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Abstract: Senescence-resumed proliferation (SRP) is proposed to be a mechanism associated with
the escape of p21-mediated senescence and the activation of Wnt/β-catenin pathways that enhance
malignancy. The keloid genomic landscape shows heavy intersections between TP53 and TGF-β
signaling. The machinery to maintain cellular integrity through senescence, apoptosis, and autophagy
is co-regulated with stemness, hedgehog, and immunomodulation. Our study demonstrated the
presence of SRP and how, on the transcriptome level, TP53 and Wnt/β-catenin pathways are regulated
to deliver the same cellular fate. Our study proves that SRP co-regulated with senescence-associated
reprogramming (Wnt/β-catenin pathways) and TP53-p21 dysregulations originate from a common
etiology and present a novel therapeutic target opportunity.
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1. Introduction

Senescence is most known for its replication cessation role, coined in the 1950s as
“replicative senescence”, where cell culture fails to expand under extended passages. Simi-
lar to replicative senescence that stems from aging, another term, “premature senescence”,
arises from oncogenic insults in which damaged cells prone to oncogenic activation ac-
tivate the senescence program as a cellular protective measure. Premature senescence
reinforces overall macro-integrity by forcing cells subjected to irreparable insults into dor-
mancy through executing cell cycle arrest in the G0 phase. Nevertheless, the therapeutic
effect of senescence is often limited in clinical reality. Therapy-induced senescence is often
temporary before developing into a more aggressive tumor relapse. In the recent decade,
researchers have begun to grasp that senescence is a dynamic and evolving phenomenon.
Senescence may be installed and released/escaped at various time points and with var-
ious treatments. The novel concept, published multiple times in Nature, stresses that
the senescence program may be spontaneously released/escaped. Damaged oncogenic
cells that have undergone senescence fail to maintain their dormancy and resume their
proliferative abilities. Milanovic et al. emphasized a novel research ground where dor-
mant senescence cells are metabolically active, generating signals that enhance malignancy,
therapy-resistance, and cancer stem cell (CSC) properties [1–5]. Cancer stem cells had
increased glycolysis and glutamate and fatty acid (FA) catabolism, which fueled the tricar-
boxylic acid (TCA) cycle, allowing it to generate more ATP. Signaling pathways involved
in metabolic reprogramming in cancer stem cells, such as the PI3K-AKT-mTOR pathway,
were also significant [5]. Although it seems paradoxical that senescent cells that resume
proliferation acquire enhanced oncogenic properties, Cruickshanks et al. demonstrated that
methylation changes in senescence resemble cancer [6–8]. DNA methylation and associated
destabilization of genome integrity are mediated by gains and losses of methylation in
senescence that are qualitatively oncogenic-prone [6]. The altered methylation pattern
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induced by senescence is retained in cells that are released from senescence. Despite re-
suming proliferation, previously senescent cells do not show methylation patterns that
are reversed from their original proliferating patterns. The permanent epigenetic writings,
methylome of senescent cells that are oncogenic, suggest that the senescence program is a
double-edged sword and explains how, via epigenetic wiring, the senescent-released cells
acquire a more aggressive phenotype.

The distinction between “irreversible senescence” and “senescence-like arrest” is piv-
otal in addressing the suitable timing of senolytic involvement in anticancer therapy [9].
Treatment-induced senescence (TIS) is acknowledged in tumors upon chemotherapy or
radiotherapy challenge. Aside from the cytotoxic treatments, TIS can also be triggered by
PTEN inhibitors, MDM2-p53 disruptors, epigenetic modulators, telomerase inhibitors, CDK
inhibitors, AURK inhibitors, and PLK1 inhibitors. On the basis of senescence initiation,
telomere erosion, hyperproliferative states, and reactive oxidative stress are well-established
inducers. The succeeding molecular mechanisms, encompassing DNA double-strand break
response, p53-p21 activation, p16-RB activation, autophagy, and NF-κB signaling, will fur-
ther enhance cell cycle exit [10]. Of note, senescence-associated secretory phenotype (SASP),
encompassing several pro-inflammatory cytokines, chemokines, growth factors, and ma-
trix remodeling enzymes, will be generated from the aforementioned mechanisms. Some
SASPs, such as IL6 and IL8, can shape the microenvironment via autocrine or paracrine
mechanisms to elicit cell-autonomous or non-cell-autonomous senescent events [11]. Fur-
thermore, it is context-dependent that the SASPs are beneficial or detrimental to the host
immune network in TIS. CSF1, CCL2, CXCL1, IL-15, and IL-6 represent immunosupportive
SASPs, which are capable of recruiting macrophages, neutrophils, and NK cells and polar-
izing pro-inflammatory M1 macrophages, collectively leading to the elimination of cancer
cells [12]. On the contrary, senescent cancer cells (SnCs) can build an immunosuppressive
niche through myeloid-derived suppressor cell (MDSC)-soliciting SASPs, such as CXCL1,
CXCL2, GM-CSF, and M-CSF. From the perspective of immunogenic roles rendered by
SASPs in TIS, escape from the TIS state can be a route of cancer immune editing. Acquisi-
tion of stemness is the center of the molecular basis of cancer senescence exit. Milanovic
et al. blame canonical Wnt/β-catenin signaling (nuclear β-catenin activation), activated
in therapy-induced senescence, as the essential driver of the enhanced tumor initiation
capacity exhibited by senescence-resumed proliferation (SRP) tumor cells [1]. The β-catenin
expression is the hallmark of Wnt/β-catenin signaling proposed to play a role in cancer
stem cell properties, increased tumor resistance to therapy, and tumor malignancy [13,14].
Wnt/β-catenin is implicated in the physiologic machinery generating embryonic devel-
opment, polarization, and also pathological events of CSC [14]. Milanovic et al. showed
that multiple tumor lineages undergoing senescence acquired permissive (H3k9me3) and
repressive (H3K27me3) histone chromatin remodeling that increased permissive transcrip-
tion Wnt-stemness-related gene expression and the decreased repressive epigenetic control
of these genes [1]. Histone marks have been proposed to be permanent despite tumors
re-gaining cell proliferation. Apart from the epigenome, authors found that Wnt/β-catenin
signaling and hTERT on the proteomic level are co-regulated in a positive feedback loop,
yielding enhanced telomerase activity, CSC-like traits, and therapy resistance [15]. To com-
bat the unwillingly occurring senescent cancer cells (SnCs), the “one-two punch therapy”
is proposed as a sequential treatment with a senescence-promoting drug first, followed
by senolytic agents that specifically eliminate SnCs [16]. Senolytic agents take advantage
of the upregulated anti-apoptotic effectors in TIS cancer cells. Potential drugs under ex-
ploration include Navitoclax, ARV-825, AZD8055, ABT-737, and a cocktail combination of
dasatinib and quercetin (D+Q). Navitoclax (ABT-263) is a BCL-2 inhibitor that manages the
elimination of doxorubicin or etoposide-induced SnCs via dampening the BCL-XL–BAX
interaction [17,18]. Given that SASP content diversity and SnC plasticity are variable and
context-dependent, senolytic effects of navitoclax have also been examined under plentiful
clinical scenarios of TIS. For example, malignant meningioma cells entered cellular senes-
cence (proven by the detection of increased SA-β-gal activity) upon conjunctive therapy
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of gemcitabine and irradiation. Accordingly, navitoclax can boost the anti-tumor effect by
halting the anti-apoptotic activity of these TIS meningioma cells [19]. Mouse oral squa-
mous cell carcinoma gains senescent traits after cisplatin treatment. Administration of
navitoclax can induce cell death on these TIS head and neck cancer cells, subsequently [20].
Additionally, in a non-chemotherapy scenario, prostate cancer (PCa) cells will develop
cellular senescence when treated with androgen-deprivation therapies, including bicalu-
tamide and enzalutamide. These TIS PCa tumor cells contribute to castration resistance.
Navitoclax mediates the clearance of ADT-promoted senescent PCa cells and dampens the
androgen-independent proliferation [21]. Dasatinib (D) is an Src/tyrosine kinase inhibitor,
and quercetin (Q), is a natural flavonoid that binds to BCL-2 and modulates transcription
factors, cell cycle proteins, pro- and anti-apoptotic proteins, growth factors, and protein
kinases. The progression of several diseases has been demonstrated to be halted by the
D+Q cocktail. For example, in idiopathic pulmonary fibrosis, physical function showed the
most consistent improvement following D+Q. The 6-min walk distance (6MWD), 4-m usual
gait speed, timed 5-repetition chair-stands, and short physical performance battery (SPPB)
scores significantly improved one week after the drug was administered [22]. Moreover,
quercetin itself can serve as an osteoporosis and atherosclerosis [23] protector. The effect
of bone protection is present at the levels of elevated bone mineral density at variable
sites, increased osteoid volume and surface, decreased erosion area, downregulated os-
teoclast population, and several functional aspects, including improved maximum power,
energy, and load [24]. The senolytic cocktail D+Q has controversial pre-clinical results in
the field of TIS cancer cell elimination. In a radiation therapy-resistant melanoma mouse
model, D+Q could re-establish the susceptibility of melanoma cells by tuning down the
cellular senescence marker SA-β-gal [25]. Nevertheless, doxorubicin-induced senescent
hepatocellular carcinoma cells are not sensitive to D+Q treatment on the level of repressing
SA-β-galactosidase expression [26].

Escaping from the cell cycle arrest and yielding tumor relapse, the evolved tumor’s
association with enhanced expansion ability may be a universal relationship that may be
studied/predicted systematically. Previously, researchers have been limited in predicting
the subsequent mutation paths as the evolutionary selection of tumor clones and DNA
damage location is random. Thus, keloids serve as an advantageous and introductory
disease model for studying the SRP phenomenon, as its disease etiology goes beyond the
scope of more advanced uncontrollable and unmanipulable concepts of random genomic
instability and clonal selection. Universal and predictable phenomena across tumor types
suggest an identifiable target for therapeutic translation. Thus, to study such phenomena
in a simplified tumor model, we used keloid, a benign proliferative scar that does not
mutate or metastasize but may still relapse despite a clean tumor margin and presents with
CSC-like properties and acquired therapy resistance [27].

Numerous SRP cellular findings are consistent with keloid findings. Current literature
blamed the dysregulation of tumor suppressor protein TP53 [28–30], the increase of β-
catenin [31–34], the embryonic stem cell expression [35], and the absence of senescence
(TP53-p21 axis) maintenance for catalyzing keloid formation [36].

Nevertheless, authors fail to recognize that these diverse cellular mechanisms are
merely products of common upstream signaling from senescence. Could it be possible
that the reprogramming and stemness observed in this literature was bred from the same
mechanism of SRP that we have delineated previously? It seemed that numerous pheno-
types of keloid observed by different authors are not mutually exclusive and may all stem
from cells acquiring a permanent reprogramming epigenetic mark during senescence. The
current mainstream investigation of keloid is restricted to targeting downstream pathways
and not the root of the pathogenesis. Numerous researchers targeting keloids delineate an
observational outcome of phenotype without dissecting the true target. Our study aims to
demonstrate that these observations stem from a single origin, that is, SRP.

No study has explored nulled role of senescence as the underlying pathophysiology
keloid formation or integrated these manifestations as originating from a common mecha-
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nism. Hence, SRP is a profoundly undermined research area that embodies unexplored
and exciting novel pathophysiology of previously believed unassociated etiologies.

Therefore, we aim to dissect the role of senescence in keloids by investigating whether
the dysregulated proliferative nature of keloids may be traced back to senescence. We
anticipate that SRP fibroblasts will acquire a keloid phenotype characterized by an en-
hanced proliferation ability, increased migratory and invasive ability, and augmented
tumor-initiating capacity. The results obtained will shift the dynamics of keloid inves-
tigation. Researchers will begin to approach keloid anti-senescence ability as not solely
due to a unidirectional anti-apoptosis phenomenon but also due to alteration of its un-
derlying cellular epigenome. Suppose our hypothesis that senescence acts as a common
upstream signaling of diverse potential therapeutic targets is proven valid. In that case,
one straightforward therapeutic value of not eliciting senescence may be that it yields a
comprehensive tissue homeostasis restoration whereby multiple pathological pathways are
concurringly interrupted.

2. Materials and Methods

RNA-seq Database: GEO (Gene Expression Omnibus), accession number: GSE44270,
was used. GEO2R, an interactive online tool for identifying DEGs from GEO series, was
used for pipeline analysis [37]. GEO2R can be used to differentiate DEGs between MC and
AC subtypes. Probe sets in the absence of corresponding gene symbols were removed, as
were genes with more than one probe set. Statistical significance for the dataset GSE103512
was established at p ≤ 0.05 and log 2-fold change ≥1. However, no fold change or p-value
threshold was specified for the other datasets.

Hahn’s dataset: For the purpose of isolating primary keratinocytes and fibroblasts,
skin and scar tissues were acquired. In patients receiving scar excision surgery, keloid scars
were removed, and in patients undergoing elective plastic surgery, normal skin samples
were extracted. Keratinocyte and fibroblast primary cultures were made, and they were
harvested for examination up to passage three. Three normal skin samples and nine keloid
scars for nearby non-lesional keloid skin samples were collected and cultured. The quality
of the RNA was checked using an Agilent 2100 Bioanalyzer after it had been isolated using
RNeasy. The Vanderbilt Genome Sciences Resource at Vanderbilt University Medical Center
carried out the labeling and hybridization to Affymetrix Human Gene 1.0 ST microarray
chips. Database Source: A separate causative involvement in keloid disease is supported
by the aberrant gene expression profile that keloid-derived keratinocytes display [38].

Cytoscape: Through Cyto-scape v.3.7.2, we conducted PPInetwork studies using the
STRING database v.11. With the exception of the requirement that interactions be restricted
to high-confidence ones, we used the multiple protein input option with all default values
(0.700). In the network output, disconnected nodes were hidden, but not in the enrichment
analysis. Based on their relationships with a greater number of other DEGs in the PPI
network, the important genes were selected. Article Source: Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Shannon, Paul et al [39].

Plug-in Enrichment map: Article Source: ”Enrichment Map: A Network-Based
Method for Gene-Set Enrichment Visualization and Interpretation [40].”

Plug-in iRegulon:
Article Source: “iRegulon: From a Gene List to a Gene Regulatory Network Using

Large Motif and Track Collections [41].”
GSEA: In this investigation, the gene set database h.all.v7.5.symbols.gmt (Hallmarks)

was chosen. The functional differences of the gene between the keloid, keloid-prone
fibroblast, and control groups were further explained using GSEA Each analysis involved
1000 different gene set arrangements. To categorize each phenotypic enrichment signaling
pathway, the FDR q value, the normalized enrichment score (NES), and the nominal p
value were developed. Article Source: “Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profile [42].” Article Source: “Molecular
signatures database (MSigDB) 3.0 [43].”
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David bioinformatics resources: For functional enrichments based on Gene ontology
Article Source: “Systematic and integrative analysis of large gene lists using DAVID

Bioinformatics Resources [44].”
Article Source: “Bioinformatics enrichment tools: paths toward the comprehensive

functional analysis of large gene lists [45].”
RStudio: RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC,

Boston, MA URL http://www.rstudio.com/ (accessed on 15 February 2018).

3. Results

To establish that SRP phenomena observed in multiple cancer lineages are valid in
the keloid disease model, we fully explored the keloid genomic landscape with RNA-seq
data obtained from the GEO database. SRP is proposed to be a mechanism associated with
the escape p21-mediated senescence and the activation of Wnt/β-catenin pathways that
enhance malignancy. Thus, during the exploration, we purposely searched for senescence
activation via the p53-p21 axis and Wnt/β-catenin signaling, including the TGF-β-HOX
axis. Laying out the differential gene expression (DEG) comparing keloid versus control
fibroblast demonstrates multiple HOX developmental genes and other novel target gene
enrichment in keloid etiology, as shown in Figure 1A. Enriching the DEG from Figure 1A
yielded hallmarks enrichment from gene ontology (GO) in Figure 1C. The enriched hall-
marks encompassed numerous p53-related pathways, cell cycle, Wnt/β-catenin–TGF-β
pathways, and immune modulations (Figure 1C).

Our search for reprogramming and stemness hallmarks revealed that Wnt-reprogramming
hallmarks such as Wnt/β-catenin n signaling, hedgehog signaling, and TGF- β signal-
ing enrichment confirm the importance of Wnt/β-catenin signaling in keloid formation
(Figure 1C ). A heatmap of gene expression clustering among keloid groups, non-keloid
fibroblasts from keloid-prone patients (susceptible), and control demonstrates nonspecific
clustering of the control group in Figure 1B. The expression heatmap control group may
mimic different groups’ expression landscapes without eliciting pathogenesis and suggests
that wide dysregulations are not associated with disease pathogenesis. Numerous dys-
regulations in keloid-prone individuals are insufficient in eliciting keloid pathogenesis
in control patients. A smaller, key-determining switch, illustrated in Figure 1A, may be
responsible for disease etiology. Although in keloid-prone individuals, keloid fibroblasts
and non-keloid fibroblasts showed significant clustering of mutually exclusive expressions.
This finding suggests that disease target elucidation may be most appropriately searched
for by comparing keloid versus susceptible and highlights a potential future research direc-
tion. Thus, we acquire three pairs of case-control sequencing data, which are “non-lesion
fibroblast in keloid patient versus normal fibroblast”, “keloid fibroblast versus non-lesion
fibroblast”, and “keloid fibroblast in keloid patient versus normal fibroblast”, respectively.
DEG analysis and Venn diagram are achieved based on the GEO2R platform. Here, we lay
out the three groups’ differential gene expressions in Figure 2 and observe inclusive and
exclusive expressions between groups.

Next, we aimed to lay out the enriched hallmark landscape using GSEA enrichment
of the whole dataset and study their crosstalk and impacts (Figure 3). The landscape shows
heavy intersections between TP53 and TGF-β signaling where the machinery to maintain
cellular integrity through senescence, apoptosis, and autophagy are co-regulated with stem-
ness, hedgehog, and immunomodulation. Intrigued by such a finding, we collapsed the
landscape and recalculated the interactions (edges) most enriched in Figure 4a. Consistently,
hallmarks such as TP53 regulation, hedgehog, and TGF-β-signaling remained as enriched
node and edge. Interestingly, cyclin-dependent kinase inhibitor p21 degradation pathways
are activated in conjunction with proteins that allow mitosis gate passage and may me-
diate the enhanced mitotic dysregulations in keloid, consistent with the SRP phenotype.
The senescence marker p21 responsible for cell cycle arrest and senescence maintenance
activates in conjunction with the subset of molecular pathways in hedgehog signaling, as

http://www.rstudio.com/
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shown in Figure 4A, and points to senescence release (p21 degradation) co-regulation with
stemness pathways.
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Figure 1. Genomic landscape of keloid. (A) Volcano plot of differential gene expression (DEG) of
keloid versus control; (B) heatmap clustering of gene expression between control, susceptible, and
keloid; (C) gene ontology hallmark enrichment of DEG; (D) overall bubble plot of gene ontology
hallmarks; (E) increased hallmark enrichment in keloid; (F) increased hallmark enrichment in control,
decreased enrichment in keloid.
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Figure 2. DEG of keloid, susceptible, and control. (A) The first row depicts exclusive gene expression 
of keloid/susceptible (list2); second gray row depicts the common underlying difference between 
keloid/susceptible with control (list3); and the bottom row (list1, 4) depicts the exclusive distinction 
of keloid/susceptible with control. (B) Venn diagram illustrating the above relationships. 
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Nevertheless, the enrichment to TGF-β-signaling is dampened. It may suggest that 
their interaction is equally potent in deciding cell fate despite their interaction enrichment 
not reaching the significance threshold. In contrast, such findings may also indicate that 
their primary interaction is not mediated on the proteomic level but by other epigenetic 
and genomic methods and require different methodologies, such as ATAC-seq or CHIP-
seq. Their associations may lie in the epigenetic framework and not in the genomic or 

Figure 2. DEG of keloid, susceptible, and control. (A) The first row depicts exclusive gene expression
of keloid/susceptible (list2); second gray row depicts the common underlying difference between
keloid/susceptible with control (list3); and the bottom row (list1, 4) depicts the exclusive distinction
of keloid/susceptible with control. (B) Venn diagram illustrating the above relationships.

Future Pharmacol. 2023, 3,  11 
 

 

proteomic study. Regardless, we investigated whether the TP53 activation may modulate 
epigenetic reprogramming by performing GSEA enrichment of TP53 epigenetic modula-
tions in Figure 4B and showed that during keloid pathogenesis, TP53 modulated numer-
ous epigenetic changes that may dictate subsequent phenotype change. A finding that is 
unsatisfactory to explain but hints that TP53 may modulate the permanent senescence 
epigenetic markers that resemble that of cancer.  

 
Figure 3. Gene ontology hallmark landscape of keloid. In the layout, we depicted the TP53-associ-
ated pathway (Green), Wnt/β-catenin signaling (blue), and miscellaneous (grey) with different col-
ors and highlighted their complex interactions. Nodes depicted in red signify increased enrichment 
and those in blue signify decreased enrichment. 
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pathway (Green), Wnt/β-catenin signaling (blue), and miscellaneous (grey) with different colors
and highlighted their complex interactions. Nodes depicted in red signify increased enrichment and
those in blue signify decreased enrichment.
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Figure 4. Collapsed clustering of GO-hallmark landscape. (A,B) Enriched interactions with TGF-β- 
signaling (yellow) and TP53, senescence (green); (C) GSEA enrichment of TP53 epigenetic modula-
tions. 

Upon confirming that senescence, TP53, and TGF-β-signaling are of crucial im-
portance on the landscape level (big-to-small filtering) to prevent bias, we then explored 
what these narrowed-down hallmarks meant for the DEG expression (Figure 1A) level in 
Figure 5. We first allocated the DEG on the outer circle in increased expression levels (blue 
to red), calculated the enriched transcription factors of these DEG, and placed them in the 
inner circle in Figure 5A. Then, we aimed to see how numerous processes related to our 
study are highlighted in our DEG circle and found that the DEG is highlighted in our 
multiple target hallmarks in Figure 5B. This finding suggests that the proteins are heavily 
intertwined and orchestrated in the seemingly independent pathways. This finding pro-
poses that the multiple previously studied keloid pathways may stem from one originat-
ing pathway/cause. To demonstrate again that the target hallmarks enriched in keloid eti-
ology are not deliberately forced upon DEG, we show their GSEA enrichment in Figure 
5C. 

Figure 4. Collapsed clustering of GO-hallmark landscape. (A,B) Enriched interactions
with TGF-β- signaling (yellow) and TP53, senescence (green); (C) GSEA enrichment of TP53
epigenetic modulations.

Nevertheless, the enrichment to TGF-β-signaling is dampened. It may suggest that
their interaction is equally potent in deciding cell fate despite their interaction enrichment
not reaching the significance threshold. In contrast, such findings may also indicate that
their primary interaction is not mediated on the proteomic level but by other epigenetic
and genomic methods and require different methodologies, such as ATAC-seq or CHIP-
seq. Their associations may lie in the epigenetic framework and not in the genomic or
proteomic study. Regardless, we investigated whether the TP53 activation may modulate
epigenetic reprogramming by performing GSEA enrichment of TP53 epigenetic modula-
tions in Figure 4B and showed that during keloid pathogenesis, TP53 modulated numerous
epigenetic changes that may dictate subsequent phenotype change. A finding that is unsat-
isfactory to explain but hints that TP53 may modulate the permanent senescence epigenetic
markers that resemble that of cancer.

Upon confirming that senescence, TP53, and TGF-β-signaling are of crucial importance
on the landscape level (big-to-small filtering) to prevent bias, we then explored what these
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narrowed-down hallmarks meant for the DEG expression (Figure 1A) level in Figure 5.
We first allocated the DEG on the outer circle in increased expression levels (blue to red),
calculated the enriched transcription factors of these DEG, and placed them in the inner
circle in Figure 5A. Then, we aimed to see how numerous processes related to our study are
highlighted in our DEG circle and found that the DEG is highlighted in our multiple target
hallmarks in Figure 5B. This finding suggests that the proteins are heavily intertwined and
orchestrated in the seemingly independent pathways. This finding proposes that the multi-
ple previously studied keloid pathways may stem from one originating pathway/cause. To
demonstrate again that the target hallmarks enriched in keloid etiology are not deliberately
forced upon DEG, we show their GSEA enrichment in Figure 5C.Future Pharmacol. 2023, 3,  14 
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sponse, ROS, metabolism reprogramming, hypoxia, UV response, and oxidative phos-
phorylation hallmarks that ought to activate the senescence program[46]. To counteract 
these enrichments, hallmarks such as unfolded protein response, autophagy, DNA repair, 
protein secretion signaling, and apoptosis are activated. 

Figure 5. Target hallmarks are co-regulated in keloid etiology. (A) DEG of keloids versus control is
displayed in outer circle and their enriched transcription factors in the inner circle; (B) The same
DEG-TF interactions are present in these regulated target hallmark; (C) GSEA confirmation of target
hallmark enrichment.

4. Discussion

According to the RNA-seq data in the GEO database, we obtained DEG comparing
keloid versus control fibroblasts and revealed several key genes, such as HOXA10 and
HOXA9, that enriched during the genesis of keloid. TGF-β signaling, Wnt-β-catenin
signaling, p53 pathway, hedgehog signaling, and several endogenous stress response
reactions are the prominently enriched hallmarks of gene ontology (GO).

Endogenous stress is emphasized by hallmark enrichments such as inflammatory
response, ROS, metabolism reprogramming, hypoxia, UV response, and oxidative phos-
phorylation hallmarks that ought to activate the senescence program [46]. To counteract
these enrichments, hallmarks such as unfolded protein response, autophagy, DNA repair,
protein secretion signaling, and apoptosis are activated.

Subsequently, we demonstrated the GO hallmark landscape of keloid, which presented
an intensive overlap between the TP53 and TGF-β networks. These conjunctions encompass
senescence, apoptosis, autophagy, stemness, and hedgehog signaling, which prompted us
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to recalculate the most enriched edges from a collapsed hallmark landscape. As a result, p21
degradation pathways and mitosis gate passage events are conjunctly activated, implying
the existence of a compatible SRP feature of dysregulated mitosis in keloid biology.

We reviewed recent literature to elucidate how TP53 may modulate TGF-β/Wnt-β-
catenin signaling. Apart from epigenetic modulations of histone binding on Wnt clusters [1],
we found that TP53 and HOX, both serving as transcription factors, mutually co-influence
the transcriptome.

HOX is a potent transcriptional activator of p53 [47,48], and consensus HOX binding
sites are present in the p53 gene-promoter region [49]. Genome-wide profiling of decod-
ing proteins transcribed by TP53 include the HOX gene family where p53 binding sites
coincide with stem cell transcription factors, such as OCT4, NANOG, and H3K27me3
pluripotency [50].

Future research should consider demonstrating the senescence features in the suitable
patient cohort. The p21 expression pattern in keloid samples can represent the sustaining
and release of senescence. Intriguingly, p21 can form an effector network named p21-
activated secretory phenotype (PASP) that determines the dynamics of cell fate. Long-term
p21 induction results in the establishment of immunosuppressive traits of mouse embryonic
fibroblasts (MEFs) [51]. M1 macrophage polarization is supported by CXCL14, one of the
PASPs, and p21 is also known as a senescence-apoptosis switch in non-small cell lung
cancer (NSCLC) [52]. This switch is regulated by the ATM/miR-34a-5p axis.

Of note, the intrinsic discrepancies of the keloid tissue should be considered. Intrale-
sional heterogeneity distinguish central and peripheral keloid regions on the levels of
clinical manifestations, histological markers, and molecular events [53]. The periphery
presents a more pigmented and erythematous lesion with an elevated height and stiffer
content. The peripheral epidermal tissue has higher epithelial-to-mesenchymal transition
potential as compared to the central part, as demonstrated by the elevated vimentin level.
Additionally, higher cellularity and more apoptotic cells are found in the peripheral dermis.
As for the peripheral fibroblast, it is known to have an increased proliferation rate and
elevated p53, bcl-2, and MMP-1/2/3/9. Since the central and peripheral keloids have been
proposed to be heterogeneous, we propose that SRP phenomena are more pronounced in
the peripheral keloid than in the centre keloid. Intralesional keloid heterogeneity shows
that a raised peripheral margin actively invades the surrounding skin, while the depressed
centre undergoes clinical regression [53,54]. The peripheral–central distinction is intensely
explored where peripheral keloid is associated with hypercellularity [30,55–57], vascu-
larity [58,59], and increased cellular activity [60], while the central keloid demonstrated
hypocellularity, reduced vascularity, increased apoptosis, senescence [36], and inactivity.

Furthermore, an allocation of keloid samples according to the skin layer of the ker-
atinocytes (reticular dermal fibroblast, papillary dermal fibroblast, and stratum basale)
may aid in the minimization of the intra-sample comparison bias. On the other hand, as
a hallmark of senescence is the acquisition of senescence-associated secretory phenotype
(SASP), senescence and oncogenic potentials are propagated to neighboring cells. Litera-
ture has iterated the keratinocyte–fibroblast crosstalk role in repetitively mediating keloid
pathogenesis [61–63]. Interestingly, in our study of fibroblasts, hallmark enrichment of
increased cell–cell communication, SASP, golgi secretion hallmarks coupled with reduced
keratinization, and cornification hallmarks were presented, which hints at the potential role
of keratinocyte crosstalk. To confirm the idea of intercellular crosstalk underlying keloid
biology, further investigation can utilize the p21 staining to differentiate the expression
patterns between papillary dermis fibroblast and stratum basale keratinocytes.

5. Conclusions

Previous research has aimed to reinstate senescence in cells that are undergoing uncon-
trolled proliferation. Nevertheless, reinstating senescence is futile in disease pathogenesis
that has only surfaced in recent years, where senescence is established to be dynamic
and may be escaped to resume proliferation. Thus, pro-senescence therapeutics aiming
to achieve senescence are limited. Furthermore, research has found that senescence is
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not previously assumed to be dormant, but undergoing robust metabolic expressions and
secretions that are oncogenic may lead to more aggressive relapse and neighboring tumori-
genesis. Our study demonstrated the presence of SRP and how, on the transcriptome level,
senescence-associated reprogramming (Wnt/β-catenin pathways) and TP53-p21 dysregu-
lations originate from a common etiology. In short, this evidence stokes expectations of
treating senescence-associated reprogramming as a future pharmaceutical target of keloid.

Author Contributions: Conceptualization, T.-Y.L. and C.-Y.W.; methodology, T.-Y.L.; software, T.-Y.L.;
validation, C.-Y.W., C.-W.W., and T.-Y.L.; formal analysis, T.-Y.L.; investigation, C.-W.W.; resources,
T.-Y.L.; data curation, T.-Y.L.; writing—original draft preparation, T.-Y.L.; writing—review and editing,
C.-Y.W. and T.-Y.L.; visualization, C.-Y.W., and C.-W.W.; supervision, T.-Y.L.; project administration,
T.-Y.L.; funding acquisition, T.-Y.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Academia Sinica (AS-TM-110-02-02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Academia Sinica for the support of this investigation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Milanovic, M.; Fan, D.N.Y.; Belenki, D.; Däbritz, J.H.M.; Zhao, Z.; Yu, Y.; Dörr, J.R.; Dimitrova, L.; Lenze, D.; Monteiro Barbosa,

I.A.; et al. Senescence-associated reprogramming promotes cancer stemness. Nature 2018, 553, 96–100. [CrossRef] [PubMed]
2. Asano, N.; Takeuchi, A.; Imatani, A.; Saito, M.; Jin, X.; Hatta, W.; Uno, K.; Koike, T.; Masamune, A. Wnt Signaling and Aging of

the Gastrointestinal Tract. Int. J. Mol. Sci. 2022, 23, 12210. [CrossRef] [PubMed]
3. Domen, A.; Deben, C.; Verswyvel, J.; Flieswasser, T.; Prenen, H.; Peeters, M.; Lardon, F.; Wouters, A. Cellular senescence in cancer:

Clinical detection and prognostic implications. J. Exp. Clin. Cancer Res. 2022, 41, 360. [CrossRef] [PubMed]
4. Piskorz, W.M.; Cechowska-Pasko, M. Senescence of Tumor Cells in Anticancer Therapy—Beneficial and Detrimental Effects. Int.

J. Mol. Sci. 2022, 23, 11082. [CrossRef] [PubMed]
5. Wen, G.-M.; Xu, X.-Y.; Xia, P. Metabolism in Cancer Stem Cells: Targets for Clinical Treatment. Cells 2022, 11, 3790. [CrossRef]

[PubMed]
6. Cruickshanks, H.A.; McBryan, T.; Nelson, D.M.; VanderKraats, N.D.; Shah, P.P.; Van Tuyn, J.; Rai, T.S.; Brock, C.; Donahue, G.;

Dunican, D.S.; et al. Senescent cells harbour features of the cancer epigenome. Nat. Cell Biol. 2013, 15, 1495–1506. [CrossRef]
[PubMed]

7. Cassidy, L.D.; Narita, M. Autophagy at the intersection of aging, senescence, and cancer. Mol. Oncol. 2022, 16, 3259–3275.
[CrossRef]

8. Crouch, J.; Shvedova, M.; Thanapaul, R.J.R.S.; Botchkarev, V.; Roh, D. Epigenetic Regulation of Cellular Senescence. Cells 2022,
11, 672. [CrossRef]

9. Prasanna, P.G.; Citrin, D.E.; Hildesheim, J.; Ahmed, M.M.; Venkatachalam, S.; Riscuta, G.; Xi, D.; Zheng, G.; van Deursen,
J.; Goronzy, J.; et al. Therapy-Induced Senescence: Opportunities to Improve Anticancer Therapy. J. Natl. Cancer Inst. 2021,
113, 1285–1298. [CrossRef]

10. Roger, L.; Tomas, F.; Gire, V. Mechanisms and Regulation of Cellular Senescence. Int. J. Mol. Sci. 2021, 22, 13173. [CrossRef]
11. Hoare, M.; Das, T.; Alexander, G. Ageing, telomeres, senescence, and liver injury. J. Hepatol. 2010, 53, 950–961. [CrossRef]

[PubMed]
12. Faget, D.V.; Ren, Q.; Stewart, S.A. Unmasking senescence: Context-dependent effects of SASP in cancer. Nat. Rev. Cancer 2019,

19, 439–453. [CrossRef] [PubMed]
13. Shang, S.; Hua, F.; Hu, Z.W. The regulation of beta-catenin activity and function in cancer: Therapeutic opportunities. Oncotarget

2017, 8, 33972–33989. [CrossRef] [PubMed]
14. Martin-Orozco, E.; Sanchez-Fernandez, A.; Ortiz-Parra, I.; Nicolas, M.A.-S. WNT Signaling in Tumors: The Way to Evade Drugs

and Immunity. Front. Immunol. 2019, 10, 2854. [CrossRef] [PubMed]
15. Chen, K.; Chen, L.; Li, L.; Qu, S.; Yu, B.; Sun, Y.; Wan, F.; Chen, X.; Liang, R.; Zhu, X. A positive feedback loop between

Wnt/beta-catenin signaling and hTERT regulates the cancer stem cell-like traits in radioresistant nasopharyngeal carcinoma cells.
J. Cell Biochem. 2020, 121, 4612–4622. [CrossRef]

16. Wang, L.; Lankhorst, L.; Bernards, R. Exploiting senescence for the treatment of cancer. Nat. Rev. Cancer 2022, 22, 340–355.
[CrossRef]

http://doi.org/10.1038/nature25167
http://www.ncbi.nlm.nih.gov/pubmed/29258294
http://doi.org/10.3390/ijms232012210
http://www.ncbi.nlm.nih.gov/pubmed/36293064
http://doi.org/10.1186/s13046-022-02555-3
http://www.ncbi.nlm.nih.gov/pubmed/36575462
http://doi.org/10.3390/ijms231911082
http://www.ncbi.nlm.nih.gov/pubmed/36232388
http://doi.org/10.3390/cells11233790
http://www.ncbi.nlm.nih.gov/pubmed/36497050
http://doi.org/10.1038/ncb2879
http://www.ncbi.nlm.nih.gov/pubmed/24270890
http://doi.org/10.1002/1878-0261.13269
http://doi.org/10.3390/cells11040672
http://doi.org/10.1093/jnci/djab064
http://doi.org/10.3390/ijms222313173
http://doi.org/10.1016/j.jhep.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20739078
http://doi.org/10.1038/s41568-019-0156-2
http://www.ncbi.nlm.nih.gov/pubmed/31235879
http://doi.org/10.18632/oncotarget.15687
http://www.ncbi.nlm.nih.gov/pubmed/28430641
http://doi.org/10.3389/fimmu.2019.02854
http://www.ncbi.nlm.nih.gov/pubmed/31921125
http://doi.org/10.1002/jcb.29681
http://doi.org/10.1038/s41568-022-00450-9


Future Pharmacol. 2023, 3 211

17. Saleh, T.; Carpenter, V.J.; Tyutyunyk-Massey, L.; Murray, G.; Leverson, J.; Souers, A.; Alotaibi, M.; Faber, A.; Reed, J.; Harada,
H.; et al. Clearance of therapy-induced senescent tumor cells by the senolytic ABT-263 via interference with BCL-X(L)-BAX
interaction. Mol. Oncol. 2020, 14, 2504–2519.

18. Zhu, Y.; Tchkonia, T.; Fuhrmann-Stroissnigg, H.; Dai, H.; Ling, Y.; Stout, M.; Pirtskhalava, T.; Giorgadze, N.; Johnson, K.; Giles, C.;
et al. Identification of a novel senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors. Aging Cell 2016,
15, 428–435. [CrossRef]

19. Yamamoto, M.; Sanomachi, T.; Suzuki, S.; Togashi, K.; Sugai, A.; Seino, S.; Sato, A.; Okada, M.; Kitanaka, C. Gemcitabine
radiosensitization primes irradiated malignant meningioma cells for senolytic elimination by navitoclax. Neurooncol. Adv. 2021,
3, vdab148. [CrossRef]

20. Ahmadinejad, F.; Bos, T.; Hu, B.; Britt, E.; Koblinski, J.; Souers, A.J.; Leverson, J.D.; Faber, A.C.; Gewirtz, D.A.; Harada, H.
Senolytic-Mediated Elimination of Head and Neck Tumor Cells Induced Into Senescence by Cisplatin. Mol. Pharmacol. 2022,
101, 168–180. [CrossRef]

21. Carpenter, V.; Saleh, T.; Lee, S.M.; Murray, G.; Reed, J.; Souers, A.; Faber, A.C.; Harada, H.; Gewirtz, D.A. Androgen-deprivation
induced senescence in prostate cancer cells is permissive for the development of castration-resistance but susceptible to senolytic
therapy. Biochem. Pharmacol. 2021, 193, 114765. [CrossRef] [PubMed]

22. Justice, J.N.; Nambiar, A.M.; Tchkonia, T.; LeBrasseur, N.K.; Pascual, R.; Hashmi, S.K.; Prata, L.; Masternak, M.M.; Kritchevsky, S.B.;
Musi, N.; et al. Senolytics in idiopathic pulmonary fibrosis: Results from a first-in-human, open-label, pilot study. EBioMedicine
2019, 40, 554–563. [CrossRef] [PubMed]

23. Jia, Q.; Cao, H.; Shen, D.; Li, S.; Yan, L.; Chen, C.; Xing, S.; Dou, F. Quercetin protects against atherosclerosis by regulating the
expression of PCSK9, CD36, PPARgamma, LXRalpha and ABCA1. Int. J. Mol. Med. 2019, 44, 893–902. [CrossRef]

24. Wong, S.; Chin, K.-Y.; Ima-Nirwana, S. Quercetin as an Agent for Protecting the Bone: A Review of the Current Evidence. Int. J.
Mol. Sci. 2020, 21, 6448. [CrossRef] [PubMed]

25. He, K.; Barsoumian, H.; Yang, L.; Sezen, D.; Wasley, M.; Masrorpour, F.; Cortez, M.; Welsh, J. Senolytic Cocktail Dasatinib Plus
Quercetin Enhances the Antitumor Effect of Senescence-Inducing Radiotherapy in a Preclinical Model of Melanoma. Int. J. Radiat.
Oncol. Biol. Phys. 2021, 111, S57. [CrossRef]

26. Kovacovicova, K.; Skolnaja, M.; Heinmaa, M.; Mistrik, M.; Pata, P.; Pata, I.; Bartek, J.; Vinciguerra, M. Senolytic Cocktail
Dasatinib+Quercetin (D+Q) Does Not Enhance the Efficacy of Senescence-Inducing Chemotherapy in Liver Cancer. Front. Oncol.
2018, 8, 459. [CrossRef]

27. Tan, S.; Khumalo, N.P.; Bayat, A. Understanding Keloid Pathobiology From a Quasi-Neoplastic Perspective: Less of a Scar and
More of a Chronic Inflammatory Disease With Cancer-Like Tendencies. Front. Immunol. 2019, 10, 1810. [CrossRef]

28. De Felice, B.; Ciarmiello, L.; Mondola, P.; Damiano, S.; Seru, R.; Argenziano, C.; Nacca, M.; Santoriello, M.; Garbi, C. Differential
p63 and p53 expression in human keloid fibroblasts and hypertrophic scar fibroblasts. DNA Cell Biol. 2007, 26, 541–547. [CrossRef]

29. Saed, G.M.; Ladin, D.; Olson, J.; Han, X.; Hou, Z.; Fivenson, D. Analysis of p53 gene mutations in keloids using polymerase chain
reaction-based single-strand conformational polymorphism and DNA sequencing. Arch. Dermatol. 1998, 134, 963–967. [CrossRef]

30. Ladin, D.A.; Hou, Z.; Patel, D.; McPhail, M.; Olson, J.C.; Saed, G.M.; Fivenson, D.P. p53 and apoptosis alterations in keloids and
keloid fibroblasts. Wound Repair Regen. 1998, 6, 28–37. [CrossRef]

31. Chen, Z.Y.; Yu, X.F.; Huang, J.Q.; Li, D.L. The mechanisms of beta-catenin on keloid fibroblast cells proliferation and apoptosis.
Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 888–895.

32. Cai, Y.; Zhu, S.; Yang, W.; Pan, M.; Wang, C.; Wu, W. Downregulation of beta-catenin blocks fibrosis via Wnt2 signaling in human
keloid fibroblasts. Tumour Biol. 2017, 39, 1010428317707423. [CrossRef] [PubMed]

33. Lee, Y.-S.; Liang, Y.-C.; Wu, P.; Kulber, D.A.; Tanabe, K.; Chuong, C.-M.; Widelitz, R.; Tuan, T.-L. STAT3 signalling pathway is
implicated in keloid pathogenesis by preliminary transcriptome and open chromatin analyses. Exp. Dermatol. 2019, 28, 480–484.
[CrossRef] [PubMed]

34. Yu, D.; Shang, Y.; Yuan, J.; Ding, S.; Luo, S.; Hao, L. Wnt/beta-Catenin Signaling Exacerbates Keloid Cell Proliferation by
Regulating Telomerase. Cell Physiol. Biochem. 2016, 39, 2001–2013. [CrossRef] [PubMed]

35. Grant, C.; Chudakova, D.A.; Itinteang, T.; Chibnall, A.M.; Brasch, H.D.; Davis, P.F.; Tan, S.T. Expression of embryonic stem cell
markers in keloid-associated lymphoid tissue. J. Clin. Pathol. 2016, 69, 643–646. [CrossRef]

36. Varmeh, S.; Egia, A.; McGrouther, D.; Tahan, S.R.; Bayat, A.; Pandolfi, P.P. Cellular senescence as a possible mechanism for halting
progression of keloid lesions. Genes Cancer 2011, 2, 1061–1066. [CrossRef] [PubMed]

37. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman,
P.M.; Holko, M.; et al. NCBI GEO: Archive for functional genomics data sets—update. Nucleic Acids Res. 2012, 41, D991–D995.
[CrossRef] [PubMed]

38. Hahn, J.M.; Glaser, K.; McFarland, K.L.; Aronow, B.J.; Boyce, S.T.; Supp, D.M. Keloid-derived keratinocytes exhibit an abnormal
gene expression profile consistent with a distinct causal role in keloid pathology. Wound Repair Regen. 2013, 21, 530–544. [CrossRef]
[PubMed]

39. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

40. Merico, D.; Isserlin, R.; Stueker, O.; Emili, A.; Bader, G.D. Enrichment Map: A Network-Based Method for Gene-Set Enrichment
Visualization and Interpretation. PLoS ONE 2010, 5, e13984. [CrossRef]

http://doi.org/10.1111/acel.12445
http://doi.org/10.1093/noajnl/vdab148
http://doi.org/10.1124/molpharm.121.000354
http://doi.org/10.1016/j.bcp.2021.114765
http://www.ncbi.nlm.nih.gov/pubmed/34536356
http://doi.org/10.1016/j.ebiom.2018.12.052
http://www.ncbi.nlm.nih.gov/pubmed/30616998
http://doi.org/10.3892/ijmm.2019.4263
http://doi.org/10.3390/ijms21176448
http://www.ncbi.nlm.nih.gov/pubmed/32899435
http://doi.org/10.1016/j.ijrobp.2021.07.146
http://doi.org/10.3389/fonc.2018.00459
http://doi.org/10.3389/fimmu.2019.01810
http://doi.org/10.1089/dna.2007.0591
http://doi.org/10.1001/archderm.134.8.963
http://doi.org/10.1046/j.1524-475X.1998.60106.x
http://doi.org/10.1177/1010428317707423
http://www.ncbi.nlm.nih.gov/pubmed/28656880
http://doi.org/10.1111/exd.13923
http://www.ncbi.nlm.nih.gov/pubmed/30916811
http://doi.org/10.1159/000447896
http://www.ncbi.nlm.nih.gov/pubmed/27771714
http://doi.org/10.1136/jclinpath-2015-203483
http://doi.org/10.1177/1947601912440877
http://www.ncbi.nlm.nih.gov/pubmed/22737272
http://doi.org/10.1093/nar/gks1193
http://www.ncbi.nlm.nih.gov/pubmed/23193258
http://doi.org/10.1111/wrr.12060
http://www.ncbi.nlm.nih.gov/pubmed/23815228
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1371/journal.pone.0013984


Future Pharmacol. 2023, 3 212

41. Janky, R.; Verfaillie, A.; Imrichova, H.; Van de Sande, B.; Standaert, L.; Christiaens, V.; Hulselmans, G.; Herten, K.; Sanchez, M.N.;
Potier, D.; et al. iRegulon: From a gene list to a gene regulatory network using large motif and track collections. PLOS Comput.
Biol. 2014, 10, e1003731. [CrossRef]

42. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef] [PubMed]

43. Liberzon, A.; Subramanian, A.; Pinchback, R.; Thorvaldsdóttir, H.; Tamayo, P.; Mesirov, J.P. Molecular signatures database
(MSigDB) 3.0. Bioinformatics 2011, 27, 1739–1740. [CrossRef] [PubMed]

44. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

45. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional analysis
of large gene lists. Nucleic Acids Res. 2009, 37, 1–13. [CrossRef] [PubMed]

46. Di Micco, R.; Krizhanovsky, V.; Baker, D.; d’Adda di Fagagna, F. Cellular senescence in ageing: From mechanisms to therapeutic
opportunities. Nat. Rev. Mol. Cell Biol. 2021, 22, 75–95. [CrossRef]

47. Raman, V.; Martensen, S.A.; Reisman, D.; Evron, E.; Odenwald, W.F.; Jaffee, E.; Marks, J.; Sukumar, S. Compromised HOXA5
function can limit p53 expression in human breast tumours. Nature 2000, 405, 974–978. [CrossRef]

48. Svingen, T.; Tonissen, K. Hox transcription factors and their elusive mammalian gene targets. Heredity 2006, 97, 88–96. [CrossRef]
49. Chang, C.-J.; Chen, Y.-L.; Hsieh, C.-H.; Liu, Y.-J.; Yu, S.-L.; Chen, J.J.; Wang, C.-C. HOXA5 and p53 cooperate to suppress lung

cancer cell invasion and serve as good prognostic factors in non-small cell lung cancer. J. Cancer 2017, 8, 1071–1081. [CrossRef]
50. Akdemir, K.C.; Jain, A.K.; Allton, K.; Aronow, B.; Xu, X.; Cooney, A.J.; Li, W.; Barton, M.C. Genome-wide profiling reveals

stimulus-specific functions of p53 during differentiation and DNA damage of human embryonic stem cells. Nucleic Acids Res.
2013, 42, 205–223. [CrossRef]

51. Sturmlechner, I.; Zhang, C.; Sine, C.C.; van Deursen, E.-J.; Jeganathan, K.B.; Hamada, N.; Grasic, J.; Friedman, D.; Stutchman, J.T.;
Can, I.; et al. p21 produces a bioactive secretome that places stressed cells under immunosurveillance. Science 2021, 374, eabb3420.
[CrossRef] [PubMed]

52. Gupta, S.; Silveira, D.A.; Mombach, J.C.M. ATM/miR-34a-5p axis regulates a p21-dependent senescence-apoptosis switch in
non-small cell lung cancer: A Boolean model of G1/S checkpoint regulation. FEBS Lett. 2020, 594, 227–239. [CrossRef] [PubMed]

53. Limandjaja, G.C.; Niessen, F.B.; Scheper, R.J.; Gibbs, S. The Keloid Disorder: Heterogeneity, Histopathology, Mechanisms and
Models. Front. Cell Dev. Biol. 2020, 8, 360. [CrossRef] [PubMed]

54. Lu, F.; Gao, J.; Ogawa, R.; Hyakusoku, H.; Ou, C. Biological differences between fibroblasts derived from peripheral and central
areas of keloid tissues. Plast. Reconstr. Surg. 2007, 120, 625–630. [CrossRef] [PubMed]

55. Appleton, I.; Brown, N.J.; Willoughby, D.A. Apoptosis, necrosis, and proliferation: Possible implications in the etiology of keloids.
Am. J. Pathol. 1996, 149, 1441–1447.

56. Akasaka, Y.; Fujita, K.; Ishikawa, Y.; Asuwa, N.; Inuzuka, K.; Ishihara, M.; Ito, M.; Masuda, T.; Akishima, Y.; Zhang, L.; et al.
Detection of apoptosis in keloids and a comparative study on apoptosis between keloids, hypertrophic scars, normal healed flat
scars, and dermatofibroma. Wound Repair Regen. 2001, 9, 501–506. [CrossRef]

57. Huang, C.; Akaishi, S.; Hyakusoku, H.; Ogawa, R. Are keloid and hypertrophic scar different forms of the same disorder? A
fibroproliferative skin disorder hypothesis based on keloid findings. Int. Wound J. 2014, 11, 517–522. [CrossRef]

58. Le, A.D.; Zhang, Q.; Wu, Y.; Messadi, D.V.; Akhondzadeh, A.; Nguyen, A.L.; Aghaloo, T.L.; Kelly, A.P.; Bertolami, C.N. Elevated
vascular endothelial growth factor in keloids: Relevance to tissue fibrosis. Cells Tissues Organs 2004, 176, 87–94. [CrossRef]

59. Touchi, R.; Ueda, K.; Kurokawa, N.; Tsuji, M. Central regions of keloids are severely ischaemic. J. Plast. Reconstr. Aesthe.t Surg.
2016, 69, e35–e41. [CrossRef]

60. Louw, L.; Van Der Westhuizen, J.P.; De Wit, L.D.; Edwards, G. Keloids: Peripheral and central differences in cell morphology and
fatty acid compositions of lipids. Adv. Exp. Med. Biol. 1997, 407, 515–520.

61. Lim, I.J.; Phan, T.-T.; Bay, B.-H.; Qi, R.; Huynh, H.; Tan, W.T.-L.; Lee, S.-T.; Longaker, M.T. Fibroblasts cocultured with keloid
keratinocytes: Normal fibroblasts secrete collagen in a keloidlike manner. Am. J. Physiol. Cell Physiol. 2002, 283, C212–C222.
[CrossRef] [PubMed]

62. Ma, X.; Chen, J.; Xu, B.; Long, X.; Qin, H.; Zhao, R.C.; Wang, X. Keloid-derived keratinocytes acquire a fibroblast-like appearance
and an enhanced invasive capacity in a hypoxic microenvironment in vitro. Int. J. Mol. Med. 2015, 35, 1246–1256. [CrossRef]
[PubMed]

63. Funayama, E.; Chodon, T.; Oyama, A.; Sugihara, T. Keratinocytes promote proliferation and inhibit apoptosis of the underlying
fibroblasts: An important role in the pathogenesis of keloid. J. Invest. Dermatol. 2003, 121, 1326–1331. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pcbi.1003731
http://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
http://doi.org/10.1093/bioinformatics/btr260
http://www.ncbi.nlm.nih.gov/pubmed/21546393
http://doi.org/10.1038/nprot.2008.211
http://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
http://doi.org/10.1038/s41580-020-00314-w
http://doi.org/10.1038/35016125
http://doi.org/10.1038/sj.hdy.6800847
http://doi.org/10.7150/jca.17295
http://doi.org/10.1093/nar/gkt866
http://doi.org/10.1126/science.abb3420
http://www.ncbi.nlm.nih.gov/pubmed/34709885
http://doi.org/10.1002/1873-3468.13615
http://www.ncbi.nlm.nih.gov/pubmed/31545515
http://doi.org/10.3389/fcell.2020.00360
http://www.ncbi.nlm.nih.gov/pubmed/32528951
http://doi.org/10.1097/01.prs.0000270293.93612.7b
http://www.ncbi.nlm.nih.gov/pubmed/17700113
http://doi.org/10.1046/j.1524-475x.2001.00501.x
http://doi.org/10.1111/j.1742-481X.2012.01118.x
http://doi.org/10.1159/000075030
http://doi.org/10.1016/j.bjps.2015.11.006
http://doi.org/10.1152/ajpcell.00555.2001
http://www.ncbi.nlm.nih.gov/pubmed/12055090
http://doi.org/10.3892/ijmm.2015.2135
http://www.ncbi.nlm.nih.gov/pubmed/25777304
http://doi.org/10.1111/j.1523-1747.2003.12572.x
http://www.ncbi.nlm.nih.gov/pubmed/14675177

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

