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Skin soft tissue expansion is one of the most basic and commonly used techniques in plastic surgery to obtain

excess skin for a variety of medical uses. However, skin soft tissue expansion is faced with many problems, such

as long treatment process, poor skin quality, high retraction rate, and complications. Therefore, a deeper

understanding of the mechanisms of skin soft tissue expansion is needed. 

skin soft tissue expansion  mechanical stretch  signaling pathway

1. Introduction

Skin soft tissue expansion is one of the most essential and common techniques in plastic surgery, which can

provide large amounts of extra skin tissue with similar color, texture, and thickness for a variety of uses . During

this procedure, an inflatable silicone expander is implanted under the skin. With regular injections of saline, the

progressively enlarging expander applies tension to the skin and continuously promotes cell and skin growth.

Mechanical stretch stimulation is the dominant factor to induce expanded skin biological growth during tissue

expansion. At present, skin soft tissue expansion is widely used for both adults and children  and applied in

various conditions, such as breast reconstruction , ear reconstruction , burn deformities , bone graft ,

removal of giant congenital melanocytic nevi , and other medical applications.

Although skin soft tissue expansion is widely used, due to the slow growth of the expanded skin, the procedure can

go on for months. At the same time, there are problems, such as poor skin quality, high retraction rate, and

complications, caused by expansion. The mechanistic study of mechanical-stretch-induced skin regeneration

during skin soft tissue expansion is the foundation to solve these problems. Therefore, researchers have

conducted in-depth studies on the complex mechanism of skin soft tissue expansion and obtained many important

findings. Skin soft tissue expansion involves a complex mechanobiology process, including dynamic fluctuations in

force and shape that happen in skin, which is similar to tissue engineering . The major biological responses to

mechanical stretch exerted by skin expansion, including biological growth, elastic stretching, displacement, and

mechanical creep, are based on the enlargement of tissue expander. Biological growth is the most important and

long-lasting biological response and produces the majority of the newly grown skin, which is attributed to the

complex regulation of mechanical stimulation at the molecular and cellular levels. At the molecular level, the main

result of mechanical stimulation is the activation of multiple signaling pathways and cellular adhesion molecules,

especially β1 integrin and E-cadherin, play an important role during this process. In addition, transcriptome

sequencing results reveal a large number of differentially expressed genes (DEGs) induced by mechanical stretch,
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which finally leads to changes in cell behaviors and states, including cell proliferation, differentiation, migration of

keratinocytes, fibroblasts, and mesenchymal stem cells.

During skin soft tissue expansion, changes occur in the epidermis, dermis, adipose tissue, muscles, blood vessels,

and skin accessory structures at the site of expansion. In the epidermis, the thickness and cell density increase

and the basal keratinocytes are active in mitosis . In the dermis, the thickness becomes thinner, the collagen

density increases, and the collagen fibers are stretched, mostly parallel to the surface of the expander. Part of the

collagen fibers is broken and arranged in disorder and the number of active fibroblasts also increases .

Transmission electron microscopy shows that the nuclear membranes of the cells in the epidermis and dermis are

folded and the number of organelles increases, indicating active proliferation . The thickness of subcutaneous

fat decreases and a large number of mitochondria of different shapes and sizes is observed at the periphery of

muscle fibers . The muscles after expansion are thinner. A fibrous capsule mainly composed of collagens and

fibroblasts is located under the muscle and enclosed around the tissue expander . The density of blood vessels

in the expanded skin increases . The hair follicles of the expanded skin are active and the hair growth

accelerates significantly .

2. Clinical Problem

In clinical practice, the main problems in skin soft tissue expansion are long operation cycle, low efficiency of skin

expansion, and poor skin quality. The slow growth of the skin results in a prolonged process that usually takes two

to six months after the implantation of the expander before the second stage of surgery. Low efficient skin

expansion leads to too-small areas of extra skin to meet the requirement for tissue defect repair. Therefore,

clinically, it is expected that more additional skin can be obtained with less expansion time, which means

accelerated skin regeneration during tissue expansion. To achieve this goal, at the molecular level, genes involved

in cell division, differentiation, metabolism, and angiogenesis should be up-regulated and signaling pathways that

promote tissue regeneration should be activated. At the cellular level, the proliferation and synthesis ability of

various cells should be improved, which is conducive to the increase in cell number and the accumulation of

extracellular matrix in the dermis. At the same time, stem cells should be motivated or recruited to differentiate into

various types of skin cells to promote skin regeneration. All the molecular and cellular changes finally facilitate

expanded skin regeneration, thus, obtaining more regenerated skin with similar appearances and histological

characteristics to the original skin.

3. Molecular Mechanism

During skin soft tissue expansion, a complex molecular regulation mechanism takes place in skin tissue under

mechanical stretch. Multiple types of signaling, including YAP/TAZ signaling, MAPK-ERK signaling, Wnt/β-catenin

signaling, and AP-1, have been found to be activated. Cellular adhesion molecules, which are capable of sensing

mechanical stimuli, have been found to be common upstream regulatory molecules in multiple signaling pathways
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and may be the initiation factors of numerous intracellular reactions. At the same time, more and more

transcriptome sequencing data reveal the gene expression changes during skin soft tissue expansion.

3.1. Intracellular Signaling under Mechanical Stretch

3.1.1. YAP/TAZ Signaling

It is well established that Yes-associated protein (YAP) and transcriptional coactivator Tafazzin (TAZ) are two core

cotranscription factors in the hippo pathway, which function in cell growth and fate . When activated, YAP/TAZ

migrates to the nucleus and bind to TEAD transcription factor family, which regulate gene expression to promote

tissue growth and inhibit apoptosis . YAP/TAZ was first found to be regulated by cell–cell contact and cell

polarity and then was recognized as important proteins in intracellular mechanical signaling . Aragona et al.

found that mechanical cues were one of the dominant factors affecting YAP/TAZ activity and that a mechanically

stressed cytoskeleton is essential for the introduction of multiple signals (including Wnt and GPCR) into YAP/TAZ

. Dupont et al. studied the role of YAP/TAZ in the mechanotransduction in mammary epithelial cells (MEC) and

human lung microvascular endothelial cells (HMVEC) . They found that YAP/TAZ activity is regulated by

extracellular matrix stiffness and cell geometry. YAP/TAZ is activated in cells grown on the high-stiffness

extracellular matrix, but inhibited in the low-stiffness extracellular matrix and this regulation is mediated by

cytoskeletal tension. Das et al. found that the regulation of cytoskeleton integrity in mouse embryonic fibroblasts on

YAP activity was superior to that on actomyosin contractility . In vitro, inhibition of actin cytoskeleton suppresses

YAP/TAZ transcriptional activity, whereas induction of F-actin polymerization and stress fiber formation by

activation of diaphanous protein (DIAPH1) facilitates YAP/TAZ activity .

During the process of skin soft tissue expansion, mechanical stretch promotes the activation of YAP/TAZ and, thus,

results in skin regeneration . Wang et al. revealed that short-term mechanical stretch induces the activation of

YAP in interfollicular epidermal stem cells and suppression of YAP is observed under long-term mechanical stretch,

implying that YAP/TAZ is subject to complex regulation during skin expansion . YAP/TAZ is regulated by a

variety of signaling types, including hippo, integrins, and mechanical stimulation . Though the hippo pathway

suppresses the activation of YAP/TAZ through MST1/2 and LATS1/2, restricting their translocation to the nucleus,

the mechanical stimulation promotes nuclear translocation of YAP/TAZ. After receiving the mechanical signals,

integrin-recruited FAK and Src either activate YAP/TAZ directly or suppress the activity of LATS1/2 to promote the

translocation of YAP/TAZ to the nucleus (Figure 1) . Recently, Xue et al. studied the function of YAP in skin soft

tissue expansion and found that high levels of YAP nuclear translocation contribute to more active keratinocyte

proliferation, thicker epidermis, and faster skin growth in Krt5-rtTA; tetO-YAPS112A mice and that deletion of YAP

results in reduced epidermal thickness and slow skin growth in Lgr6Cre; YAPflox mice, in which the expression of

TAZ does not change .
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Figure 1. A, Mechanical stimulation, integrin-recruited FAK, and Src activate YAP/TAZ directly and facilitate its

nuclear translocation. Meanwhile, FAK and Src can also inhibit LATS1/2, an inhibitor of YAP/TAZ, to activate

YAP/TAZ signaling. Then, activated YAP/TAZ translocates to nuclear and binds to TEAD to regulate gene

expression. B, Mechanical stimulation activates integrin which recruits and activates FAK. Then FAK activates Ras

through GRB2 and SOS, initiating Ras-Raf-MEK-ERK cascade. Ultimately, activated ERK translocates to nuclear

to up-regulates and activates c-Fos which binds c-Jun to regulate gene expression.

3.1.2. MAPK-ERK Signaling

The generic mitogen-activated protein kinases (MAPK) pathway works mainly through a three-stage protein kinase

cascade reaction: MAP2K kinase (MKKK/MAP3K), MAPK kinase (MKK/MAP2K), and MAPK. It consists of four

branches, named by their MAPK components: the extracellular-signal-related kinases (ERK1/2) signaling, Jun

aminoterminal kinases (JNK1/2/3) signaling, p38 signaling, and ERK5 signaling. The activation of ERK signaling is

able to facilitate proliferation and migration of fibroblasts and keratinocytes, vascularization, and skin regeneration

. Meanwhile, ERK1/2 signaling can be significantly activated in human dermal fibroblasts by high-[23][24][25]
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frequency repetitive stretch, implying its essential role in skin soft tissue expansion . Recently, Qiang et al. found

that ERK signaling also promotes proliferation and differentiation of keratinocytes and activation of fibroblasts by

mediating TNF-induced autophagy . However, abnormal activation of the MAPK pathway breaks epidermal

barrier integrity and leads to pathological changes in the skin by upregulating the expression of proinflammatory

factors .

The ERK signaling responds to mechanical stretch and a variety of growth factors, including FGF, EGF, and VEGF,

which is mainly mediated by Ras-Raf-MEK-ERK cascade . Through in vitro cell cyclic stretching

experiments (1 Hz, 120% in length), Wang et al. found that mechanical stretch activated ERK cascade by inducing

focal adhesion kinase (FAK) tyrosine phosphorylation (Figure 1) . Phosphorylated FAK subsequently leads to

the activation of GRB2, SOS. Then the activated SOS turns the non-activated GDP-bound Ras into the activated

GTP-bound Ras, which initiates Raf-MEK-ERK cascade subsequently. Activated ERK1/2 translocates into the

nucleus and activates AP-1, which regulates the transcription of immediate early genes . ERK regulates AP-1

activity through c-Fos during transcription and post transcription. On the one hand, ERK enhanced the activity of

ternary complex factor (TCF), which combined with serum response element (SRE) on c-Fos gene to promote c-

Fos transcription . On the other hand, ERK and its downstream MAPKAP kinase RSK phosphorylate c-Fos to

make it more stable to bind c-Jun . CCN2, also known as connective tissue growth factor, has been shown to be

an activator of the FAK-ERK pathway, enhancing keratinocyte migration .

3.1.3. Wnt/β-Catenin Signaling

The Wnt pathway is a highly conserved signaling pathway that plays an important role in early embryonic

development, organogenesis, tissue regeneration, and other physiological processes. In the skin, it is well known

that Wnt signaling is involved in epidermal differentiation and stratification during embryonic development, hair

follicle development, maintenance of normal epidermal spinous layer, and skin homeostasis . Basal

keratinocyte cell proliferation in interfollicular epidermal (IFE) and hair follicle development is strictly controlled by

Wnt/β-catenin signaling. Choi et al. found that β-catenin deletion or ectopic expression of Dkk1, a Wnt/β-catenin

inhibitor, will cause rapid hair follicle regression and loss of hair follicle stem cells . Lim et al. found that inhibition

of Wnt/β-catenin signaling in keratinocytes suppressed basal keratinocytes proliferation and premature

differentiation .

A number of studies also show that activating Wnt/β-catenin signaling by mechanical stretch contributes to

expanded skin regeneration. In bone marrow mesenchymal stem cells, cyclic strain induces osteogenic

differentiation through Wnt/β-catenin . In hepatocellular carcinoma, β-catenin can sense the stiffness in the

extracellular matrix . In in vitro cell experiments, Samuel et al. found that higher stiffness in the extracellular

matrix leads to more mechanical loading, resulting in intracellular activation of Rho/ROCK, which promoted the

proliferation of epidermal cells through β-catenin-dependent and actomyosin contractility dependent ways . In

vivo, Wnt/β-catenin signaling also promotes expanded skin growth by regulating the differentiation of hair follicle

stem cells (HFSCs). One previous studies found that after being injected into the expanded skin, HFSCs can

differentiate into endothelial cells, epidermal cells, and the outer root sheath cells of hair follicle, indicating that
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mechanical stretch can induce HFSC differentiation to facilitate expanded skin regeneration . One study and

others also found that the Wnt pathway is activated in expanded skin, suggesting that mechanical stretch promotes

skin regeneration through the Wnt pathway . In addition, Ledwon et al. recently found that mechanical stretch

induces Wnt signaling activation and accumulation of β-catenin in basal keratinocytes, leading to cell proliferation

and epidermal growth . In addition, langerhans cells regulate expanded skin regeneration through the Wnt

pathway, too .

Mechanical stretch can induce Wnt activity through Wnt-protein-dependent and -independent ways (Figure 2). The

Wnt-protein-dependent way indicates that, mechanically, it can up-regulate the expression of Wnt protein directly to

activate the Wnt pathway . The Wnt-protein-independent way is associated with degradation of E-cadherin

induced by mechanical stretch. There are two pools of β-catenin in cells, the E-cadherin binding pool and the

cytoplasmic pool. Normally, β-catenin in these two pools functions independently, but under certain conditions,

such as mechanical stretch, degradation, or down-regulation of E-cadherin, the bound β-catenin is released into

the cytoplasm, which activates the Wnt pathway . The accumulated β-catenin in the nucleus eventually binds to

TCF/LEF (T-cell factor/lymphoid enhancer factor) and regulates Wnt target genes through them . In summary,

loss of E-cadherin and activation of Wnt/β-catenin signaling promote epithelial-mesenchymal transitions (EMT) .

This is consistent with the results observed in skin soft tissue expansion .

Figure 2. Mechanical stretch induces β-catenin activity through Wnt-protein-dependent and -independent ways. A,

Mechanical stretch up-regulates Wnt proteins to activate Wnt signals. After Disheveled is recruited to inactivate the

β-catenin destruction complex, this leads to the accumulation of β-catenin in the nucleus. β-catenin combines with

the transcription factor TCF/LEF to regulate the transcription of target genes. B, Mechanical stimulation can also
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lead to the degradation of E-cadherin, releasing β-catenin in the E-cadherin binding pool, resulting in the

accumulation of β-catenin in the nucleus and ultimately regulating the transcription of target genes.

3.1.4. AP-1

Activator Protein 1 (AP-1), a transcriptional regulator, is composed of Fos and Jun family members of DNA-binding

proteins. It converts a variety of extracellular signals, such as growth factors, neurotransmitters, polypeptide

hormones, and physical and chemical stresses, through evolutionary conserved signaling pathways, such as

MAPK, Wnt, and TGF-β . In the skin, AP-1 is involved in regulating keratinocyte and fibroblast proliferation . It

plays a role downstream of the MAPK-ERK pathway and promotes keratinocyte and dermal fibroblast proliferation

. AP-1 has also been implicated in wound healing and re-epithelialization . Generally, Jun is considered to be

a positive regulator, while JunB and JunD are considered negative regulators . Angel et al. suggested that c-Jun,

JunD, and Fra-1 might function in keratinocyte proliferation and the early stage of differentiation . AP-1 is also an

important mechanosensitive protein and has been found to be up-regulated in a variety of tissues and cells in

response to mechanical stretch, such as bladder muscle cells, osteoblasts, lung parenchyma, amnion cells, and

vascular smooth muscle cells . Papadopoulou et al. found that both cyclic and static mechanical strains could

up-regulate AP-1 members (c-Fos, c-Jun) in vitro in cultured human periodontal ligament fibroblasts . This up-

regulation has also been observed during skin soft tissue expansion. Aragona et al. found that transcription of AP-1

family members (Fos, FosB, JunB, FosL1, also known as Fra-1) was up-regulated in basal keratinocytes in

expanded skin . Assay for targeting accessible chromatin with high-throughput sequencing (ATAC-SEQ) results

showed that the AP-1 chromatin region was unbound, also indicating that its transcription increased under the

mechanical-stretch condition . The target genes of AP-1 regulate the cell cycle into S phase and control cell

proliferation. Through ChIP-seq, Zanconato et al. found that YAP/TAZ/TEAD and AP-1 form transcription factor

complexes, which combine with complex regulatory elements to jointly regulate cell-proliferation program in basal

keratinocytes .

3.2. Cellular Adhesion Molecules That Sense and Transmit Mechanical Signals

Mechanical conduction is the most important process during skin soft tissue expansion. As the volume of the

implanted expander increases, the mechanical stretch applied to the local skin is transmitted to each cell via cell–

cell and cell–extracellular matrix adhesion. Cell adhesion molecules, located on the surface of cell membrane, are

mechanosensitive proteins. Cellular adhesion molecules transduce mechanical signals by changing quantity,

conformation, and clustering. Clustering occurs in both integrins and cadherins, which can extend adhesion life and

facilitate resistance to high-mechanical forces . Cell adhesion molecules also connect to the cytoskeleton and

actin affects the adhesion strength, suggesting that the cytoskeleton may be involved in intracellular mechanical

signal transduction . During tissue expansion, integrin and cadherin play an especially important role in

conducting mechanical signals.

β1 integrin has been shown to mediate adhesion, regulate cell migration and re-epithelialization, and participate in

mechanical transduction in skin . Several studies have demonstrated that mechanical stretch can directly
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activate β1 integrins independently of ligands, thus, affecting cell division . Integrin clustering can form larger

focal adhesions and recruit the signaling molecule focal adhesion kinase (FAK), which, in turn, recruits and

activates Src and GRB2, and finally, GRB2 mediates the activation of downstream signals of MAPK (Figure 1) 

. β1 integrin was also found to be highly correlated with YAP/TAZ signaling . FAK and Src activate YAP to

promote cell proliferation in various ways (Figure 1) . In addition, Jolanta et al. found that β1 integrins also

regulate cell division by repositioning in response to mechanical stretch . The amount of β1 integrin on the

surface of mitotic precursors increased significantly one hour after tissue expansion and returned to normal 24 h

later as local skin adapted to mechanical stimulation. In addition to mechanical transduction, other integrin family

members can promote keratinocyte proliferation and adhesion by binding to matricellular protein, such as CCN1

and CCN2 .

E-cadherin, a calcium-dependent cell adhesion molecule, consists of five tandemly repeated domains in the

extracellular domain, a transmembrane domain, and an intracellular domain. In general, E-cadherin loss is

considered a marker of epithelial mesenchymal transition (EMT) in cancer . E-cadherin links the actin

cytoskeleton via α-catenin and β-catenin and interacts with the Wnt signaling pathway . Huang et al. recently

found that E-cadherin is down-regulated during tissue expansion and regulates EMT through the β-catenin-

FOXO1-KLF4 pathway . However, Lewis et al. believed that down-regulation of E-cadherin during mechanical

stretching was detrimental to epidermal integrity . Desmoglein-3, another member of the cadherin family, was

also found to be involved in regulating the response of keratinocytes to mechanical forces .

3.3. Ion Channels

Ion channels play an important role in mechanical transduction, which can transform extracellular mechanical

signals into intracellular chemical signals. Although ion channels have not been studied in soft tissue expansion so

far, their role in skin trauma has been extensively studied and has shown significant effects, so it can be expected

them to function in skin soft tissue expansion. Various ion channels have been found to be involved in

mechanotransduction processes, such as PIEZO family, transient receptor potential (TRP) channels,

OSCA/TMEM63 channels, and two-pore potassium channel (K2P) family . They are involved in many important

physiological processes in the body, such as regulating cellular responses to mechanical stimuli. He et al. found

mechanical stretch promotes hypertrophic scar formation through Piezo1 . Various kinds of transient receptor

potential channels of the vanilloid subtype (TRPV) are mechanosensitive and are implicated in distinct

physiological and pathological processes . Meanwhile, the activation of TRPV3 can regulate inflammation and

enhance the proliferation of skin keratinocyte . In addition, Wei et al. found that the activation of TRPA1

promotes skin regeneration in adult mammalians .

3.4. Transcriptome Changes Induced by Mechanical Stretch

Transcriptome sequencing technology based on next-generation sequencing makes it possible to obtain the

transcriptome information of specific tissues or cells comprehensively and quickly. In recent years, transcriptome

sequencing technology has been increasingly used in the study of skin soft tissue expansion to explore the gene
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expression changes at the RNA level and reveal its molecular mechanism. Studies by one group and others have

identified a number of hub genes differentially expressed in expanded skin, mainly affecting inflammatory

response, tissue remodeling, and cytoskeleton and cell contraction . Mechanical stimulation is the main

cause of these DEGs.

Numerous studies have demonstrated that inflammatory response is essential for maintaining skin homeostasis

and promoting skin regeneration . Clearance of macrophages inhibits skin expansion . In addition,

mechanical stress and immunological response regulate skin regeneration through complex interaction, which is

mimicked by skin tissue engineering . It was found that a number of inflammation-related genes are up-

regulated in expanded skin tissues, especially in the early stages of expansion, such as CXCL1, CXCL2, CXCL8,

CXCR2, CCL20, CCR6, C3, C4A, and C5AR1 . Chemokines and their receptors mainly play an important

role in inducing leukocyte migration and are important proteins in regulating immune response. Keratinocytes

express CXCL1, CXCL2, CXCL8, and CCL20, which recruit neutrophils and are up-regulated in psoriasis to

increase inflammation . CXCL1, CXCL2, and CXCL8 are mechanoresponsive proteins that are up-regulated by

mechanical stimulation in keratinocytes and fibroblasts . CXCR2, a G-protein-coupled receptor, is a

common receptor for CXCL1, CXCL2, and CXCL8, which can promote keratinocyte proliferation and angiogenesis

. CXCR2 not only activates MAPK-ERK signaling and β1 integrin-FAK, but also is involved in the hypoxia-

related HIF-1 signaling pathway . The binding of CXCR2 to HIF-1 can enhance the tolerance of cells to anoxic

environment . KEGG pathway analysis also found that the HIF-1 signaling pathway is enriched in tissue

expansion ; thus, the communication between CXCR2 and HIF-1 signaling may play a potential vital role in cell

adaptation to the hypoxic environment after expansion. The CCL20-CCR6 axis functions in regulating the

cutaneous immune response by driving the migration of different kinds of inflammatory cells, including B cells,

immature dendritic cells, innate lymphocytes (ILC), regulatory CD4 T cells, and Th17 cells, and activation of the

CCL20-CCR6 axis has been observed in psoriasis . In skin soft tissue expansion, the mechanism of CCL20-

CCR6 axis promoting skin regeneration may be its participation in inducing polarization of M2 macrophages .

Keratinocytes express various complement components and receptors, such as C3, C4, CR1, and C5AR1, and the

activation of the complement system is involved in the occurrence of various inflammatory skin diseases .

Recent studies also found that C5/C5AR1 increased the sensitivity of the paw to mechanical stimulation in mice

through TRPV1 .
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