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Abstract 

Wound healing is a complex physiological process. Effective wound healing enables the skin 
barrier function to be restored once the skin is injured. However, due to the complex nature of 
wounds, the mechanisms underlying tissue repair are still poorly understood. This has 
hindered the development of treatment for chronic wound, which is posing threat to both 
human health system and economy. Long non-coding RNAs (lncRNAs) have been identified 
as important gene expression regulators and to play functional roles in many biological 
processes.  The aim of this study was to unravel the gene regulatory network in human skin 
wound healing, in particular, to identify lncRNAs that may play a functional role in skin 
repair. Here we performed RNA sequencing to profile gene expression in fibroblasts and 
keratinocytes isolated from matched skin and day-7 acute wounds of five healthy donors. We 
predicted a total of 1974 and 3444 mRNA–lncRNA correlated pairs in wound fibroblasts and 
wound keratinocytes, respectively. By integrating the results from gene ontology enrichment 
and weighted co-expression network analysis, we shortlisted lncRNAs that may play a 
functional role in human skin wound healing.  



 

  



 

Secret actor in wound healing - lncRNA 

Popular Science Summary 

Yuen Ting Cheung 

 

Everyone must have experienced an open wound in our life. Once the skin is wounded, we are 
used to apply bandage and then the wound will heal automatically. But do you know that 
wound healing is complex physiological process which requires a lot of “actors” to perform? 
And the complexity of wound healing makes it challenging for scientists to understand the 
“script”? RNAs are molecules which play important roles in many biological processes in our 
body. RNAs can be classified into two major classes, namely coding RNAs and non-coding 
RNAs.  Coding RNAs are like the main actors in a drama, they encode proteins for many 
biological processes. Non-coding RNAs are like the backstage contributors and they do not 
encode proteins. So, scientists used to think that non-coding RNAs are not related to any 
biological processes. But recent studies have found out that long non-coding RNAs 
(lncRNAs), major components of non-coding RNAs, can regulate coding RNAs and thus 
control the biological processes. So, this study aimed to study the mechanisms of wound 
healing and identify lncRNAs that may act as secret actors during skin repair. Our study 
successfully identified a certain number of these secret actors. This study provides novel 
insights for molecular mechanism of wound repair and facilitates the development of effective 
wound treatment. 
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1 Introduction 

Skin, the largest organ of human body, plays a vital role in barrier function that protects 
infectious substances from entering the body and maintains homeostasis. The ability of skin to 
heal ensures this barrier function can be recovered once the skin is injured. Skin wound 
healing is a complex, and highly regulated physiological process involving orchestration of 
cellular, humoral and molecular mechanisms (Reinke & Sorg 2012). Traditionally, wound 
healing has been divided into three distinct and overlapping phases: inflammation, 
proliferation, and remodelling (Schilling 1976). Successful wound healing requires all these 
phases to be in correct order and timeframe, and any interference with the process can result 
in excessive scarring or prolonged healing time. These days, chronic non-healing wounds has 
emerged as a burden in both human health and economy. Take America as an example, it has 
been estimated that the medical cost of chronic wounds treatment is over US$25 billion per 
year (Han & Ceilley 2017). However, due to the complexity of skin repair process and the 
translational challenges of using animal models for preclinical research, the mechanisms 
underlying tissue repair are still poorly understood (Zomer & Trentin 2018). This has led to 
the difficult development of effective and efficient treatment of chronic wounds. 

With the advances of sequencing technology, long non-coding RNA (lncRNA) has become a 
new study target in human genetics. lncRNAs, account for more than 98% of human genome, 
are non-protein-coding RNA transcripts with the length > 200 nucleotides (nt) which do not 
encode proteins (Chen X & Yan 2013). Traditional view of lncRNAs is that they are just by-
products of transcription, but recent studies have revealed that lncRNAs are involved in many 
biological processes, including cell signalling (Peng et al. 2017), cell autophagy (Ballantyne 
et al. 2016), cell proliferation and cell cycle (Mao et al. 2019). Although an increasing 
number of lncRNAs are being identified, less than 1% of human lncRNAs have been 
functionally annotated (Li et al. 2019). This demonstrates the significant research potential of 
lncRNAs, and thus it would be of interest to study the role of lncRNAs in wound healing 
process. 

The aim of this study was to unravel the gene regulatory network in human skin wound 
healing, in particular, to identify lncRNAs that may play a functional role in skin repair. As 
fibroblasts and keratinocytes are two of the major players in skin repair process, and it is 
believed that there is active interplay between both keratinocytes and fibroblasts (Werner et 
al. 2007, Wojtowicz et al. 2014, Seo et al. 2017), the transcriptomic profiles of fibroblasts 
and keratinocytes isolated from human skin and wound biopsies were investigated. 
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2 Materials and Methods 

2.1 RNA-Seq data 

The RNA-Seq data of fibroblasts and keratinocytes isolated from paired skin and day-7 
wound tissues of 5 healthy donors were provided by the host lab. The recruited subjects 
included 3 males and 2 females aged 25 to 38 (Table 1). 

Donor ID Gender Age Region 

1 M 27 Caucasian 

2 M 33 Caucasian 

3 F 36 Caucasian 

4 M 25 Caucasian 

5 F 38 Caucasian 

Table 1. Detailed information of the recruited subjects 

The paired skin and wound biopsies were taken from the donors’ lower backs and subjected 
to fibroblasts and keratinocytes isolation. Then, the RNA-Seq libraries of the purified samples 
were prepared using the Ovation SoLo RNA-Seq System (NuGEN) which includes ribosomal 
RNA (rRNA) depletion, and sequenced by Illumina paired-end (2 ×150 bp) short read 
sequencing technology. 

2.2 Read Processing 

The read processing workflow is summarized in Figure 1. First, raw reads quality control and 
trimming were performed, followed by mapping and assembly. After transcript assembly, 
gene count matrix was calculated and used in the downstream analysis. 

 

Figure 1. Read processing work flow 
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2.2.1 Pre-processing of raw reads 
The quality of raw reads was checked using FastQC (Andrews 2010). FastQC is a program 
providing several analyses for checking read quality like adapter content, GC content, 
overrepresented sequences and sequence duplication levels. Illumina adapters, leading and 
trailing low-quality bases (< 3 Phred score), low-quality regions with average quality per base 
below 15 Phred score, and reads with length less than 36 bases after trimming were clipped 
using Trimmomatic (v0.36) (Bolger et al. 2014). The quality of the trimmed reads was 
checked by FastQC again to make sure all retained reads were clean enough for downstream 
analyses. All FastQC reports were summarized using MultiQC (v1.9) (Ewels et al. 2016) for 
better visualization and easier interpretation. 

2.2.2 Mapping and transcriptome assembly 
The trimmed reads were mapped to the human reference genome (GRCh38.p13) using the 
alignment program HISAT2 (v2.2.1) (Kim et al. 2015)  with option --rna-strandness FR as the 
reads were forward stranded. The post-alignment quality control was performed using RSeQC 
(v2.6.4) (Wang L et al. 2012) and Picard MarkDuplicates (v2.23.4) (Broad Institute 2019). 
RSeQC can evaluate the alignment quality through a number of tests, such as gene body 
coverage, junction saturation and read distribution. Besides, Picard MarkDuplicates can 
estimate reads duplication rate and source of duplication. Next, with the GENCODE human 
annotation file (v35) as annotation guide, the assembler StringTie (v2.1.4) (Pertea M et al. 
2015) was used for transcriptome assembly of each sample. All assembled transcripts were 
then merged by StringTie’s merge function to create consensus transcripts across all samples. 

2.2.3 Transcript classification and novel lncRNA prediction 
The merged set of transcripts was compared with the GENCODE human annotation (v35) 
using GffCompare (v0.12.2) (Pertea G & Pertea 2020). Transcripts with classification code 
“=” were exact matches of the reference transcripts. Multi-exon transcripts of length > 200bp 
with class code “i“ (fully contained within a reference intron), “j“ (multi-exon with at least 
one junction match), “o“ (other same strand overlap with reference exons) , “u“ (unknown, 
intergenic) or “x“ (exonic overlap on the opposite strand) (Pertea G & Pertea 2020) were 
considered as novel lncRNA candidates. The protein coding ability of the potential lncRNA 
candidates were assessed using Coding-Non-Coding Index (CNCI) (Sun et al. 2013), Coding 
Potential Calculator 2 (CPC2) (Kang et al. 2017), PfamScan (v1.3) (Mistry et al. 2021), 
BLASTX (v2.11.0) (Gish & States 1993) and TransDecoder (v5.5.0) (Broad Institute 2012). 
These five tools have been used in a number of lncRNA studies (Zhang T et al. 2017, Liu et 
al. 2017, Majewska et al. 2018, Azlan et al. 2019, Bryzghalov et al. 2020). CNCI predicts 
protein coding potential based on codon distribution statistics, whereas CPC2 assesses protein 
coding ability based on sequence intrinsic features like weighted nucleotide frequency and 
open reading frame (ORF) length (Kang et al. 2017). Both PfamScan and BLASTX were 
used to search if the translated nucleotide sequences of the lncRNA candidates were found in 
the protein databases Pfam or SwissProt, respectively. TransDecoder can predict coding 
regions from candidate transcripts based on ORF length and likelihood score. The lncRNA 
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candidates passing all the following criteria were predicted as non-coding RNAs: 1) CNCI 
score < 0; 2) CPC score <0; 3) transcripts were not found in the Pfam’s library of hidden 
Markov models; 4) transcripts were not found in the BLASTX search of SwissProt (E-value < 
e-10) (Boeckmann et al. 2003); 5) no open reading frames (> 100bp) was identified by 
TransDecoder within the transcripts. 

2.2.4 Abundance estimation 
Transcript abundance estimation was performed using StringTie with option “-e -B”. The 
generated abundance data was converted to gene-level expression count matrix and transcripts 
per million (TPM) matrix using Tximport (v3.12) (Soneson et al. 2016). lncRNAs and 
mRNAs with read counts > 0 in either all keratinocyte samples or fibroblast samples were 
considered as expressed genes and retained for the downstream analyses. 

2.3 Downstream analysis 

2.3.1 Differential expression analysis 
Expressed lncRNAs and mRNAs were passed to DESeq2 (v3.12) (Love et al. 2014) for 
pairwise comparisons between skin and wound samples. DESeq2 estimates differentially 
expressed (DE) genes based on negative biomial distribution model. The statistical thresholds 
used for determining significantly DEmRNAs and DElncRNAs were: 1) absolute fold change 
≥ 2; 2) false discovery rate (FDR) < 0.05. 

2.3.2 Prediction of lncRNA targets 
The log2(TPM + 1) transformed abundance matrix was first used to calculate the Pearson 
correlation between DEmRNAs and DElncRNAs. DEmRNA – DElncRNA pairs with 
significant Pearson correlation (|correlation coefficient| ≥ 0.7, p-value < 0.05) were considered 
as potential interaction pairs. Based on genomic location, targets located 100kb upstream and 
downstream of DElncRNAs were screened out as cis-target gene using Bedtools (v2.29.2) 
(Quinlan & Hall 2010). The 100kb distance threshold was referred to other lncRNA studies 
(Zhang T et al. 2017, Liu et al. 2017, Wang Q et al. 2017, Chen W et al. 2020). The rest of 
the pairs were considered as trans if the pairs were found to complimentary to each other 
using BLASTN (v2.11.0) (Gish & States 1993) with parameters “-perc_identity 95” 
(percentage identity > 95%) and “-evalue 1E-10” (E-value < e-10) as referred to Duan’s study 
(Duan et al. 2019). The word_size parameter, minimum alignment length, was set to default 
value 11 as there was no information about the minimum binding length of antisense 
lncRNA-mRNA duplexes. 

2.3.3 Co-expression network analysis 
The co-expression analysis of expressed mRNAs and lncRNAs was performed using an R 
package called Weighted gene correlation network analysis (WGCNA) (v1.69) (Langfelder & 
Horvath 2008). WCGNA assigns genes with similar expression pattern to modules based on 
correalation between genes. Genes in the same module are believed to have similar biological 
functions, so it was of interest to find out whether lncRNAs and mRNAs would be grouped 
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together. Top 25% low variance genes selected by interquartile range were excluded from the 
WGCNA analysis. The minimum module size was set to 100. 

2.3.4 Functional and pathway enrichment analysis 
The DEmRNAs, lncRNA targets and modules found in WGCNA were passed to 
clusterProfiler (v3.12) (Yu et al. 2012) for gene ontology (GO) annotation and Kyoto 
encyclopedia of genes and genomes (KEGG) pathway enrichment (Kanehisa & Goto 2000). 
In addition, clusterProfiler was also used for the gene set enrichment analysis (GSEA) in 
which all expressed genes ranked by fold-change were used as input. Enriched GO terms and 
KEGG pathways were considered significant if the adjusted p-value < 0.05. 

2.3.5  Crosstalk analysis 
To study the crosstalk between fibroblasts and keratinocytes, the log2(TPM + 1) transformed 
abundance matrix of all expressed mRNAs was passed to the Python package of 
CellPhoneDB (v2.1.5) (Efremova et al. 2020) with the default settings for searching potential 
ligand-receptor interactions across different cell types. CellPhoneDB is a curated ligand-
receptor database. The Python package of CellPhoneDB can predict enriched ligand-receptor 
interactions across different samples. The ligand-receptor interactions were considered 
significant if p-value < 0.05. The p-value here represented the likelihood of sample specificity 
of the ligand-receptor pairs (Efremova et al. 2020). 

3 Results 

3.1 Overview of sequencing data and quality control 

A total of 20 RNA-Seq datasets with five samples each in skin keratinocytes (SK), skin 
fibroblasts (SF), wound keratinocytes (WK) and wound fibroblasts (WK) were used in this 
study. Around 2 x 50 million raw read pairs for each sample were generated. After removing 
adapters and low-quality reads, the number of read pairs retained in each sample ranged from 
19 million (38.5%) to 40 million (80.4%) (Table S1). Sample SK2 had the lowest ratio of 
clean reads because it contained the largest ratio (53.4%) of adapter content as reported by 
FastQC (Andrews 2010). The relatively small number of clean reads of SK2 could be 
adjusted by normalization so SK2 was not considered as problematic at this stage. However, 
the GC content plot of clean reads looked abnormal that there was a very sharp peak located 
at around 50% GC and a few small peaks near 60% GC (Figure 2). 
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Figure 2. The average GC content of clean reads of all samples. Red lines corresponded to failed samples (SK1, SK2, 
WK1, WK2). Yellow lines corresponded to samples with warnings (All SF and WF samples). Green lines represented 
the rest of the samples. 

The central sharp peak in Figure 2 belonged to SK1 and it was caused by the sequence 
“CCCCCAGCTCTTTCTTTTCTGCTGTTTCCCAATGAAGTTTTCAGATCAGT” which 
accounted for 2.98% of reads in SK1. A BLAST (Gish & States 1993) search was performed 
on this sequence and the results showed that this sequence corresponded to homo sapiens 
keratin 1 (KRT1) (E-value = 6e-16), which is a common gene in keratinocytes. Similar 
BLAST searches were also performed on sequences which caused the small peaks near 60% 
GC and the resulting BLAST hits were all human genes. As the peaks were not likely due to 
contamination by bacteria or viruses, no further pre-processing was performed. 

Next, the trimmed reads were mapped to the human reference genome (GRCh38.p13) using 
HISAT2 (Kim et al. 2015). The overall alignment rate ranged from 73.80% to 83.19% (Table 
S1). The resulting alignment files were assembled by StringTie (Pertea M et al. 2015) and a 
total of 581135 consensus transcripts were produced. For post-mapping quality control, the 
gene body coverage, read duplication and junction saturation results generated by RSeQC 
(Wang L et al. 2012) looked fine. But it is worth noting that sample SK1 showed slightly 
different patterns as seen in Figure 3. 
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Figure 3. The post-mapping quality control results generated by RSeQC. Each line represents one sample and lines 
highlighted in red correspond to the SK1 sample. (a) Gene body Coverage. (b) Junction Saturation. (c) Read 
Duplication. 
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The SK1 sample also stood out in Picard MarkDuplicates test (Broad Institute 2019) in which 
SK1 had the largest portion of non-optical duplicate pairs (Figure 4). Non-optical duplicates 
are generally referred to duplicates not caused by the optical sensors of the sequencing 
instrument. Since non-optical duplicates include both true biological signals and polymerase 
chain reaction (PCR)  artifacts, removing non-optical duplicates from SK1 was not a feasible 
solution. 

 

Figure 4. Duplication statistics generated by Picard’s MarkDuplicates tool 

Before making the decision of whether SK1 should be discarded, gene expression box plots 
(Figure 5), Pearson correlation hierarchical clustering (Figure 6) and principle component 
analysis (PCA) (Figure 7) were used to visualize the variability across different samples. All 
these figures were based on variance stabilizing transformation (VST) counts calculated by 
DESeq2 (Love et al. 2014). In Figure 5, SK1 clearly had more low abundance genes and high 
abundance compared to other samples. It is also clear that SK1 was a sample outlier as seen in 
Figure 6 and Figure 7. 

 

Figure 5. Expression distribution of different samples based on VST-normalized counts 
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Figure 6. Average linkage Pearson correlation hierarchical clustering based on VST-normalized counts 

 

 

Figure 7. PCA plot of the top 5000 variance genes based on VST-normalized counts 

Trimmed mean of M-values (TMM) normalization (Robinson & Oshlack 2010) and quantile 
normalization (Hansen et al. 2012) methods were tested for reducing variability of SK1. 
However, even with different normalization methods, SK1 still stood out as an outlier, as 
observed in PCA and clustering results (Figure S1 - Figure S6) Therefore, SK1 had to be 
excluded in further downstream analysis. 

3.2 Identification of novel lncRNAs 

Out of 581135 assembled transcripts, 248373 transcripts with GffCompare (Pertea G & Pertea 
2020) class code “=” were classified as known transcripts, of which 49581 were lncRNA 
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transcripts and 93149 were mRNA transcripts. The rest of the transcripts were screened out 
for novel lncRNA prediction based on gene length, GffCompare class code and exon number. 
130688 transcripts passing all of the above filtering criteria were subjected to protein coding 
ability tests. The candidate transcripts were considered as protein coding genes if coding 
regions with the transcripts were detected or their translated protein sequences matched 
records in public protein databases. Based on the results of CNIC, CPC2, PfamScan, 
BLASTX and TransDecoder, 63082 transcripts passing all the tests were considered as novel 
lncRNAs, of which 39821 (63.1%) were intronic, 9081 (14.4%) were intergenic, 8791 
(13.9%) were antisense, 3813 (6.0%) were sense, and 1576 (2.5%) were potential new 
isoforms. 

3.3 Differential expression analysis 

The gene-level expression count matrix calculated by Tximport (Soneson et al. 2016) was 
passed to DESeq2 (Love et al. 2014) for the differential expression analysis between paired 
skin and wound samples. Low abundance genes were filtered out before the analysis, and 
genes expressed (count > 0) in either all keratinocyte samples or fibroblast samples were 
retained. After filtering step, 16440 mRNAs and 20772 lncRNAs were subjected to 
differential analysis. Absolute fold change ≥ 2 and false discovery rate (FDR) < 0.05 were 
used as selection criteria of differential expressed lncRNAs (DElncRNAs) and differential 
expressed mRNAs (DEmRNAs). 

In the paired skin fibroblasts (SF) versus wound fibroblasts (WF) comparison, 1940 
DElncRNAs and 2254 DEmRNAs were detected. Among these DElncRNAs, 808 lncRNAs 
were upregulated and 1132 lncRNAs were downregulated under wound condition. As for 
DEmRNAs, 897 mRNAs were upregulated and 1357 mRNAs were downregulated in wound 
samples. Similarly, in the paired skin keratinocytes (SK) versus wound keratinocytes (WK) 
comparison, 4332 DElncRNAs and 2941 DEmRNAs were identified. Of these DE genes, 455 
lncRNAs were upregulated and 3877 lncRNAs were downregulated, whereas 2186 mRNAs 
were upregulated and 755 mRNAs were downregulated. Among the two comparison groups, 
527 DElncRNAs and 818 DEmRNAs were commonly detected (Figure 8). 

 

Figure 8. Venn diagrams showing the number of overlapping and non-overlapping differential expressed genes in SF 
vs WF and SK vs WK comparison groups. (a) Venn diagram of DElncRNAs. (b) Venn diagram of DEmRNAs 
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Figure 9 shows the heatmaps of the identified DEmRNAs and DElncRNAs. Rows and 
columns in the heatmaps were clustered by Euclidean distance with complete linkage. 
Samples from same group were clustered together and the expression difference in paired skin 
and wound samples was significant as seen from the strong color contrast in the heatmaps. 

 

Figure 9. Heatmap of (a) DEmRNAs in SF vs WF comparison, (b) DElncRNAs in SF vs WF comparison, (c) 
DEmRNAs in SK vs WK comparison, (d) DElncRNAs in SK vs WK comparison. Color red represents higher 
expression values and color blue represents lower expression values. 
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3.4 Functional and pathway enrichment analysis of DEmRNAs 

The DEmRNAs were subjected to GO and KEGG analysis. As suggested by Hong’s study, 
separating upregulated and downregulated genes for enrichment analysis can provide higher 
statistical power than analyzing all differential expressed genes together (Hong et al. 2014), 
so enrichment analysis of upregulated DEmRNAs and downregulated DEmRNAs were 
performed separately. Besides, it was of interest to find out overlapping and non-overlapping 
functions in fibroblasts and keratinocytes. Therefore, overlapping and non-overlapping 
DEmRNAs in SF vs WF and SK vs WK comparisons were also analyzed separately. 

3.4.1 Overlapping DEmRNAs 
The 499 overlapping DEmRNAs which were upregulated in both WF and WK were 
significantly enriched (Adjusted p-value < 0.05) for 308 GO terms, of which 254 were 
biological processes, 40 were cellular components and 14 were molecular functions (Figure 
S7). These DEmRNAs were mainly involved in cell division and DNA replication. As for the 
234 overlapping downregulated DEmRNAs, 25, 24 and 11 GO terms were enriched for 
biological processes, cellular components and molecular functions, respectively (Figure S8). 
These GO terms included regulation of signaling receptor activity and chemical synaptic 
transmission. 

For pathway analysis, 10 KEGG pathways were enriched for the overlapping upregulated 
DEmRNAs (Table S2). The results showed that these DEmRNAs were involved in immune 
response, cell cycle and DNA replication. In addition, no KEGG pathway was enriched for 
the overlapping downregulated DEmRNAs. 

3.4.2 Non-overlapping DEmRNAs 
Among the 398 upregulated DEmRNAs uniquely found in the SF vs WF comparison, there 
were 17 enriched GO terms (Figure S9). “Extracellular structure organization” was the only 
one enriched biological process, whereas the enriched cellular component and molecular 
function GO terms were mainly related to extracellular matrix. On the other hand, the 1123 
downregulated DEmRNAs in WF were enriched for 283 biological processes, 26 cellular 
components and 30 molecular functions (Figure S10). These downregulated DEmRNAs were 
mainly involved in cell adhesion and axon development. 

In the SK vs WK comparison, 1687 upregulated DEmRNAs and 521 downregulated 
DEmRNAs were uniquely identified in wound keratinocytes. 155 and 72 GO terms were 
enriched for the upregulated and downregulated DEmRNAs, respectively (Figure S11 and 
Figure S12). The upregulated DEmRNAs were mainly involved in metabolic process of 
different molecules including rRNA, DNA and ATP, whereas the downregulated DEmRNAs 
were found to mainly take part in transmembrane transporter activity. 

As for KEGG pathway analysis, only downregulated DEmRNAs in WF and upregulated 
DEmRNAs in WK were enriched for KEGG pathway terms. The downregulated DEmRNAs 
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in WF were associated with cytokine−cytokine receptor interaction, neuroactive 
ligand−receptor interaction and cell adhesion molecules (Table S3). The upregulated 
DEmRNAs in WK were involved in ribosome biogenesis and cell cycle (Table S4). 

3.5 Gene set enrichment analysis (GSEA) 

In addition to using DEmRNAs for KEGG pathway enrichment, GSEA was also performed. 
All expressed genes ranked by fold-change were passed to clusterProfiler for searching 
enriched KEGG pathways. In the SF vs WF comparison, pathways related to wound healing 
process like DNA replication and cell cycle were activated (Figure 10).  

 

Figure 10. GSEA enrichment plot for the SF vs WF comparison 

Surprisingly, Wnt signaling pathway, which improves wound angiogenesis and epithelial 
remodeling (Zhang H et al. 2018), was found to be suppressed in wound fibroblasts. Similar 
to wound fibroblasts, biological processes of cell cycle and neutrophil extracellular trap 
formation were also activated in wound keratinocytes compared to skin keratinocytes (Figure 
11).  
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Figure 11. GSEA enrichment plot for the SK vs WK comparison 

Other pathways activated in WK included cytokine−cytokine receptor interaction and IL−17 
signaling pathway. Another surprising result was that notch signaling pathway, which plays 
important role in wound healing and involves in cell fate decisions during tissue development 
(Chigurupati et al. 2007), was found to be suppressed in wound keratinocytes. 

3.6 Prediction of lncRNA targets 

In the SF vs WF comparison, 577 and 1397 DEmRNA – DElncRNA pairs were identified as 
cis-interaction and trans-interaction pairs, respectively. GO results revealed that cis-target 
genes were involved in a few processes related to wound healing including apoptotic cell 
clearance, fibroblast proliferation, angiogenesis and epithelial cell proliferation (Figure S13). 
One KEGG pathway, cytokine−cytokine receptor interaction, was enriched in the cis-targets. 
As for the trans-target genes, the enriched GO terms included cell cycle, muscle cell 
proliferation and DNA replication (Figure S15).   

Similarly, in the SK vs WK comparison, 491 cis-interaction pairs and 2953 trans-interaction 
pairs were obtained. The cis-target genes were associated with interleukin−7 response, 
myeloid cell differentiation and mesenchymal cell proliferation (Figure S14), whereas the 
trans-target genes were mainly involved in DNA replication (Figure S16). 
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3.7 Co-expression network analysis 

Weighted gene correlation network analysis (WGCNA) (Langfelder & Horvath 2008) is an R 
package which can identify modules of genes sharing similar expression pattern. It was 
hypothesized that genes in the same module may have similar biological functions. In order to 
investigate the potential functional role of lncRNAs in wound healing, WGCNA was 
performed to construct the co-expression network of lncRNAs and mRNAs.  

After filtering out top 25% low variance genes, 14010 mRNAs and 13861 lncRNAs were 
subjected to WGCNA analysis. As a result, a total of 9 modules were identified. The module 
size ranged from 202 to 13651, with the yellow module as the smallest and the turquoise 
module as the biggest. As seen from the module-trait relationships in Figure 12, the black, 
blue, brown, green and yellow modules had relatively strong correlation (r ≥ 0.7, p-value < 
0.05) with specific traits, so mRNAs in these modules were selected for gene ontology (GO) 
enrichment analysis (Table S5). 

 

Figure 12. Heatmap showing module-trait relationships. Color red indicates positive correlation, whereas color green 
represents negative correlation. The stronger the correlation, the deeper the color. Correlation coefficient and p-value 
were shown in each square. Genes not assigned to any modules were included in the grey module. 
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GO analysis revealed that genes in the yellow module, which had the highest correlation with 
WK, were related processes like protein processing in endoplasmic reticulum, Golgi vesicle 
transport, metalloendopeptidase activity and extracellular matrix organization. The black 
module, specific to SK, was found to be mainly related to keratinocytes function like 
keratinization, cornification and sphingolipid metabolism. Another module that was also 
highly correlated to SK was the blue module. It was involved in protein tyrosine kinase 
activity and autophagy. As for the WK sample group, the brown and green modules were the 
representatives. DNA replication was the common enriched GO term between these two 
modules. Besides, the green module was found to be involved in cell cycle, whereas the 
brown module was related to metabolism of small molecules and neutrophil extracellular trap 
formation.  

After identifying the key functions of selected modules, it was of interest to investigate how 
did the genes correlate in each module. Each selected module had a certain number of 
lncRNAs. Interestingly, some predicted cis- and trans- interaction DElncRNA-DEmRNA 
pairs were also found in the modules (Table 2 and Table S6). Some of these interaction pairs 
may be worth further investigation. For example, in the yellow module, the target genes of the 
MSTRG.146038-COL5A2 (r = 0.817, p=0.00393) cis-pair and the AL138828.1-COL8A1 (r = 
0.931, p=9.02e-05) trans-pair were included in the enriched GO term, extracellular matrix 
organization, a process which modulates fibroblast growth and growth factor responsiveness 
(Nakagawa et al. 1989). For the MSTRG.235690 - FIGNL1 (r = 0.725, p= 0.0271) trans-pair 
found in the brown module, FIGNL1 was related to the enriched ATP metabolic process. 
Besides, the AL139099.1-POLE2 (r = 0.768, p= 0.0156) cis-pair from the green module was 
involved in both cell cycle and DNA replication. 

 

 

Table 2. Detailed information of the selected WGCNA modules 

3.8 Crosstalk analysis 

CellPhoneDB (Efremova et al. 2020), a database of ligands and receptors, was used to search 
potential ligand-receptor pairs across the samples. A total of 440 significant interaction pairs 

Module No. of lncRNA No. of mRNA No. of cis-pairs No. of trans-pairs 

Black 730 280 3 15 

Blue 1759 2189 19 9 

Brown 280 3036 1 3 

Green 76 1481 10 2 

Yellow 1129 877 125 53 



29 

(p-value < 0.05) were identified. The top 25 expressed interaction pairs based on expression 
value were presented in Figure 13. As seen from the columns “SF|SK”, “SK|SF”, “WF|WK” 
and “WK|WK” in Figure 13, the significant interaction pairs (p-value < 0.05) indicated that 
there was crosstalk between fibroblasts and keratinocytes in both paired skin and wound 
samples. The p-value here represented the likelihood of sample specificity of the ligand-
receptor pairs (Efremova et al. 2020). 

 

Figure 13. Dot plot of the top 25 expressed predicted ligand-receptor interaction pairs based on expression value. The 
dot color represents the log2 mean expression values of the interacting pairs. The dot size represents the -log10(p-
value). The bigger the dot, the more significant the predicted pair is. 

The predicted interaction pairs which showed higher expression during wound healing were 
mainly related to immune response and cell proliferation. For example, the CD46-JAG1 
interaction was found to be important for human TH1 immunity (Le Friec et al. 2012), so 
higher expression of this pair might be related to immune response triggered upon wounding. 
Besides, integrin receptors were found to mediate cell adhesion, proliferation, migration and 
invasion (Hynes 1992, Grzesiak et al. 1992, Brooks et al. 1996, Pozzi et al. 1998, Decline & 
Rousselle 2001), the predicted results of CDH1-α2β1, COL12A1-α1β1, COL17A1-α1β1, 
FN1-α5β1 and MMP2-αVβ3 suggested that cell migration and proliferation happening during 
wound healing may be related crosstalk between keratinocytes and fibroblasts. 
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4 Discussion 

The aim of this study was to unravel the gene regulatory network in human skin wound 
healing and create a better understanding of wound healing mechanisms. The transcriptomics 
of fibroblasts and keratinocytes isolated from human skin and wounds were investigated. 

4.1 Sample quality 

A total of 20 RNA-Seq samples were provided by the host lab. However, after quality control, 
skin keratinocytes taken from donor 1 (SK1) had to be discarded. Quality control results 
revealed that SK1 had abnormal GC content distribution and very high duplication level. This 
abnormality was believed not related to microbial contamination as confirmed by the BLAST 
results of the overrepresented sequences. As the fibroblasts and wound keratinocytes taken 
from the same donor did not have such problems, the differences observed in SK1 would 
probably due to experimental errors like library preparation error, PCR amplification error or 
primer biases. There were only five SK samples, thus the exclusion of SK1 might have a 
significant impact in terms of statistical power. Stronger normalization methods like quantile 
normalization and TMM normalization were applied to reduce the variability of SK1. 
Unfortunately, both methods did not work well and thus removing SK1 from the analysis 
became inevitable. This also implied that, if resources allow, using more samples in a study is 
always preferable as this could minimize potential impact of removing outliers. 

4.2 Functions of keratinocytes and fibroblasts during wound healing 

Based on the GSEA results and GO analysis of DEmRNAs, cell cycle and DNA replication 
were the two major common activated functions of keratinocytes and fibroblasts during 
wound healing. This suggested that cell proliferation happened during wound healing because 
cell cycle can regulates cell proliferation (Reitz et al. 2015) and cell division requires DNA 
replication. In fact, there is ample evidence that both keratinocytes and fibroblasts proliferate 
in the proliferation phase of skin repair process, in which keratinocytes proliferate to cover 
the wound surface and fibroblasts proliferate to form granulation tissue (Landén et al. 2016), 
which is consistent with the enrichment results. In addition, the crosstalk analysis results 
illustrated that there were a couple of ligand-receptor pairs related to cell proliferation and 
migration. This implied cell proliferation in keratinocytes and fibroblasts is not a standalone 
process and the crosstalk interactions in between may facilitate cell proliferation. 

As for cell-type-specific functions of fibroblasts, upregulated mRNAs were mainly related to 
extracellular structure organization. Since extracellular matrix is like the building blocks of 
tissues, extracellular structure organization can play an important role to support newly 
formed tissues during skin repair. For the cell-type-specific functions of keratinocytes, GO 
results revealed that most upregulated genes in WK were mainly involved in metabolic 
process of small molecules like rRNA, DNA and ATP. This might be due to the fact that skin 
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repair is an energy demanding process, higher metabolic rate is thus required to support 
wound healing.  

4.3 Regulatory roles of lncRNA in skin repair 

This study identified 1974 and 3444 DEmRNA – DElncRNA interaction pairs in WF and 
WK, respectively. In the WGCNA analysis, a certain number of lncRNAs were assigned into 
different modules with mRNAs together, indicating the correlation between lncRNAs and 
mRNAs. Some predicted DEmRNA – DElncRNA interaction pairs were also found in the 
significant modules. Taken all these together, it is believed that lncRNAs may regulate 
mRNAs in both fibroblasts and keratinocytes during wound healing. But, noted that 
correlation does not imply causation. The correlation between lncRNAs and mRNAs could be 
just due to the shared promoters. Further experiments will be necessary to confirm the 
predicted regulatory pairs and the underlying regulatory mechanisms. For example, lncRNAs 
that had predicted mRNA targets and were in the significant WGCNA modules can be 
selected for gene knockdown experiments. lncRNA function can be inferred by comparing the 
knockdown samples with the controls.  

4.4 Summary 

In conclusion, this study demonstrated that wound healing is a complex process which 
involves a lot of cellular and molecular mechanisms, with potential regulation by lncRNAs 
and crosstalk between fibroblasts and keratinocytes. The predicted lncRNA-mRNA pairs and 
ligand-receptor pairs from this study may be useful for future wound healing research. 
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Appendix A – Sequencing information 
Table S1. Statistical results of reads 

Sample Raw pairs Clean pairs GC content 
(%) 

Uniquely 
mapped pairs 

Alignment 
rate (%) 

SK1 48312734 33955458 
(70.3%) 

51 22357057 
(65.84%) 

83.19 

SK2 49513562 19055238 
(38.5%) 

51 10405105 
(54.60%) 

73.80 

SK3 49836083 32445108 
(65.1%) 

48.5 20083230 
(61.90%) 

78.48 

SK4 49797312 32235038 
(64.7%) 

48.5 19784621 
(61.38%) 

78.14 

SK5 49979767 30514281 
(61.1%) 

49.5 18036781 
(59.11%) 

76.42 

WK1 50803597 27652188 
(54.4%) 

49.5 15882878 
(57.44%) 

75.02 

WK2 49088460 30394064 
(61.9%) 

49.5 18210650 
(59.92%) 

77.37 

WK3 49514513 33670304 
(68%) 

49 20882456 
(62.02%) 

80.01 

WK4 48899102 28611498 
(58.5%) 

48 16970255 
(59.31%) 

76.52 

WK5 49477549 28175596 
(56.9%) 

48.5 16448796 
(58.38%) 

76.02 

SF1 50799083 40829453 
(80.4%) 

47.5 27297119 
(66.86%) 

81.77 

SF2 49424056 32418798 
(65.6%) 

47.5 20380869 
(62.87%) 

78.69 

SF3 51728826 37506660 
(72.5%) 

47.5 23816211 
(63.50%) 

78.94 

SF4 51580059 32811262 
(63.6%) 

47.5 20120436 
(61.32%) 

76.69 

SF5 50574485 33698184 
(66.6%) 

47.5 21126397 
(62.69%) 

78.39 

WF1 49731802 31047681 
(62.4%) 

46.5 18949633 
(61.03%) 

76.86 

WF2 49560364 28963493 
(58.4) 

46.5 17318041 
(59.79%) 

75.95 

WF3 49870228 35789511 
(71.8%) 

46 22829366 
(63.79%) 

79.26 

WF4 49634868 30794874 
(62%) 

46.5 18853134 
(61.22%) 

77.07 

WF5 49913147 30358623 
(60.8%) 

45.5 17738562 
(58.43%) 

74.38 
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Appendix B – Comparison of different normalization 
methods 

 

Figure S1. Expression distribution of different samples based on TMM-normalized counts 

 

Figure S2. Average linkage Pearson correlation hierarchical clustering 

 based on TMM-normalized counts 

 

Figure S3. PCA plot of the top 5000 variance genes based on TMM-normalized counts 
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Figure S4. Expression distribution of different samples based on quantile-normalized counts 

 

Figure S5. Average linkage Pearson correlation hierarchical clustering  

based on quantile-normalized counts 

 

Figure S6. PCA plot of the top 5000 variance genes based on quantile-normalized counts 
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Appendix C – Functional and pathway enrichment 
analysis results 

 

Figure S7. Top 50 significantly enriched GO terms of overlapping upregulated DEmRNAs in the SF vs WF and SK vs 
WK comparisons 
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Figure S8. Top 50 significantly enriched GO terms of overlapping downregulated DEmRNAs in the SF vs WF and SK 
vs WK comparisons 
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Figure S9. Significantly enriched GO terms of upregulated DEmRNAs uniquely found in the SF vs WF comparison 
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Figure S10. Top 50 significantly enriched GO terms of downregulated DEmRNAs uniquely found in the SF vs WF 
comparison 
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Figure S11. Top 50 significantly enriched GO terms of upregulated DEmRNAs uniquely found in the SK vs WK 
comparison 
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Figure S12. Top 50 significantly enriched GO terms of downregulated DEmRNAs uniquely found in the SK vs WK 
comparison 
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Figure S13. Enriched GO terms of cis-target genes of DElncRNA in the SF vs WF comparison 
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Figure S14. Enriched GO terms of cis-target genes of DElncRNA in the SK vs WK comparison 
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Figure S15. Enriched GO terms of trans-target genes of DElncRNA in the SF vs WF comparison 
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Figure S16. Enriched GO terms of trans-target genes of DElncRNA in the SK vs WK comparison 
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Appendix D – KEGG pathway analysis results 
Table S2. Enriched KEGG pathway terms for upregulated DEmRNAs found in both SF vs WF and SK vs WK 
comparison 

 

Table S3. Enriched KEGG pathway terms for downregulated DEmRNAs found in wound fibroblasts 

KEGG ID Description Adjusted p-value Count 
hsa04080 Neuroactive ligand-receptor 

interaction 
9.81E-05 30 

hsa04060 Cytokine-cytokine receptor 
interaction 

0.0004 32 

hsa04514 Cell adhesion molecules 0.0168 21 
hsa04360 Axon guidance 0.0272 25 
hsa05200 Pathways in cancer 0.0272 52 
hsa05216 Thyroid cancer 0.0381 9 
hsa05217 Basal cell carcinoma 0.0475 11 

 

 

 

 

KEGG ID Description Adjusted p-value Gene Count 

hsa05322 Systemic lupus erythematosus 6.95E-23 38 

hsa04613 Neutrophil extracellular trap formation 5.11E-18 39 

hsa05034 Alcoholism 1.11E-17 38 

hsa04110 Cell cycle 1.10E-10 26 

hsa03030 DNA replication 6.25E-06 11 

hsa05203 Viral carcinogenesis 3.45E-05 24 

hsa03460 Fanconi anemia pathway 0.0103 9 

hsa04217 Necroptosis 0.0110 15 

hsa04914 Progesterone-mediated oocyte maturation 0.0283 11 

hsa03440 Homologous recombination 0.0283 7 
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Table S4. Enriched KEGG pathway terms for upregulated DEmRNAs found in wound keratinocytes 

KEGG ID Description Adjusted p-value Count 
hsa03008 Ribosome biogenesis in eukaryotes 3.48E-05 27 
hsa05012 Parkinson disease 0.0093 49 
hsa05415 Diabetic cardiomyopathy 0.0123 41 
hsa03013 RNA transport 0.0123 36 
hsa05020 Prion disease 0.0123 50 
hsa00190 Oxidative phosphorylation 0.0192 29 
hsa05014 Amyotrophic lateral sclerosis 0.0192 62 
hsa05016 Huntington disease 0.0192 54 
hsa04110 Cell cycle 0.0203 28 
hsa03060 Protein export 0.0340 9 
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Appendix E – Enrichment results of WGCNA modules 
Table S5. Key GO terms/KEGG enriched pathways in the WGCNA modules 

Module  Enriched GO term/KEGG pathway Gene Count Adjusted p-value 
Yellow hsa04141 Protein processing in endoplasmic 

reticulum 
33 8.13E-08 

GO:0006890 Retrograde vesicle-mediated 
transport, Golgi to ER 

20 1.73E-05 

GO:0048193 Golgi vesicle transport 43 1.73E-05 
GO:0004222 Metalloendopeptidase activity  19 3.72E-05 
GO:0030198 Extracellular matrix 
organization 

41 5.28E-04 

Black GO:0031424 Keratinization 8 7.54E-03 
GO:0043588 Skin development 15 7.54E-03 
GO:0070268 Cornification 17 8.85E-03 
GO:0006665 Sphingolipid metabolic process  11 8.85E-03 
GO:0030216 Keratinocyte differentiation 10 1.18E-02 

Blue GO:0004713 Protein tyrosine kinase activity 38 5.41E-04 
GO:0071218 Cellular response to misfolded 
protein 

14 2.63E-03 

GO:0032927 Positive regulation of activin 
receptor signaling path 

9 1.07E-02 

GO:0006914 Autophagy 94 3.0E-02 
Brown GO:0072594 Establishment of protein 

localization to organelle 
177 7.39E-19 

GO:0006335 DNA replication-dependent 
nucleosome assembly 

25 4.77E-11 

hsa04613 Neutrophil extracellular trap 
formation  

76 1.13E-11 

GO:0016072 rRNA metabolic process 84 9.11E-10 
GO:0046034 ATP metabolic process 104 2.10E-09 
hsa03030 DNA replication 17 9.09E-03 

Green GO:0044839 Cell cycle G2/M phase 
transition 

77 6.82E-16 

GO:0006260 DNA replication 74 7.12E-16 
GO:1901987 Regulation of cell cycle phase 
transition 

101 7.56E-15 

hsa04110 Cell cycle 44 1.96E-11 
hsa03030 DNA replication 15 6.33E-05 
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Appendix F – lncRNA-mRNA pairs in WGCNA modules 
Table S6. The predicted cis-/trans- lncRNA-mRNA interaction pairs in the WGNCA modules 

lncRNA mRNA Pearson 
coefficent 

p-value Interaction 
type 

Module 

AC103974.1 TMEM86A 0.951 8.25E-05 cis black 

MSTRG.96360 RAB40C 0.881 1.71E-03 cis black 

LINC02560 RNF225 0.927 3.18E-04 cis black 

MSTRG.5625 SH3BP2 0.805 8.81E-03 trans black 

MSTRG.5625 RASAL1 0.804 8.99E-03 trans black 

MSTRG.8254 RAB11FIP1 0.884 1.55E-03 trans black 

MSTRG.24823 TNNT2 0.931 2.66E-04 trans black 

MSTRG.24823 GAN 0.882 1.63E-03 trans black 

MSTRG.24823 RAB11FIP1 0.790 1.13E-02 trans black 

MSTRG.52953 CES4A 0.754 1.89E-02 trans black 

MSTRG.123901 PCSK6 0.881 1.72E-03 trans black 

MSTRG.123901 GPLD1 0.930 2.74E-04 trans black 

MSTRG.123901 ENSG00000277363.5|SRCIN1 0.909 6.79E-04 trans black 

MSTRG.123901 ENSG00000273608.4|SRCIN1 0.930 2.84E-04 trans black 

MIR646HG TNNT2 0.949 9.35E-05 trans black 

MSTRG.174189 RAB11FIP1 0.915 5.52E-04 trans black 

MSTRG.185737 C2orf92 0.931 2.60E-04 trans black 

MSTRG.237266 GPLD1 0.879 1.81E-03 trans black 

MSTRG.12902 TSSK3 0.865 2.58E-03 cis blue 

MSTRG.52354 ATG16L2 0.933 2.40E-04 cis blue 

MSTRG.68911 TRPV4 0.881 1.68E-03 cis blue 

MSTRG.102111 IL34 0.921 4.23E-04 cis blue 

MSTRG.127340 PPFIA3 0.761 1.73E-02 cis blue 

MSTRG.139791 RABL2A 0.874 2.06E-03 cis blue 

MSTRG.153605 OVOL2 0.892 1.21E-03 cis blue 
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MSTRG.155015 AL121753.1 0.877 1.88E-03 cis blue 

MSTRG.155016 AL121753.1 0.837 4.88E-03 cis blue 

MSTRG.155042 AL121753.1 0.829 5.72E-03 cis blue 

MSTRG.155045 AL121753.1 0.792 1.09E-02 cis blue 

MSTRG.171122 VIPR1 0.960 3.91E-05 cis blue 

MSTRG.179598 EPHB1 0.865 2.60E-03 cis blue 

MSTRG.185413 TNK2 0.946 1.11E-04 cis blue 

MSTRG.210613 SLC25A48 0.803 9.19E-03 cis blue 

MSTRG.210618 SLC25A48 0.988 5.89E-07 cis blue 

AC114296.1 SLC25A48 0.972 1.20E-05 cis blue 

MSTRG.210651 SLC25A48 0.984 1.51E-06 cis blue 

MSTRG.239455 GPC2 0.788 1.16E-02 cis blue 

MSTRG.49389 PLLP 0.821 6.72E-03 trans blue 

MSTRG.49389 ACP6 0.762 1.71E-02 trans blue 

MSTRG.127215 CA11 0.836 4.98E-03 trans blue 

MSTRG.155042 IL17RE 0.958 4.93E-05 trans blue 

MSTRG.166097 PLEKHG6 0.780 1.32E-02 trans blue 

MSTRG.177064 BOC 0.962 3.47E-05 trans blue 

MSTRG.217959 PLEKHG6 0.926 3.41E-04 trans blue 

MSTRG.236426 SPDYE17 0.931 2.69E-04 trans blue 

MSTRG.261574 NRXN3 0.878 1.83E-03 trans blue 

MSTRG.235690 FIGNL1 0.725 0.027121 cis brown 

AC254813.1 TCAF2 0.763 0.016773 trans brown 

AC006064.4 GAPDH 0.935 0.000219 trans brown 

CCDC26 CACNB4 0.701 0.0353 trans brown 

AL138759.1 HELLS 0.841 0.00451 cis green 

AL139099.1 POLE2 0.768 0.015574 cis green 

AC017083.2 PNO1 0.765 0.016341 cis green 

HNRNPA1P35 NDUFB3 0.732 0.024851 cis green 
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MSTRG.134445 MTIF2 0.771 0.014909 cis green 

MSTRG.136044 SNRPG 0.901 0.000899 cis green 

MSTRG.136044 FAM136A 0.877 0.001899 cis green 

MSTRG.168359 HRH1 0.774 0.01444 cis green 

MSTRG.244760 NCAPG2 0.825 0.006166 cis green 

MSTRG.246957 CDCA2 0.851 0.003625 cis green 

MSTRG.44836 MRPL1 0.741 0.022473 trans green 

MSTRG.276441 HNRNPA3 0.898 0.001005 trans green 

MSTRG.3462 ENSG00000281690.2|ADAMTS12 0.939 5.52E-05 cis yellow 

MSTRG.21626 NGF 0.789 6.71E-03 cis yellow 

MSTRG.21628 NGF 0.831 2.92E-03 cis yellow 

MSTRG.22067 ZNF697 0.838 2.45E-03 cis yellow 

LINC00622 ZNF697 0.973 2.11E-06 cis yellow 

MSTRG.22072 ZNF697 0.894 4.89E-04 cis yellow 

MSTRG.22080 ZNF697 0.949 2.84E-05 cis yellow 

MSTRG.25731 KIFAP3 0.834 2.73E-03 cis yellow 

MSTRG.26895 ABL2 0.831 2.90E-03 cis yellow 

MSTRG.26899 ABL2 0.818 3.81E-03 cis yellow 

IDI2-AS1 GTPBP4 0.733 1.58E-02 cis yellow 

MSTRG.40476 PAPSS2 0.771 9.08E-03 cis yellow 

MSTRG.42274 ENTPD7 0.859 1.44E-03 cis yellow 

AL365203.2 ITGB1 0.957 1.45E-05 cis yellow 

MSTRG.48407 RCN1 0.755 1.16E-02 cis yellow 

MSTRG.53630 ENSG00000110172.12|CHORDC1 0.944 4.05E-05 cis yellow 

MSTRG.54084 MTMR2 0.855 1.60E-03 cis yellow 

MSTRG.54076 MTMR2 0.912 2.31E-04 cis yellow 

MSTRG.60645 PDE3A 0.988 8.56E-08 cis yellow 

MSTRG.60646 PDE3A 0.992 1.86E-08 cis yellow 

MSTRG.60777 BCAT1 0.989 7.39E-08 cis yellow 
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MSTRG.68058 ALDH1L2 0.918 1.81E-04 cis yellow 

MSTRG.76587 GPC6 0.977 1.17E-06 cis yellow 

MSTRG.76593 GPC6 0.977 1.22E-06 cis yellow 

MSTRG.76601 GPC6 0.979 9.04E-07 cis yellow 

MSTRG.76653 GPC6 0.922 1.48E-04 cis yellow 

MSTRG.73696 ENOX1 0.876 8.91E-04 cis yellow 

MSTRG.94268 CFAP161 0.702 2.36E-02 cis yellow 

MSTRG.91720 PPIB 0.856 1.56E-03 cis yellow 

MSTRG.106273 HS3ST3A1 0.921 1.57E-04 cis yellow 

MSTRG.106274 HS3ST3A1 0.969 3.82E-06 cis yellow 

MSTRG.106275 HS3ST3A1 0.960 1.08E-05 cis yellow 

MSTRG.106277 HS3ST3A1 0.864 1.26E-03 cis yellow 

MSTRG.119527 CCDC102B 0.986 1.57E-07 cis yellow 

MSTRG.119541 CCDC102B 0.961 9.25E-06 cis yellow 

MSTRG.119544 CCDC102B 0.981 5.60E-07 cis yellow 

MSTRG.118672 LMAN1 0.917 1.89E-04 cis yellow 

MSTRG.118677 LMAN1 0.880 7.77E-04 cis yellow 

MSTRG.129257 RNF144A 0.785 7.18E-03 cis yellow 

MSTRG.129261 RNF144A 0.834 2.68E-03 cis yellow 

MSTRG.129274 RNF144A 0.931 9.20E-05 cis yellow 

MSTRG.146310 ITGAV 0.946 3.48E-05 cis yellow 

MSTRG.146311 ITGAV 0.987 1.17E-07 cis yellow 

MSTRG.146313 ITGAV 0.867 1.17E-03 cis yellow 

MSTRG.129015 PXDN 0.848 1.92E-03 cis yellow 

MSTRG.146038 COL5A2 0.817 3.93E-03 cis yellow 

LINC01433 SMOX 0.955 1.75E-05 cis yellow 

MSTRG.157413 DOK5 0.857 1.53E-03 cis yellow 

MSTRG.178930 SEC61A1 0.710 2.14E-02 cis yellow 

MSTRG.169741 NEK10 0.898 4.24E-04 cis yellow 
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MSTRG.169753 NEK10 0.837 2.54E-03 cis yellow 

MSTRG.174733 FOXP1 0.837 2.55E-03 cis yellow 

MSTRG.174734 FOXP1 0.869 1.10E-03 cis yellow 

MSTRG.174745 FOXP1 0.927 1.16E-04 cis yellow 

MSTRG.174749 FOXP1 0.816 4.02E-03 cis yellow 

MSTRG.174750 FOXP1 0.843 2.19E-03 cis yellow 

MSTRG.174756 FOXP1 0.809 4.57E-03 cis yellow 

MSTRG.180795 PLOD2 0.862 1.33E-03 cis yellow 

LNCSRLR PLOD2 0.981 5.65E-07 cis yellow 

MSTRG.191056 EREG 0.967 4.91E-06 cis yellow 

MSTRG.191057 EREG 0.979 9.04E-07 cis yellow 

MSTRG.201738 ENSG00000151388.11|ADAMTS12 0.931 9.04E-05 cis yellow 

MSTRG.201746 ENSG00000151388.11|ADAMTS12 0.947 3.28E-05 cis yellow 

MSTRG.201750 ENSG00000151388.11|ADAMTS12 0.950 2.65E-05 cis yellow 

MSTRG.201751 ENSG00000151388.11|ADAMTS12 0.922 1.51E-04 cis yellow 

MSTRG.201756 ENSG00000151388.11|ADAMTS12 0.885 6.61E-04 cis yellow 

MSTRG.201757 ENSG00000151388.11|ADAMTS12 0.951 2.30E-05 cis yellow 

MSTRG.201758 ENSG00000151388.11|ADAMTS12 0.963 7.44E-06 cis yellow 

MSTRG.201759 ENSG00000151388.11|ADAMTS12 0.920 1.65E-04 cis yellow 

MSTRG.201763 ENSG00000151388.11|ADAMTS12 0.973 2.25E-06 cis yellow 

MSTRG.207793 NREP 0.850 1.83E-03 cis yellow 

MSTRG.207798 NREP 0.935 7.39E-05 cis yellow 

MSTRG.208417 TICAM2 0.930 9.56E-05 cis yellow 

MSTRG.220667 RUNX2 0.917 1.90E-04 cis yellow 

MSTRG.220678 RUNX2 0.901 3.67E-04 cis yellow 

MSTRG.220683 RUNX2 0.815 4.11E-03 cis yellow 

MSTRG.220689 RUNX2 0.857 1.54E-03 cis yellow 

MSTRG.220693 RUNX2 0.936 6.91E-05 cis yellow 

MSTRG.220698 RUNX2 0.960 1.07E-05 cis yellow 
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MSTRG.224956 DCBLD1 0.973 2.14E-06 cis yellow 

MSTRG.222795 PGM3 0.836 2.61E-03 cis yellow 

MSTRG.229832 AGPAT4 0.750 1.24E-02 cis yellow 

MSTRG.229834 AGPAT4 0.897 4.36E-04 cis yellow 

MSTRG.229839 AGPAT4 0.948 3.09E-05 cis yellow 

MSTRG.229842 AGPAT4 0.916 1.97E-04 cis yellow 

AC002064.1 STEAP2 0.812 4.30E-03 cis yellow 

AC002064.1 CFAP69 0.911 2.46E-04 cis yellow 

AC018638.7 FAM71F2 0.879 8.04E-04 cis yellow 

AC018638.7 CALU 0.881 7.46E-04 cis yellow 

MSTRG.242732 DGKI 0.975 1.60E-06 cis yellow 

MSTRG.242764 DGKI 0.966 5.44E-06 cis yellow 

MSTRG.242768 DGKI 0.997 5.66E-10 cis yellow 

MSTRG.242904 HIPK2 0.956 1.52E-05 cis yellow 

MSTRG.242913 HIPK2 0.954 1.78E-05 cis yellow 

MSTRG.242924 HIPK2 0.882 7.33E-04 cis yellow 

MSTRG.242925 HIPK2 0.953 2.03E-05 cis yellow 

MSTRG.242926 HIPK2 0.951 2.31E-05 cis yellow 

MSTRG.249269 FAM110B 0.962 8.75E-06 cis yellow 

MSTRG.249278 FAM110B 0.967 4.84E-06 cis yellow 

MSTRG.250582 PI15 0.902 3.51E-04 cis yellow 

MSTRG.246694 CSGALNACT1 0.884 6.93E-04 cis yellow 

MSTRG.246679 CSGALNACT1 0.902 3.62E-04 cis yellow 

MSTRG.246701 CSGALNACT1 0.937 6.23E-05 cis yellow 

MSTRG.246704 CSGALNACT1 0.804 5.02E-03 cis yellow 

MSTRG.257286 GLIS3 0.997 3.63E-10 cis yellow 

AL359095.1 GLIS3 0.975 1.54E-06 cis yellow 

MSTRG.257298 GLIS3 0.941 5.01E-05 cis yellow 

MSTRG.257304 GLIS3 0.970 3.24E-06 cis yellow 
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MSTRG.257306 GLIS3 0.968 4.51E-06 cis yellow 

MSTRG.257317 GLIS3 0.979 7.95E-07 cis yellow 

MSTRG.258387 BNC2 0.982 4.99E-07 cis yellow 

MSTRG.258394 BNC2 0.957 1.36E-05 cis yellow 

MSTRG.258396 BNC2 0.965 6.34E-06 cis yellow 

MSTRG.258398 BNC2 0.938 5.89E-05 cis yellow 

MSTRG.258401 BNC2 0.924 1.34E-04 cis yellow 

MSTRG.258406 BNC2 0.956 1.56E-05 cis yellow 

MSTRG.258409 BNC2 0.949 2.70E-05 cis yellow 

MSTRG.258415 BNC2 0.940 5.35E-05 cis yellow 

MSTRG.258367 BNC2 0.797 5.78E-03 cis yellow 

MSTRG.258422 BNC2 0.936 6.61E-05 cis yellow 

MSTRG.258424 BNC2 0.975 1.54E-06 cis yellow 

MSTRG.258438 BNC2 0.955 1.63E-05 cis yellow 

MSTRG.258439 BNC2 0.975 1.55E-06 cis yellow 

AC112496.1 GK 0.818 3.84E-03 cis yellow 

MSTRG.270113 GK 0.810 4.53E-03 cis yellow 

MSTRG.22525 FOXP1 0.894 4.84E-04 trans yellow 

MSTRG.22525 ITGB3 0.869 1.10E-03 trans yellow 

MSTRG.22525 MAGED1 0.890 5.58E-04 trans yellow 

MSTRG.22525 SEC61A1 0.888 5.95E-04 trans yellow 

MSTRG.22525 ABCC4 0.797 5.81E-03 trans yellow 

MSTRG.24171 RASGRP3 0.821 3.58E-03 trans yellow 

MSTRG.24171 SMOX 0.747 1.30E-02 trans yellow 

MSTRG.24171 FOXP1 0.793 6.26E-03 trans yellow 

MSTRG.24171 ANKLE2 0.760 1.07E-02 trans yellow 

MSTRG.33574 ZNF93 0.838 2.45E-03 trans yellow 

MSTRG.33574 RAP1B 0.862 1.34E-03 trans yellow 

IDI2-AS1 TPM4 0.700 2.42E-02 trans yellow 
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NEAT1 HMGA2 0.839 2.42E-03 trans yellow 

MSTRG.60646 SIX4 0.930 9.90E-05 trans yellow 

MSTRG.60777 LOXL2 0.834 2.71E-03 trans yellow 

MSTRG.61593 ZNF93 0.785 7.20E-03 trans yellow 

MSTRG.70755 ENSG00000164733.21|CTSB 0.823 3.45E-03 trans yellow 

MSTRG.76587 LOXL2 0.884 6.80E-04 trans yellow 

MSTRG.76587 ENSG00000164733.21|CTSB 0.920 1.65E-04 trans yellow 

MSTRG.76587 ARHGAP28 0.954 1.92E-05 trans yellow 

MSTRG.76587 RAB13 0.917 1.89E-04 trans yellow 

MSTRG.76587 P4HA2 0.931 9.28E-05 trans yellow 

MSTRG.141388 ANKLE2 0.827 3.16E-03 trans yellow 

MSTRG.157842 ABL2 0.863 1.29E-03 trans yellow 

MSTRG.160729 ENSG00000164733.21|CTSB 0.892 5.16E-04 trans yellow 

MSTRG.160729 UGGT1 0.720 1.88E-02 trans yellow 

MSTRG.160729 RAP1B 0.703 2.34E-02 trans yellow 

DUXAP8 TPM4 0.902 3.53E-04 trans yellow 

MSTRG.165713 ST20 0.702 2.37E-02 trans yellow 

MSTRG.169238 WWC1 0.761 1.05E-02 trans yellow 

MSTRG.193449 ATP13A3 0.856 1.57E-03 trans yellow 

STARD4-AS1 NREP 0.930 9.42E-05 trans yellow 

STARD4-AS1 STARD4 0.899 4.03E-04 trans yellow 

AL138828.1 COL8A1 0.931 9.02E-05 trans yellow 

AL138828.1 PDE7B 0.869 1.10E-03 trans yellow 

AC018638.7 ABL2 0.829 3.02E-03 trans yellow 

AC018638.7 UGGT1 0.878 8.22E-04 trans yellow 

AC018638.7 CEP152 0.864 1.28E-03 trans yellow 

AC018638.7 SLAMF7 0.783 7.34E-03 trans yellow 

AC018638.7 TMED9 0.833 2.79E-03 trans yellow 

MSTRG.242913 SHCBP1 0.906 3.04E-04 trans yellow 
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MSTRG.242926 LOXL2 0.922 1.45E-04 trans yellow 

MSTRG.244941 ORC6 0.723 1.81E-02 trans yellow 

MSTRG.244941 PDE3A 0.733 1.59E-02 trans yellow 

MSTRG.244941 DOK5 0.746 1.32E-02 trans yellow 

MSTRG.244941 ENAH 0.772 8.89E-03 trans yellow 

MSTRG.244941 ABL2 0.727 1.72E-02 trans yellow 

MSTRG.249879 ANKLE2 0.928 1.05E-04 trans yellow 

MSTRG.249879 RCAN1 0.935 7.10E-05 trans yellow 

MSTRG.254713 DCBLD2 0.954 1.81E-05 trans yellow 

MSTRG.254710 S1PR3 0.943 4.38E-05 trans yellow 

MSTRG.254710 RAP1B 0.952 2.12E-05 trans yellow 

MSTRG.258439 ZNF93 0.897 4.31E-04 trans yellow 

 


