 
fibroblast subtypes. (D) The cell cycle phases of fibroblasts are shown 
in a UMAP plot. (E) Cell fractions of cell cycle phases in 4 fibroblast 
subtypes.

Fig. 2. Differences between subtypes of fibroblasts. (A) UMAP for 
fibroblast cells (middle) extracted from all cells (left), and the re-clus-
ter results for the 14,292 cells. (B) Cell fractions of fibroblast subtypes 
in 5 skin states. (C) The correlation coefficient scores between the 
fibroblasts of the 5 skin states. (D) Marker genes of normal fibroblast 
subtype (c4) and cancer-like fibroblast subtype (c7). (E) GO enrich-
ment results of the specific expressed genes of cancer-like fibroblast 
subtype.
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analysis of cell cycle score showed mesenchymal and 
secretory-reticular fibroblast has less cells in G2M phase, 
compared with pro-inflammatory and secretory-papillary 
fibroblasts, suggesting these subtypes may be proliferating 
(Figure 3D, E).

3.4. The potential roles of mesenchymal fibroblast in 
abnormal skin

To explore the characteristics and function of mesen-
chymal fibroblasts, we compared them with other clusters 
and defined 170 cluster-specific highly expressed genes. 
When focused on the genes with great expression diffe-
rences, we found POSTN, FN1, MDK, with a log2 fold 
change of 3.69, 2.34, and 1.89. POSTN encodes a secreted 
extracellular matrix protein that functions in tissue deve-
lopment and regeneration, including wound healing, and 
ventricular remodeling following myocardial infarction 
[16,17]. And POSTN was reported to promote the expres-
sion of collagens in keloid samples [4]. 

Based on GO and KEGG enrichment, a total of 155 and 
16 catalogues were significant, respectively (Figure 4A, 
B). Notably, the extracellular matrix organization and col-
lagen organization-related pathways showing high enrich-
ment degrees, such as “collagen-containing extracellular 
matrix” (GO: 0062023), showing the highest rich factor 
(0.32) with a low adjusted P-value (5.95*10-44). Functio-
nal enrichment results also demonstrate the changes cor-
related with mesenchymal fibroblast. The catalog “Focal 
adhesion” (hsa04510, adjusted P-value = 1.14*10-9, rich 
factor = 0.23) was also reported to play an important role 
in clustering integrin receptors interact with the extracellu-
lar matrix on the outside of cells and with the actin cytos-
keleton [18]. Similarly, “ECM-receptor interaction” is also 
engaged in the mesenchymal fibroblast-specific expressed 
genes (hsa04512, adjusted P-value = 6.24*10-12, rich fac-
tor = 0.20). 

When considering the gene order of fold changes, 
the GSEA results only showed two categories, “Epithe-
lial-Mesenchymal Transition” and “Myogenesis” (Figure 
4C). “Epithelial Mesenchymal Transition” catalog owned 
an NES value of 2.46, a low FDR value of 1.81*10-7. It 
includes 26 genes, while the highest is POSTN1, and se-
cond is FN1. “Myogenesis” contains 5 genes (COL1A1, 
COL3A1, SPARC, ADAM12, TAGLN), less than “Epithe-
lial-Mesenchymal Transition”, with an NES score of 1.61, 
and an FDR value of 0.016. These results may suggest the 
significant influence in alterations of the transition of epi-
thelial-mesenchymal and myogenesis, but a greater impor-
tance of the former, rather than the latter.

4. Discussion
In skin tissues, keloid is regarded as a beginning di-

sease, but consistent with non-malignant dermal tumors 
phenotypically, due to the excessive fibroblast prolife-
ration, and excessive overproduction of collagen which 
never metastasizes [19]. As one key component of skin, fi-
broblasts have been evidenced to participate in many skin 
diseases. For instance, cancer-related fibroblast may addi-
tionally participate in the inflammatory response of the 
tumor site by releasing a variety of chemokines and cyto-
kines in melanoma [20] and might support the growth and 
metastasis of tumors by inhibiting lymphocyte infiltrate on 
and remodeling the tumor extracellular matrix in CSCC 
and so on [21]. Although we have realized the importance 

of fibroblast in development and treatment of skin disease, 
there is little research that clarifies the cell heterogeneities 
in different skin states, globally. In this study, we collected 
a total of 89,805 cells in 5 different skin states (HC, MEL, 
CSCC, KS, SS), and explained the dynamic alteration of 
cell clusters and sub-clusters, as well as the key genes and 
pathways during the alteration. These findings will pro-
vide a more global insight into skin diseases, as well as a 
genetic basis for therapy application.

Firstly, we demonstrated the cell heterogeneities among 
five skin states and found the proportion of immune cells, 
especially for lymphocytes, in keloid and scar samples, are 
far below normal and tumor samples. In previous research, 
inflammation may be one cause for keloid. Several studies 
have suggested an increase in pro-inflammatory mediator 
expression in keloids [22], and several inflammatory cell 
types are prominent in keloids, particularly mast cells and 
macrophages [23,24]. There is one research that found an 
increased fraction of lymphocytes in keloid samples, but 
the increasing fraction is fluctuating [25]. This finding is 
slightly different from previous study, which may explain 
the abnormal development of keloid, without supervision 
by lymphocytes. But this may be a result of cells dropping 
out due to the limitation of single cell RNA-sequencing 
technology, or the individual heterogeneities. 

And then, we found the great differences of fibroblast 
subtypes in various skin states. Such as one cancer-like 
fibroblast, which does not exist in normal skin. Then func-
tional enrichment results showed that this subtype may 
participate in antigen processing and presentation. This 
cancer-like fibroblast has been found in CSCC, KS, and 
SS samples, and KS has a higher fraction closer to CSCC, 

Fig. 4. Functional changes of mesenchymal fibroblast. (A) Gene onto-
logy enrichment results of mesenchymal fibroblast-specific expressed 
genes, separated by 3 domains, biological progress, cell component 
and molecular function. (B) KEGG functional enrichment results of 
mesenchymal fibroblast specific expressed genes. (C) Gene set enrich-
ment analysis for mesenchymal fibroblast-specific expressed genes.
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which may indicate the malignance of KS. But the corre-
lation statistics showed a distinct state between KS and 
SS, compared with normal and tumor samples. These fin-
dings may reflect the abnormal state of keloid, malignant 
but distinguished from tumor samples. Further, a larger 
dataset may help us to uncover more details, and explain 
the mechanism.

Finally, when comparing the fibroblast subpopulations 
between keloid and scar, we found a higher cell-cycle score 
of mesenchymal fibroblasts, as well as the greatest frac-
tion changes, which are evidenced by previous studies [4]. 
When focusing on the mesenchymal fibroblasts, one gene, 
POSTN, attracted our attention, this gene has been proven 
to promote the expression of collagens in fibroblasts. Ano-
ther research also found POSTN highly expressed in can-
cer-related fibroblast, enriched around CSCC, which may 
also indicate the cancer-like character of keloid [21]. Fur-
thermore, the functional enrichment showed significant 
alterations in the transition of epithelial-mesenchymal and 
myogenesis.

In conclusion, we compared the multiple states of skin, 
from single-cell resolution, and demonstrated the hete-
rogeneity of cell types and subtypes. The global integra-
tion and comparison help us to understand the dynamic 
changes of skin more clearly, and contribute to designing 
clinical therapy from genetic basis.

5. Conclusions
Our study demonstrated the keloid sample is malignant 

but absolutely different compared with tumor samples. 
Also, found the key altered fibroblasts in keloid, and 
mesenchymal fibroblasts, as well as their main changes 
in transition of epithelial mesenchymal and myogenesis. 
These findings provided a clear insight into understanding 
skin development, especially for wound healing.
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