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Abstract
Background  Scar formation is a common end-point of the wound healing process, but its mechanisms, particularly 
in relation to abnormal scars such as hypertrophic scars and keloids, remain not fully understood. This study unveils a 
novel mechanistic insight into scar formation by examining the differential expression of Homeobox (HOX) genes in 
response to mechanical forces in fibroblasts derived from normal skin, hypertrophic scars, and keloids.

Methods  We isolated fibroblasts from different scar types and conducted RNA sequencing (RNA-Seq) to identify 
differential gene expression patterns among the fibroblasts. Computational modeling provided insight into tension 
alterations following injury, and these findings were complemented by in vitro experiments where fibroblasts were 
subjected to exogenous tensile stress to investigate the link between mechanical tension and cellular behavior.

Results  Our study revealed differential HOX gene expression among fibroblasts derived from normal skin, 
hypertrophic scars, and keloids. Computational simulations predicted injury-induced tension reduction in the skin, 
and in vitro experiments revealed a negative correlation between tension and fibroblast proliferation. Importantly, we 
discovered that applying mechanical tension to fibroblasts can modulate HOX gene expression, suggesting a pivotal 
role of mechanical cues in scar formation and wound healing.

Conclusion  This study proposes a model wherein successful wound healing and scar formation are critically 
dependent on maintaining tensional homeostasis in the skin, mediated by tension-sensitive HOX genes. Our findings 
highlight the potential of targeting mechanotransduction pathways and tension-sensitive HOX gene expression 
as therapeutic strategies for abnormal scar prevention and treatment, offering a new perspective on the complex 
process of scar formation.
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Introduction
The wound healing process is a complex phenomenon 
that constantly occurs in living organisms. This process 
can be viewed as a part of tissue homeostasis, in which 
newly produced tissue can replace and restore damaged 
tissue. At the end of the process, the healing tissue can 
form non-functional fibrotic regions, referred to as scars. 
Scar tissues are composed mainly of aligned collagen 
fibers, unlike the randomly weaved structure in normal 
tissue, and the alignment in the collagen network is gen-
erated by activated fibroblasts [1–3]. Among the many 
types of cells involved in the wound healing process, 
fibroblasts are the key players that drive the regeneration 
of damaged connective tissue [4–6]. Wound healing con-
sists of four interconnected phases: hemostasis, inflam-
mation, proliferation, and tissue remodeling. During the 
initial inflammatory response mediated by white blood 
cells, fibroblasts migrate toward the wound site via a che-
motactic response to inflammatory cytokines [7]. Within 
a couple of days, fibroblasts at the wound site enter the 
proliferative phase [8], followed by the tissue remodeling 
phase, in which fibroblasts reconstruct the extracellu-
lar matrix (ECM) by secreting matrix proteins [4]. Dur-
ing this process, a subset of fibroblasts may differentiate 
into myofibroblasts, which represent an activated form of 
fibroblasts. These myofibroblasts enhance the secretion 
of cytokines and ECM proteins, contributing to tissue 
contraction [9].

As a wound heals, some people develop abnormal scar-
ring in the form of hypertrophic scars or keloids. These 
scars have an unappealing appearance that may affect 
patients physically and psychologically. Interestingly, 
hypertrophic scars and keloids share discolored skin 
extrusions of excessive collagen. However, these scars 
feature different degrees of severity and are tradition-
ally classified as two different scar types [10]. Scars that 
do not grow beyond the original wound boundaries and 
feature a thickened and raised morphology are defined as 
hypertrophic scars, whereas keloids are scars that spread 
into the surrounding wound edges with a similar but 
more aggressive morphology [11, 12].

In many cases, however, hypertrophic scars and keloids 
have similar growth and histological characteristics. The 
majority of researchers believe that keloids are a distinct 
clinical entity, as opposed to a scar or a severe hypertro-
phic scar [13]. Since hypertrophic scars and keloid forma-
tion are influenced by diverse factors, including genetic, 
local, and lifestyle risk factors, understanding the factors 
that drive the formation and progression of these scars is 
essential for effective prevention and treatment [14, 15]. 
Meanwhile, another opinion holds that in histopathology, 
keloids and hypertrophic scars are manifestations of the 
same inflammatory fibroproliferative condition and vary 
in intensity and duration of inflammation [16–18].

Empirical evidence points to genetic predispositions 
and mechanical forces as key factors in the formation 
of abnormal scars. Interestingly, research by Rinkevich 
et al. highlights the fibroblast heterogeneity within scars 
and identifies distinct fibroblast lineages with different 
molecular profiles which have intrinsic fibrogenic poten-
tial [19]. Moreover, keloids have been shown to occur in 
genetically susceptible individuals [20, 21]. For exam-
ple, keloid development is more frequently observed in 
dark-skinned individuals [22]. Regarding the incidence 
of keloids after the caesarian section, African American 
and Asian individuals showed significantly increased 
keloid formation compared to Caucasian individuals [23]. 
Based on empirical evidence, it has been suggested that 
increased pigmentation could be a factor in keloid devel-
opment [13, 24]. However, African individuals with albi-
nism showed no significant difference from those with 
normal pigmentation in terms of the prevalence rate of 
keloid formation, suggesting that increased pigmentation 
may not be the fundamental cause of keloid formation 
[25].

On the other hand, it is recognized that mechanical 
forces considerably influence the biological processes 
of wound healing and scar formation. Mechanotrans-
duction is the process by which cells convert mechani-
cal forces into biochemical signals [26, 27]. Inadequate 
mechanotransduction has been linked to pathological 
wound healing, such as over-healing (fibrosis and scar 
formation) and under-healing (chronic wounds) [26, 28]. 
Specifically, mechanical tension has been considered 
the leading cause of both hypertrophic scars and keloid 
formation based on the observation that most abnor-
mal scars form in the skin under relatively high tension 
in a site-specific manner [29, 30]. However, based on the 
development of keloids on the earlobes, where the ten-
sion is very low, this hypothesis only partially explains the 
influence of high tension on hypertrophic scar formation. 
In short, no clear scientific evidence exists concerning 
both the genetic and mechanical influences on scar for-
mation at the same time.

The current study primarily centers on fibroblasts 
and their significant role in the excessive production of 
extracellular matrix (ECM), ultimately leading to the 
formation of scars. By examining both transcriptomic 
and mechanobiological aspects, we offer a novel per-
spective on the wound healing process, providing fur-
ther understanding of the formation of abnormal scars. 
We first isolated fibroblasts from patients and compared 
the differences in their transcriptomes. To our surprise, 
transcriptome profiling identified extraordinarily high 
expression levels of HOX genes in fibroblasts originating 
from hypertrophic scars compared to fibroblasts from 
either normal skin or keloids. Computational simulation 
suggested that injury-induced alterations in the tensional 
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Fig. 1 (See legend on next page.)
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state occurred at the wound site. Thus, we hypothesized 
that the reduction of tension could serve as the signal 
promoting fibroblast proliferation, thereby initiating the 
wound healing process. In vitro tensile stimulation exper-
iments demonstrated that mechanical tension could sup-
press proliferation in both normal skin and hypertrophic 
scars but not in keloids. Furthermore, we found a positive 
correlation between tensile stimulation and HOX gene 
expression in normal fibroblasts. To our surprise, fibro-
blasts from hypertrophic scars and keloids exhibited 
entirely dissimilar responses to mechanical tension, and 
only hypertrophic scar fibroblasts featured a mechano-
response similar to that of normal fibroblasts.

We integrate these key findings and propose a novel 
model to explain normal wound healing and scar for-
mation. Our model holds that successful wound healing 
requires homeostatic maintenance of the intrinsic tensile 
stress (i.e., tensional homeostasis) in the skin tissue via 
the regulation of tension-sensitive HOX genes. With the 
proposed model, we can not only suggest how abnormal 
scars may develop but also potentially distinguish hyper-
trophic scars from keloids. Furthermore, the model can 
provide possible strategic treatment approaches to effec-
tively reduce scar formation.

Results
Fibroblasts from hypertrophic scars and keloids are 
distinguishable by morphological features but not by total 
mRNA expression
Normal skin, hypertrophic scar, and keloid scar tis-
sues were acquired from three patients for each type. 
Then, fibroblasts were isolated from each scar tissue 
approximately two months after injury (Fig. 1a). Because 
fibroblasts were obtained from injured skin tissues, myo-
fibroblasts were also present in the population, and we 
identified them with alpha-smooth muscle actin (α-SMA) 
staining. After two days of culturing the fibroblasts, total 
RNA was extracted from each group for RNA sequencing 
(RNA-Seq) (Fig. 1b).

The morphology of activated fibroblasts differs mark-
edly from that of their quiescent counterparts, often 
displaying increased spreading and altered cell shape 
[31–33]. To quantify these distinctions, we measured key 
morphological parameters, including cell spreading area 
and aspect ratio (Fig. 1c, d). The term “cell aspect ratio” 
in our study refers to a geometric measurement used to 

describe the shape of individual cells. It is defined as the 
ratio of the length of the major axis to the length of the 
minor axis of a cell, effectively quantifying how stretched 
or elongated a cell is relative to its width. This measure-
ment provides a robust method for characterizing cell 
shape and morphology, offering critical insights into 
cellular behavior and responses to mechanical stimuli 
[34–36]. Our analysis revealed significant differences in 
cell area and aspect ratio among fibroblasts from hyper-
trophic scars compared to those from normal skin and 
keloids. Specifically, fibroblasts from hypertrophic scars 
exhibited larger cell sizes and lower aspect ratios, indi-
cating a more spread and less elongated morphology. 
These distinct morphological features are likely due to 
the higher abundance of myofibroblasts in hypertrophic 
scar tissue compared to normal skin and keloid tissues. 
In contrast, fibroblasts from normal skin and keloids 
showed no significant differences in either cell area or 
aspect ratio. Despite these pronounced morphological 
differences, the global transcriptomic profiles of fibro-
blasts from normal skin, hypertrophic scars, and keloids 
were remarkably similar. Pairwise comparisons of the 
average log2(normalized read count (RC)) values for all 
genes yielded high correlation coefficients (0.97–0.98), 
indicating that total gene expression patterns alone can-
not differentiate these three groups (Fig.  1e). This find-
ing suggests that the observed phenotypic differences 
are driven by focused transcriptional changes in specific 
gene subsets, rather than broad-scale shifts in global gene 
expression.

Morphogenesis-related HOX genes are differentially and 
specifically expressed in fibroblasts from different scar 
types
In spite of the global similarity in transcriptomic pro-
files, we identified a focused subset of genes that varied 
significantly among fibroblasts from each scar type. A 
total of 219 differentially expressed genes (DEGs) were 
sorted with ExDEGA software with FC (fold change) > 2, 
log2 (normalized RC) > 4, and p < 0.05 as the thresholds 
(Supplementary Table 1). For those 219 DEGs, principal 
component analysis (PCA) was carried out, and the data 
were projected onto the first two principal components 
(PC1 and PC2), which accounted for 43.95% and 23.60% 
of the total variability, respectively (Fig. 2a). Even though 
some samples had similar topographical origins (ear and 

(See figure on previous page.)
Fig. 1  Fibroblasts from normal skin, hypertrophic scars, and keloids exhibit distinct morphological features yet maintain broadly similar total mRNA ex-
pression. (a) Comparison of normal skin, hypertrophic, and keloid scars and their putative causes of formation. (b) Isolation of (myo)fibroblasts from each 
type of scar tissue and culture protocol for RNA-seq. The scale bar represents 100 μm. (c) Phase contrast microscopy images of fibroblasts from normal 
skin, hypertrophic scars, and keloids. The scale bar represents 100 μm. (d) Different morphological features of scar fibroblasts. Statistical significance 
was calculated with one-way ANOVA (analysis of variance) with Tukey’s post hoc test. **p < 0.01, ***p < 0.001. n = 53, 52, and 51 represent the number of 
fibroblasts from the last donor group (third donor of normal skin, hypertrophic scars, and keloid, respectively, Supplementary Table 5) across three inde-
pendent experiments. Data represent the mean ± s.e.m. (e) The average log2(normalized RC) values for total gene expression plotted on the 2D plane and 
R-squared values for normal skin vs. hypertrophic scar, hypertrophic scar vs. keloid, and normal skin vs. keloid fibroblasts. RC: read count
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thigh), samples were clustered by scar types, not by the 
anatomical locations, suggesting that the DEGs are repre-
sentative enough to distinguish fibroblasts from each scar 
type. In addition, Uniform Manifold Approximation and 
Projection (UMAP) analysis using the same set of DEGs 
produced comparable clustering by scar type (Supple-
mentary Fig.  1), further reinforcing the conclusion that 
these gene expression differences are consistent across 
varying topographical origins.

The hierarchical clustering analysis represented by 
a log2(FC) heatmap revealed a distinct subgene group, 
which was significantly differentially expressed between 
fibroblast from hypertrophic scar and fibroblasts from 
keloid (Fig.  2b). Most of the genes were HOX genes, 
which are responsible for morphogenesis during embry-
onic development. These genes were highly upregulated 
in fibroblasts from hypertrophic scar but not in fibro-
blasts from keloid. To further explore the underlying 
biological processes, we performed gene ontology (GO) 
analysis using the Molecular Signature Database v7.0 
(MSigDB v7.0). The analysis highlighted the top ten pro-
cesses, primarily associated with morphogenesis-related 
biological functions (Fig.  2c). Despite the MSigDB cal-
culation not directly indicating processes associated 
with the wound healing mechanism, the importance 
of investigating the relationship between the DEGs and 
wound healing processes was recognized. Consequently, 
we selected nine biological processes, believed to be per-
tinent to wound healing, for a comparative analysis with 
the top ten morphogenesis-related processes identi-
fied earlier. This approach aimed to validate any poten-
tial connections to wound healing functions (Fig.  2c). 
As expected from the heatmap, morphogenesis-related 
processes were more strongly correlated with fibroblasts 
from hypertrophic scar than wound healing processes 
and were mostly upregulated compared to their expres-
sion levels in fibroblasts from normal skin. This result 
may have occurred because the cells were obtained dur-
ing the last stage of the wound healing process when the 
wound healing-related genes must have already been 
downregulated. However, no dominant class was found in 
fibroblasts from keloid, where most of the genes seemed 
to be inactivated or downregulated. These data suggest 
that morphogenesis-related biological processes signifi-
cantly affect hypertrophic scar formation. On the other 
hand, keloid formation does not seem to be affected by 
either of these processes, as evidenced by the fact that 
the total gene counts for the processes were smaller than 
those in fibroblasts from hypertrophic scar. (Fig.  2c). 
STRING analysis with Markov clustering revealed two 
significant clusters, collagen-encoding genes and HOX 
genes, along with 12 small groups (Fig.  2d). Interest-
ingly, there were no known interactions between the two 
clusters. Although keloid fibroblasts do not exhibit the 

significant morphological changes observed in hyper-
trophic scars, they remain transcriptionally distinct. This 
is evidenced by their separate clustering in PCA and 
UMAP analyses (Fig.  2a and Supplementary Fig.  1) and 
their reduced expression of morphogenesis-related genes 
(Fig. 2b, c). These findings suggest that keloid formation 
may involve alternative pathways or mechanisms that 
are not predominantly associated with morphogenesis-
related genes.

To further elucidate how these differences might mani-
fest in vivo, particularly in the context of disrupted skin 
architecture, we next investigated the role of injury-
induced tension changes and their impact on fibroblast 
behavior across normal skin, hypertrophic scars, and 
keloids.

Wound sites feature injury-induced tension changes in the 
tissue
Skin tissues naturally subjected to tension during muscle 
movement and respiration, maintaining a state of ten-
sional homeostasis. However, external factors, such as 
injury, can disrupt this tensional homeostasis. In our 
model, we aimed to simulate both the original state, rep-
resenting tensional homeostasis (Fig.  3a left), and the 
injured state, where tensional homeostasis is disrupted 
(Fig. 3a right). We utilized finite element method simu-
lation (FEM; see Methods and Materials for details), a 
computational technique widely used to analyze complex 
mechanical systems, to visualize stress distribution under 
conditions of natural tension and injury (Fig.  3a). The 
breach on the top of the stress contour mimics an acute 
injury to the skin tissue (Fig. 3a right). Excessive tension 
at the wound site has been thought to cause abnormal 
scar formation in the form of hypertrophic scars and 
keloids.

In contrast to this common belief, the maximum prin-
cipal stress was decreased in most areas near the injury. 
The average principal stress value was 51.1  kPa for the 
original state and 41.6 kPa for the injury model. Interest-
ingly, the skin showed significant tension reduction near 
the injured area even though there was also a stress con-
centration effect at the periphery of the injury. We high-
lighted three locations on the stress distribution map of 
the injury model with a red cross and investigated the dif-
ferences in the stress values (Fig. 3a). Compared to those 
of the identical positions in the original state, the maxi-
mum principal stresses were decreased by up to 94.0% 
in the injured state. This result implies that fibroblasts 
near the site of injury can experience a dramatic change 
in their mechanical environment. As mechanical forces 
influence the wound healing process, the changes in ten-
sion upon injury can result in orchestrated responses of 
fibroblasts [37–39].
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Fig. 2 (See legend on next page.)
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Tensegrity has been proposed to describe how mechan-
ical forces regulate cellular biochemical systems [40–42]. 
To describe this orchestrated phenomenon, we can intro-
duce the concept of hierarchical tensegrity (Fig. 3b). This 
concept depicts the hierarchy of tensional integrity trans-
mitted from the skin tissue to the ECM and cells. In other 
words, cells under natural tension are capable of sens-
ing their mechanical environment and developing stable 
tensegrity, which results in corresponding biological 
responses via mechanotransduction. However, when the 
mechanical environment is compromised by injury, cells 
can sense the ECM’s changes in tension and adapt their 
tensegrity, eliciting distinct biological responses.

Tension correlates negatively with proliferation in 
fibroblasts from normal skin
We examined the proliferation of fibroblasts in different 
types of scars, which is a critical feature of the early stage 
of the wound healing process, as an indicator of altered 
biological response. As we described earlier, skin tissues 
are under natural tension (tensional homeostasis), and it 
can be disrupted by injury resulting in the reduction of 
original tension in the tissues. To simulate these skin tis-
sue’s natural tension and injury with lost tension, we uti-
lized tension and no-tension conditions, respectively, in 
our tensile stimulation experiment. Immunofluorescence 
images in Fig.  3c revealed Ki67-positive cells among 
fibroblasts from normal skin, indicating that the fibro-
blasts without tension had a higher number of Ki67-pos-
itive cells than those under tension, which suggests that 
tension suppresses proliferation of fibroblasts from nor-
mal skin. However, looking at the experimental results 
from a reverse logic perspective, we found a negative cor-
relation between tension and proliferation, as confirmed 
by Point Biserial Correlation (PBC) analysis (first row, 
Supplementary Fig. 3). This suggests that the reduction of 
tension in the tissue following an injury could result in 
increased proliferation. Therefore, we may consider that 
tension changes induced by injury could serve as a con-
tributing factor to stimulate fibroblasts for wound heal-
ing, leading to an increase in their proliferation.

We also quantified the percentage of Ki67-positive cells 
among fibroblasts from normal skin and fibroblasts from 
other types of scars (Fig. 3d). The graph shows that fibro-
blasts from normal skin and hypertrophic scar showed a 
significantly higher percentage of Ki67-positive cells in 

the absence of tension conditions. However, regardless 
of the tension conditions, the population of fibroblasts 
from keloids exhibited no differences in proliferation and 
maintained a high level of proliferation (first row, Supple-
mentary Fig. 3). Our experimental findings corroborated 
that fibroblasts from keloids feature hyper-proliferation 
[43] but it is important to note that these findings are 
context-specific, and hyperproliferation may not be a 
universal characteristic of keloid fibroblasts under all 
conditions or in all individuals.

Tension positively correlates with the expression of HOX 
genes and COL1A1 gene in fibroblasts from normal skin
Using RNA-Seq, we discovered that HOX genes, which 
are critical players in morphogenesis, were differentially 
expressed between scar types. We performed real-time 
qPCR (quantitative polymerase chain reaction) with 
selected HOX genes after tensile stimulation to inves-
tigate the influence of tension on these genes (Fig.  4a). 
We selected HOXA9 and HOXC10 from the sub-gene 
group identified through RNA-Seq analysis. HOXA9 is 
known to be associated with the wound healing process 
and hypertrophic scar formation, as reported in previ-
ous studies [44, 45]. Meanwhile, HOXC10 exhibited the 
highest expression levels in fibroblasts from hypertrophic 
scars compared to those from normal skin and keloid. 
Two-way ANOVA revealed that only one main factor, 
tension, significantly affected the expression levels of 
HOXA9 and HOXC10 (Supplementary Tables 2, 3). In 
fibroblasts from normal skin, these two HOX genes were 
downregulated in the absence of tension compared to the 
tension group. Hypertrophic scar fibroblasts also showed 
a similar tendency, but the expression levels were still 
higher than normal levels under both conditions. Inter-
estingly, HOX gene expression levels in fibroblasts from 
keloid did not statistically differ between the tension 
and non-tension conditions, which is consistent with 
the proliferation trend of this population. To quantify 
the correlation between tension and HOX gene expres-
sion, we performed a PBC analysis (second and third 
rows, Supplementary Fig. 3). In normal skin fibroblasts, 
the positive PBC values for HOXA9 and HOXC10 sup-
port a direct association between tension and HOX gene 
upregulation. Hypertrophic scar fibroblasts exhibited 
similarly elevated HOX expression under tension, but the 
PBC values did not reach statistical significance (p > 0.05), 

(See figure on previous page.)
Fig. 2  Differentially expressed genes (DEGs) demonstrate the different morphogenetic features of fibroblasts from normal skin, hypertrophic scars, and 
keloids. (a) Principal component analysis (PCA) of 219 DEGs plotted on the 2D domain (first and second principal components). n = 3 for fibroblasts from 
normal skin, hypertrophic scars, and keloids. (b) Hierarchical clustering of log2(FC) values and the sub-gene group with average values. FC stands for fold 
change and is calculated with the normalized read count. N, H, and K indicate fibroblasts from normal skin, hypertrophic scars, and keloids; the numbers 
represent different patient groups. (c) Gene Ontology (GO) analysis of DEGs with wound healing- and morphogenesis-related biological processes. (d) 
Markov clustering of DEGs using STRING. Network analysis revealed two distinct clusters, collagen synthesis and HOX genes. The nodes represent the 
proteins encoded by the DEGs. The whole 219 DEGs were used for the analysis but only connected nodes are shown, with disconnected nodes contain-
ing 165 genes removed from view
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Fig. 3  Injury-induced tension changes initiates the wound healing process by inducing the proliferation of fibroblasts. (a) FEM analysis to visualize the 
tensile stress distribution in tissues without injury (left) and with injury (right). (b) Schematic of hierarchical tensegrity. (left) Original state of skin tissue in 
under natural tension, where ECM tension is transmitted to adjacent cells through mechanotransduction, eliciting corresponding biological responses. 
(right) Injured state of skin tissue where, tensional homeostasis is disrupted. In this condition, cells sense the changes of tension in the ECM via mechano-
transduction, resulting in altered biological responses. (c) Representative Ki67 immunostaining images of fibroblasts from normal skin, hypertrophic scar, 
and keloid. All cells were fixed after each experiment at the same time, and the fields of view were randomly selected. (d) Proportions of Ki67-positive 
cells with and without tension. %Ki67 positive cells were determined by dividing the number of Ki67 positive nuclei by the total number of nuclei in the 
field of interest. Statistical significance was evaluated with an independent two-tailed t-test. ***p < 0.001. The scale bar represents 200 μm. n ≥ 15 images 
from three independent experiments for fibroblasts from the last donor group (third donor of normal skin, hypertrophic scars, and keloid, respectively, 
Supplementary Table 5). Data represent the mean ± standard deviation (SD)
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suggesting that while these cells follow the same trend, 
their response variability is greater. By contrast, keloid 
fibroblasts showed no significant difference in HOX 
expression between tension states, paralleling their ten-
sion-insensitive proliferation behavior.

Additionally, we performed qPCR on the collagen syn-
thesis gene COL1A1. Rognoni et al.. reported that colla-
gen synthesis and fibroblast proliferation were inversely 
related [46]. The COL1A1 gene expression level was 
decreased in fibroblasts from normal skin and hyper-
trophic scars in the absence of tension, a condition that 
promotes proliferation. However, fibroblasts from keloid 
scars did not exhibit a mechanosensitive response to 
tension regarding COL1A1 expression (Supplementary 
Table 4). We also examined the correlation between ten-
sion and COL1A1 expression using PBC analysis (last 
row, Supplementary Fig.  3). In normal skin fibroblasts, 

COL1A1 levels were significantly higher under tension, 
yielding positive PBC coefficients. However, hypertrophic 
scar fibroblasts did not achieve statistical significance 
despite an apparent increase in COL1A1 expression 
under tension. Keloid fibroblasts remained largely unre-
sponsive to tension, reflecting an intrinsic divergence in 
their mechanotransduction pathways.

Assuming that the reverse logic holds true, hypothesiz-
ing that a reduction of tension enhances the proliferation 
of fibroblasts from normal skin, we can integrate prolif-
eration with gene expression patterns to suggest a model 
for hierarchical tensegrity-based response to tension 
(Fig.  4b). The left image depicts suggested the original 
state of fibroblasts from normal skin and their biological 
responses to tension. They establish and maintain stable 
cellular tensegrity under natural tension. Therefore, HOX 
genes are expressed in adult cells as positional identity 

Fig. 4  Positive correlation between tension and selected genes (HOXA9, HOXC10, and COL1A1). (a) HOXA9, HOXC10, and COL1A1 relative mRNA expres-
sions of fibroblasts from the last donor group (third donor of normal skin, hypertrophic scars, and keloid, respectively, Supplementary Table 5). + and – 
represent with and without tension, respectively. Statistical significance was evaluated via two-way ANOVA with post hoc tests (HOXA9 and HOXC10: n = 5. 
COL1A1: n = 4, 4, and 3 for fibroblasts from normal skin, hypertrophic scars, and keloids). *p < 0.05, **p < 0.01. Data represent the mean ± SD. (b) Schematic 
of the suggested model of genetic response to tension in fibroblasts from normal skin. Fibroblasts from normal skin express HOX and collagen synthesis 
genes in their normal state. However, when the existing tension is lost due to injury, the expression of these genes is decreased via mechanotransduction
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markers [47, 48]. Because the cells are in a quiescent 
state, their collagen synthesis gene expression is upregu-
lated. In our suggested model, however, if an injury com-
promises the skin’s integrity, fibroblasts can sense the 
changes in tension and alter their response via hierarchi-
cal tensegrity. As a result of the disruption of positional 
identity, HOX genes are downregulated, and collagen 
synthesis is temporally ceased, which allows the cells to 
proliferate. In hypertrophic scar fibroblasts, the same 
mechanism appears to function but with greater vari-
ability, possibly explaining why PBC values did not reach 
statistical significance. Finally, keloid fibroblasts show 
minimal changes in HOX/COL1A1 expression under ten-
sion, consistent with their hyperproliferative and tension-
insensitive phenotype.

We also note that while HOX and COL1A1 expres-
sion in keloid fibroblasts may correlate (Fig. 2d), further 
exploration is needed to establish a direct functional link-
age; correlation alone does not confirm causation.

Discussion
The etiology of hypertrophic scars and keloids remains 
unclear. While many investigations have suggested that 
keloids have a significant hereditary susceptibility, espe-
cially in those with dark skin, it is essential to recognize 
that this genetic predisposition may still lack a clear 
causal link. This study showed distinct expression levels 
of HOX genes in fibroblasts from different scar types, 
whose mechanosensitivity to exogenous tension varied 
markedly.

Previous studies have reported differential expression 
of HOX genes in cells from normal skin and keloids [49, 
50]. Specifically, cells from keloids showed lower expres-
sion of multiple HOX genes such as HOXA7, HOXA9, 
HOXC8, and HOXC10 compared to normal fibroblasts. 
However, Xie et al. reported that the overexpression of 
HOXB9 could facilitate hypertrophic scar formation [51]. 
These studies have focused on the expression of specific 
HOX genes in the hypertrophic scar or keloid formation. 
In contrast, our study compared the whole gene expres-
sion of cells from normal skin, hypertrophic scars, and 
keloids rather than focusing on specific HOX genes for 
analysis. We then identified 219 DEGs related to mor-
phogenesis-related biological processes, which were rep-
resentative enough to distinguish between each sample 
type (Fig.  2a). Among those 219 DEGs, we identified a 
specific subgene group consisting mostly of highly upreg-
ulated HOX genes in cells from hypertrophic scars but 
not in cells from keloids in our data (Fig. 2b). Our data-
driven analysis suggests that the subgene group found is 
consistent with previous findings about differential HOX 
gene expression in fibroblasts from different scar types.

Physical factors like excessive tension have been 
thought to influence hypertrophic scar and keloid 

formation. This is because most of those scars are found 
in regions with relatively high tension (the neck, chest, 
and similar sites), and patients can also feel the unpleas-
ant tension around the wound. To our surprise, this 
study demonstrated that the tension near the wound site 
decreased dramatically based on FEM analysis.

From the viewpoint of solid mechanics, skin, a material 
in natural tensional homeostasis, experiences a decrease 
in tensile stress upon injury. In addition, because of the 
skin’s residual stresses, the injury’s periphery can be 
pulled outward, making the wound larger. This phenom-
enon can be viewed as tension acting on the wound, even 
though there is no active tension on the material (i.e., 
skin).

Based on our results, we propose that hierarchi-
cal tensegrity plays a key role in mediating cellular 
responses. Tissue-level tension is transmitted to cells via 
the ECM, altering cellular tensegrity and mechanotrans-
duction. This response to reduced tension is a critical fac-
tor in wound healing and scar formation, as supported by 
clinical observations. Consistent observations made by 
dermatologists and plastic surgeons indicate that wounds 
of elderly individuals tend to heal with thinner scars in 
comparison to younger patients [52, 53]. While the rate 
of collagen production decreases with aging and the heal-
ing in the elderly was thought to be defective, there is an 
agreement that healing in the aged is delayed, but the 
ultimate result is qualitatively identical to that in young 
subjects [54]. With this perspective, we can see that the 
low-tension environment induced by the compromised 
architecture of old skin may help fibroblasts from older 
individuals to establish their normal cellular tensegrity. 
This could explain why fibroblasts in older individu-
als would not experience a dramatic decrease in tensile 
stress when injured, resulting in reduced scar formation. 
Our idea is corroborated by another report in which fetal 
mouse skin tissue was shown to have low resting tension 
and not likely to develop significant scars [55].

Previous studies have demonstrated the influence of 
mechanical stimulation on differentiation and prolif-
eration in vitro [56–58]. These findings suggest that a 
specific range of mechanical tension may function as a 
morphogenetic cue for local tissue pattern formation in 
vivo. In terms of fibroblast-to-myofibroblast differentia-
tion, it has been established that mechanical stimuli play 
a crucial role in increasing ECM proteins and proteo-
glycan content [9, 37, 57, 59]. In addition, the effect of 
cyclic mechanical stimulation on fibroblast proliferation 
has been extensively investigated, revealing its ability to 
either enhance or inhibit proliferation [60–64].

While we acknowledge the effect of mechanical cues 
on fibroblast differentiation, our focus was on the impact 
of tension on fibroblast proliferation, as excessive pro-
liferation is one of the primary features of pathological 



Page 11 of 18Kang et al. Journal of Translational Medicine          (2025) 23:168 

scar formation [65]. We identified a negative relationship 
between tension and proliferation in our tensile stimula-
tion experiments, leading to the hypothesis that reduced 
tension in the skin promotes fibroblast proliferation and 
initiates wound healing. To test this, we compared fibro-
blasts under tension (control) with those in no-tension 
(injury-mimicking) conditions. In normal and hypertro-
phic scar fibroblasts, HOX and COL1A1 were downregu-
lated in the absence of tension, while keloid fibroblasts 
showed minimal changes in gene expression under 
either condition. These findings suggest that tension sup-
ports a quiescent, matrix-producing state in normal and 
hypertrophic scar fibroblasts, whereas keloid fibroblasts 
remain insensitive to tension. However, contrary to our 
findings, other researchers have documented varied 
responses of fibroblasts to tension [61, 63, 64, 66–69]. We 
attribute these inconsistencies to differences in experi-
mental conditions, encompassing factors like strain 
magnitude, stimulation frequency, duration, and resting 
period, as well as specific experimental setup conditions 
such as the rigidity of substrates, ECM type, and ECM 
concentration. These factors can lead to diverse mech-
ano-response activations in fibroblasts [70].

Overall, we provide a new viewpoint on wound heal-
ing and scar formation scenarios in which the suc-
cessful wound healing process requires homeostatic 
maintenance of natural tensile stress, as illustrated in 
Fig.  5a (adapted from Rognoni et al. [46]). This ten-
sional homeostasis is strongly correlated with HOX 
gene expression in fibroblasts. Injury threatens tensional 
homeostasis because the reduction of tensile stress is 
transmitted to resident cells through hierarchical tenseg-
rity. Upon the reduction of tension, quiescent fibroblasts 
become activated and start proliferating. When the fibro-
blast population reaches a sufficient size, the fibroblasts 
exit the cell cycle and return to a quiescent state in which 
cells efficiently deposit ECM for remodeling [46]. Based 
on the negative feedback loop of proliferation-ECM 
deposition suggested by Rognoni et al.., we can specu-
late that excessive deposition of ECM can lead to scar 
formation.

These processes can be orchestrated by the expression 
of HOX genes, which encode critical transcription fac-
tors for morphogenesis and the positional memory of 
fibroblasts. It has been suggested that fibroblasts have 
a program to maintain their positional memory [48]. 
Therefore, decreased expression of HOX can be viewed 
as a threat to this maintenance program, resulting in sys-
tematic responses to restore the program. We view this 
process as the potential role of HOX genes in postnatal 
wound healing processes, in which fibroblasts restore the 
original dermal architecture through the regulation of 
HOX expression levels.

Our model aligns with conventional scar treatments, 
such as silicone patches, force-modulating tissue bridges, 
and pressure therapy [71, 72], which aim to stabilize or 
restore local tension. By re-establishing tensional homeo-
stasis, these interventions help minimize pathological 
scarring.

With the proposed model, we can delineate how the 
same tension-driven mechanism results in distinct out-
comes in normal, hypertrophic, and keloid scars (Fig. 5b). 
In normal skin (top row, Fig.  5b), fibroblasts maintain 
moderate HOX and COL1A1 expression under natural 
tensile stress. After an injury reduces tension, these cells 
shift into a proliferative mode with transiently downregu-
lated HOX expression, aiding wound closure. As tension 
is restored, fibroblasts return to a quiescent, ECM-depos-
iting state to complete the remodeling phase.

In hypertrophic scars (middle row, Fig.  5b), elevated 
baseline tension—particularly in high-tension areas 
such as the chest or neck—sustains increased HOX gene 
expression and active ECM deposition. This prolongs the 
remodeling phase, resulting in thicker, raised scars.

In contrast, keloid fibroblasts (bottom row, Fig.  5b) 
exhibit a fundamental insensitivity to changes in 
mechanical tension. These cells continue proliferating 
and depositing collagen regardless of mechanical cues. 
Injury to local tissue further exacerbates this process by 
damaging or dysregulating other ECM-regulating cells, 
allowing keloid fibroblasts to dominate. The result is an 
aggressive overgrowth that extends beyond the original 
wound boundaries, forming the invasive lesions charac-
teristic of keloids.

This model explains how keloids can form in low-ten-
sion environments, such as the earlobes. While these 
areas experience less macroscopic tension, local micro-
strains from factors like ear piercings, minor pulling 
forces, or head and neck movements may still trigger scar 
formation in genetically or epigenetically predisposed 
individuals. Thus, keloids do not rely exclusively on high-
tension environments but instead stem from an intrin-
sic dysfunction in fibroblast mechanotransduction that 
enables aggressive growth in both high- and low-tension 
sites.

It is plausible that fibroblasts from keloid exhibit an 
intrinsic dysfunction of HOX gene expression in response 
to injury-induced tension reduction, and this intrinsic 
issue related to HOX gene expression might be regarded 
as genetic susceptibility in the field. Interestingly, keloids 
are reported more common in darker-skinned individu-
als, suggesting a complex interplay between genetic pre-
dispositions and environmental or phenotypic factors. 
HOX genes, known for their crucial roles in regulating 
tissue repair and fibrosis, have recently been implicated 
in keloid pathology. However, the direct correlation 
between HOX gene expression and skin color in the 
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Fig. 5  Novel wound healing model and scar formation scenarios that include mechanical tension and genetic effects. (a) Schematic of the tensional 
homeostasis-driven wound healing process. The schematic was adapted from Rognoni et al. [46], CC, by 4.0 (​h​t​t​p​s​:​​​/​​/​c​r​e​a​t​​i​v​e​​c​o​m​​m​o​n​​​s​.​​o​r​​g​​/​l​i​​c​e​n​s​​​e​​s​/​​b​​y​
/​4​.​0​/). TH: tensional homeostasis. (b) Schematic diagram of normal, hypertrophic, and keloid scar formation scenarios with respect to tension-sensitive 
HOX gene expression
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context of keloid susceptibility remains underexplored. 
We recognize that our study does not directly address 
the potential correlation between HOX gene expression 
and skin color in keloid formation. This represents a limi-
tation of our current study, as the genetic mechanisms 
underlying keloid predisposition in individuals of varying 
skin colors are likely multifaceted and warrant detailed 
investigation. We propose that future studies could spe-
cifically explore the interaction between skin pigmenta-
tion, HOX gene expression, and keloid susceptibility to 
further elucidate this relationship.

To our knowledge, the suggested wound healing model 
and scar formation scenarios are the first demonstra-
tion of the mechanisms by which different hypertro-
phic and keloid scars can form in terms of mechanical 
cues and gene expression. However, our study presents 
several notable limitations that warrant discussion. We 
suggested that the differential expression of HOX genes 
observed in our study is more closely associated with the 
type of scar (hypertrophic vs. keloid) rather than the ana-
tomical location from which the sample was obtained. 
Although analyzing additional samples from similar body 
regions would strengthen our argument, due to limita-
tions in sample availability, we were unable to include 
these in the current study. Specifically, hypertrophic scars 
predominantly manifest in areas of the skin subject to 
higher tension, such as the thigh, chest, and neck, in a 
site-specific manner. Consequently, procuring cells from 
normal and keloid tissues that are anatomically congru-
ent with regions affected by hypertrophic scars poses 
significant logistical challenges. Moreover, the feasibil-
ity of obtaining donors with specific conditions at desig-
nated anatomical locations is often limited, complicating 
the collection of fibroblasts from individuals of the same 
age group, sex, and body parts. Enhanced examination 
of HOX genes within more homogenous cohorts (i.e., 
matching age, sex, and injury site) and in more heteroge-
neous populations (e.g., varying pigmentation, ethnicity) 
would help establish the generalizability of our tension-
based HOX model across diverse patient backgrounds.

While keloid formation is known to be more preva-
lent in darker-skinned populations, our current study 
was conducted in South Korea, where the patient pool is 
relatively uniform in ethnicity and skin tone (Supplemen-
tary Table 5). As a result, we could not directly evaluate 
potential differences in HOX gene expression or mecha-
nosensitivity attributable to pigmentation levels. Future 
research collaborations, including sample-sharing agree-
ments with international biobanks, may enable larger and 
more ethnically diverse cohorts. Such efforts could clarify 
whether genetic or pigmentation-linked factors modulate 
the tension-based HOX model presented here.

Also, because in vitro experiments cannot fully reca-
pitulate the long-lasting and complex wound healing 

phenomena, our in vitro tensile stimulation experiments 
were designed to maximize the effect of tension on the 
cells. Therefore, even though we believe that the time 
frame set up in our experimental design was appropri-
ate to observe the different behaviors of cells upon ten-
sile stimulation, one should be noted that there could be 
remodeling and changes to mechanics that occur at the 
wound site in vivo, which could influence the wound 
healing process.

Another limitation pertains to our focused analysis on 
two specific HOX genes, HOXA9 and HOXC10, within 
the scope of our tensile stimulation experiments. While 
these findings provide valuable insights into the etiology 
of hypertrophic scar and keloid formation, a comprehen-
sive understanding of tension-induced HOX gene regula-
tion remains elusive. Notably, the site-specific expression 
patterns of HOX genes—integral for predicting cellular 
origins—suggest a complex regulatory mechanism that 
demands further exploration. Additionally, although our 
DEGs were primarily HOX-related, other genes impli-
cated in scar biology—such as LOXL2, PLOD2, and other 
collagen crosslinking factors—likely contribute to ECM 
remodeling and should be investigated in future studies.

Our findings aim to contribute to a more nuanced 
understanding of fibroblast behavior in specific wound-
healing contexts, particularly where decreased tension 
is a factor. We acknowledge that our models and experi-
ments do not encompass all wound healing scenarios. We 
acknowledge that the reliance on in vitro tensile stimu-
lation limits the full replication of the in vivo wound 
environment. The in vitro setups offer controlled con-
ditions that facilitate the observation of mechanobio-
logical interactions but do not fully capture the complex, 
long-term dynamics of tissue repair in the body. None-
theless, these results lay essential groundwork by eluci-
dating core mechanisms in a controlled setting, inviting 
future studies to extend this model in vivo or in clini-
cal settings to validate and expand upon the molecular 
framework presented here. Future studies should indeed 
explore these conditions in more detail, examining the 
fibroblast response over extended periods and under 
various mechanical stresses to fully understand their 
role in wound healing and scar formation. By combining 
these methods, our study advances the understanding of 
tension-sensitive genetic regulation in scar formation, 
providing a blueprint for future investigations into scar 
pathology and potential treatments aimed at reducing or 
preventing abnormal scar formation through mechano-
transduction-targeted strategies.

Methods and materials
Primary cell isolation and culture
Three normal skin tissues, three hypertrophic scar tis-
sues, and three keloid scar tissues were obtained from 
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plastic and reconstructive surgery patients, and the 
information about donors were described in Supplemen-
tary Table 5. Hypertrophic scars and keloids were diag-
nosed by plastic surgeons. Briefly, scars that have not 
overgrown the original wound boundaries are defined 
as hypertrophic scars, scars that have overgrown the 
original wound edges are defined as keloids, and some 
samples were histologically verified. Before surgery, all 
patients were informed of the purpose and procedure of 
this study, and the patients agreed to donate excess tissue. 
In addition, written informed consent was obtained from 
all participants or their legal representatives. This study 
was approved by the institutional review board (IRB) of 
KAIST (KH2017-75) and performed.

Patients’ normal skin, hypertrophic scar, and keloid 
scar tissue were washed several times with phosphate-
buffered saline (PBS, pH 7.4) and incubated with 2.4 
units of Dispase® (Sigma, St. Louis, MO, USA) for 12 h. 
After washing with PBS, the dermis and epidermis were 
separated using forceps. Next, the separated dermal tis-
sue was cut into small pieces and incubated with 0.2% 
collagenase type II (Worthington Biochemical Corp. 
Lakewood, NJ. USA) for 1 h, and the cells were precipi-
tated using centrifugation at 1000  rpm for 5  min. After 
several washes, the cell suspension was filtered through a 
cell strainer (pore size 75 μm, Nunc, Roskilde, Denmark). 
The filtered cells were grown in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco/BRL, Gaithersburg, MD, 
USA) containing 100 units/mL penicillin G, 100  µg/mL 
streptomycin sulfate (Sigma), and 10% fetal bovine serum 
(Gibco/BRL) in 100-mm culture dishes in an incubator at 
37 ℃ and 5% CO2. Once the cells had reached 70–80% 
confluence, they were treated with Trypsin 0.25% (1x) 
solution (Hyclone Laboratories Inc., Logan, UT, USA) for 
passage.

Antibodies and immunofluorescence microscopy
Cells were washed with PBS and fixed for 15 min in 4% 
(v/v) paraformaldehyde. After washing three times with 
PBS, cells were permeabilized for 20 min in 0.2% or 1% 
(v/v) Triton-X (Sigma Aldrich) and blocked for 60 min in 
3% (v/v) bovine serum albumin (BSA). After washing in 
PBS, cells were incubated with diluted primary antibod-
ies (α-SMA and Ki67, 1:100, Abcam) for 12 hours and 
secondary antibodies (Alexa Flour 488 and 568-fluores-
cence, 1:200, Invitrogen) for 1 hour at room tempera-
ture. Actin filaments were stained with phalloidin (Alexa 
Fluor 568-phalloidin, 1:100, Invitrogen). To label nuclei, 
4’,6-diamidino-2-phenylindole (DAPI, 1:50000 dilution, 
Molecular Probes) was treated in the cells for 3  min. 
Cells were then imaged using multichannel fluorescence 
microscopy (Carl Zeiss).

NGS and data analysis
Cells were cultured on polydimethylsiloxane (PDMS) 
(Dow Corning, USA), which were pretreated with oxy-
gen plasma (Convance, Femto Science, Korea) for 1 min 
at a pressure of 0.7  Torr followed by 1  µg/cm2 of fibro-
nectin (Invitrogen, USA) coating for 120  min at room 
temperature. Once the cells had reached 90% conflu-
ence, which typically occurred within approximately two 
days, cells were lysed in situ, and total RNA was extracted 
using a Trizol reagent (Invitrogen, USA). RNA purity 
was assessed by Agilent 2100 bioanalyzer with the RNA 
6000 Nano Chip (Agilent Technologies, Amstelveen, The 
Netherlands), and RNA was quantified at 260  nm with 
ND-2000 Spectrophotometer (Thermo Inc., DE, USA).

We generated libraries using QuantSeq 3’ mRNA-
SeqLibrary Prep Kit (Lexogen, Inc., Austria) according 
to the manufacturer’s instructions. Briefly, each 500ng 
total RNAs were reverse transcribed using an oligo-dT 
primer containing an Illumina-compatible sequence at 
its 5’ end. After the degradation of the RNA template, the 
second-strand synthesis was commenced with a random 
primer. The random primer contains an Illumina-com-
patible linker sequence at its 5’ end. Magnetic beads were 
used for the purification of the double-stranded library. 
Then, amplification of the library was carried out for 
cluster generation. The obtained library is purified from 
the PCR products and sequenced using NextSeq 500 
(Illumina, Inc., USA) to produce 75 base pair single-end 
reads. QuantSeq 3’ mRNA-Seq reads were mapped to the 
human genome using Bowtie2 (Langmead and Salzberg, 
2012). The alignment file was used to assemble tran-
scripts, estimate their abundances and detect differential 
expression of genes. The quantile normalization method 
was used to process the RC (Read Count) data using 
EdgeR within R (R Development Core Team, 2016) using 
Bioconductor [73]. Differentially expressed genes (DEGs) 
were filtered with ExDEGA software (ebiogen, Korea). 
Hierarchical clustering was performed with MultiEx-
periment Viewer (MeV, version 4.9.0) [74]. Euclidean dis-
tance was set for the distance metric, and average linkage 
clustering was set for the linkage method. Biological pro-
cess classification was based on searches done by Gene 
Ontology annotation and Molecular Signatures Database 
v7.0 by Broad Institute. Network analysis was conducted 
using STRING version 11.5 [75]. The STRING network 
analysis parameters were set to all the sources with a high 
confidence score (0.7). Markov clustering with an infla-
tion parameter setting of 3 was used to visualize the net-
work analysis.

Finite element method (FEM) analysis for wounded skin 
tissue
The finite element method (FEM) is a powerful computa-
tional technique used to simulate physical phenomena by 
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dividing a complex object or system into smaller, simpler 
elements. These interconnected elements form a mesh, 
and mathematical equations are solved for each element 
to approximate the behavior of the entire system under 
specific conditions, such as applied forces or pressures. 
This approach allows for the analysis of complex geom-
etries and material properties, providing insights into 
stress distributions, deformations, and other physical 
responses that are difficult to obtain through analytical 
methods or physical experiments alone. FEM has been 
widely applied in biomechanics and tissue engineering 
[76–79]. FEM analysis was conducted to see the differ-
ence in stress distribution with the commercial code 
ANSYS-Mechanical. The mechanical properties of skin 
are very heterogeneous not only among the different lay-
ers but also with anatomical skin region as well as other 
factors such as age, sex, and pathological condition [80]. 
Though the correct value of Young’s modulus is a criti-
cal property for FEM simulation, the values may differ 
depending on skin locations or the test methods used for 
the measurement. We set Young’s modulus of 1 MPa for 
our simulation, which was measured by the uniaxial ten-
sile test on the forearm and is similar to Young’s modulus 
of the PDMS chamber that we used for our experiments 
[81, 82]. Moreover, the Poisson ratio was set to 0.48 [83]. 
It is known that under physiological conditions, fibro-
blasts in skin tissues experience 4–10% strain [84]. There-
fore, we imposed a 5% strain, which is the same percent 
strain used in our experiments, to the one wall and set 
fixed support conditions for the confronting wall for 
boundary conditions to simplify the problem.

Application of a mechanical tensile stimulus to fibroblasts
For the tensile stimulation experiments, fibroblasts from 
the last donor group were used (third donor of normal 
skin, hypertrophic scars, and keloid, respectively, Supple-
mentary Table 5). Fibroblasts were cultured on PDMS 
chambers we designed (the same PDMS used in NGS 
analysis), which were pretreated with oxygen plasma for 
1 min at a pressure of 0.7 Torr followed by 1 µg/cm2 of 
fibronectin coating for 120 min at room temperature. The 
PDMS chambers with fibroblasts were loaded on a lab-
made uniaxial cyclic tensile stimulation device (Supple-
mentary Fig. 2). Because the fibroblasts were attached to 
the fibronectin-coated-PDMS chambers and cells pro-
duce other matrix proteins during the pre-incubation 
period, the attached cells can be stretched by applying 
tension on a flexible membrane via a variety of ligand/
receptor interactions, including integrin linkages at 
focal adhesions. For physiological relevance, intermit-
tent stimulations were used, where we applied six cycles 
of intermittent tensile stimulation to the fibroblasts (5% 
strain, 0.5 Hz), where each cycle consisted of a 10-min-
ute stretching followed by a 60-minute resting period. 

While we acknowledge that anatomical differences may 
lead to variations in tension levels, our primary goal was 
to investigate the mechanobiological responses of fibro-
blasts under controlled conditions. All stretch experi-
ments were carried out inside an incubator at 37 °C in 5% 
CO2. Unstretched cells were incubated under the same 
conditions as the samples undergoing cyclic tension.

Reverse transcription quantitative PCR
At the end of tensile stimulation experiments, total 
RNA was isolated from fibroblasts with RNAiso reagent 
(Takara Bio, Japan) according to the manufacturer’s 
instructions. Extracted RNAs were reverse transcribed 
to cDNA using iScript cDNA Synthesis Kits (Bio-Rad, 
USA) and Biometra T-personal Thermal Cycler for the 
synthesis. Real-time qPCR was performed in duplicates 
with iQ SYBR green supermix (Bio-Rad, USA) and a Bio-
Rad CFX96 real-time detection system. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used for the 
reference gene. ΔCt values were used for hypothesis test-
ing and used to express relative mRNA expression. ΔCt 
= Ct(reference gene) - Ct(gene of interest), Ct: Threshold 
cycle.

The following primers were used:
GAPDH (For: ​C​T​G​G​G​C​T​A​C​A​C​T​G​A​G​C​A​C​C, Rev: ​A​

A​G​T​G​G​T​C​G​T​T​G​A​G​G​G​C​A​A​T​G), HOXA9(For: ​C​T​G​T​
C​C​C​A​C​G​C​T​T​G​A​C​A​C​T​C, Rev: ​C​T​C​C​G​C​C​G​C​T​C​T​C​A​
T​T​C​T​C), HOXC10 (For: ​C​T​A​T​C​C​G​T​C​C​T​A​C​C​T​C​T​C​G​
C​A, Rev: ​C​C​T​G​C​C​A​A​C​A​G​G​T​T​G​T​T​C​C) COL1A1(For: 
​G​T​G​C​G​A​T​G​A​C​G​T​G​A​T​C​T​G​T​G​A, Rev: ​C​G​G​T​G​G​T​T​T​
C​T​T​G​G​T​C​G​G​T).

Statistics and reproducibility
Data are expressed as mean ± SD, unless otherwise stated, 
and the number of biological and technical replicates is 
indicated in the figure caption. We assessed the normal-
ity of our data using the Shapiro-Wilk test. For hypoth-
esis testing, we employed a two-tailed t-test and ANOVA 
with subsequent post hoc tests. To further characterize 
the relationship between the binary tension condition 
(Tension + vs. Tension–) and continuous outcome vari-
ables (e.g., Ki67-positive cell percentages, HOX/COL1A1 
expression levels), we performed Point Biserial Correla-
tion (PBC) analysis. In this context, a positive PBC value 
indicates that the continuous variable tends to be higher 
in the Tension + condition, whereas a negative PBC value 
indicates the opposite. Differences were considered sig-
nificant if *p < 0.05, **p < 0.01 and, *** p < 0.001 after any 
adjustment. Statistical tests were performed using jamovi 
(The jamovi project (2021), https://www.jamovi.org). 
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