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Abstract

The effects of the mechanical stretch 

on human dermal fibroblasts

Sungsik Shin

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Ju Hee Lee)

Mechanical force plays a significant role in scar development which is 

supported by the fact that many high stretching tension areas tend to be 

keloids or hypertrophic scars. Furthermore, mechanical tension 

activates resting fibroblasts into activated phenotype which have the 

features of proliferation and matrix synthesis, and mechanical force has 

been shown to stimulate the transformation of dermal fibroblast into 

myofibroblasts, which is one of the important key mediators of fibrosis. 

Therefore, we aimed to examine the effects of mechanical stretch on 

proteins expressed in human dermal fibroblasts (HDFs) using 
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proteomics to find out the differences in expression of the proteins 

according to the presence or absence of stretching. 

To generate the mechanical stretch, we made a mechanical cell 

stimulation machine which has a vacuum induced programmable 

biostretching system. The device applied multidirectional stretch and it 

was possible to control real-time manipulation to the attached cells. The 

mechanical stretch was applied to HDFs 2 hours per day for 3 days. 

Proteomics analysis was performed to compare the protein expressions 

between stretched HDFs and non-stretched HDFs. 

After mechanical stretch, proliferation of HDFs was significantly 

increased than non-stretched HDFs. Proteomic analysis using TMT-

labeling was performed to find altered protein expression after 

stretching and a total of 27 proteins showed significantly different

expression between study and control groups. Among these proteins, 16

proteins were upregulated and 11 proteins were downregulated.

In the future, validating study will be needed for functional verification 

of each protein and evaluating the association with the pathway of 

keloid development and a better understanding of the effects of 

mechanical stretch on human fibroblasts will help the development of 
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novel technologies that can prevent or reduce pathological scar 

formation in the future.

Key words : human dermal fibroblasts (HDFs), mechanical stretch, keloid, 

scar formation, proteomics
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I. INTRODUCTION

Keloids and hypertrophic scars are skin abnormalities that are characterized 

by excessive deposition of collagen in the dermis and subcutaneous tissues 

resulting from unbalanced tissue homeostasis during normal wound healing, 

which can sometimes cause cosmetic and functional impairment such as 

disfigurement, contractures, pruritus and pain.1

Although there have been proposed a variety of mechanisms to explain keloid 

development, the pathogenesis of keloid remains still unclear. It is considered 

to be associated with chronic inflammation by various inflammatory cells 
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such as mast cell, macrophage and lymphocytes. Mechanical stretching is also 

considered to play a critical role in the development of keloid and ischemia of 

the surrounding blood vessels due to the proliferation of myofibroblast and 

endothelial cell can affect the development of keloid.2

Among them, mechanical theory is the theory that the development and 

progression of keloid is closely associated with the mechanical stretching. 

This theory is supported by the fact that many high stretching tension areas 

tend to be keloids or hypertrophic scars such as anterior chest and shoulder. In 

contrast, the areas with low tension and less movement such as scalp and tibia 

rarely occur keloid well. Furthermore, characteristic dumbbell shape of 

keloids is closely related with the direction of the skin tension.3-5

In previous research, mechanical tension activated resting fibroblasts into the 

activated phenotype which had the features of proliferation and matrix 

synthesis. In contrast, resting fibroblasts transformed in to the inflammatory 

phenotype which had the features of inhibition of proliferation and matrix 

degradation when the mechanical tension was not applied.6,7

Furthermore, mechanical force has been shown to stimulate the 

transformation of dermal fibroblast into myofibroblasts,7 which is one of the 

important key mediators of fibrosis.8

In addition to this, some authors suggested that keloid fibroblasts are different 

from the normal fibroblasts and they have a critical role in development of 
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keloids, which synthesize excessive extracellular matrix (ECM) components 

such as collagen, fibronectin, elastin, and proteoglycans. The density of 

fibroblasts is increased in keloids compared to normal tissues, and the 

fibroblasts in keloids show resistance to apoptotic signal compared to normal 

fibroblasts.1,9,10 And expression of matrix metalloproteinases (MMPs) and 

MMP tissue inhibitors are also skewed in keloids.11,12

Therefore, we aimed to examine the effects of mechanical stretch on proteins 

expressed in human dermal fibroblasts (HDFs) using proteomics to find out 

the differences in expression of the proteins according to the presence or 

absence of stretching. 
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II. MATERIALS AND METHODS

1. Cell cultures

Human dermal fibroblasts (HDFs) were prepared and treated in a tissue 

incubator with 0.1% gelatin and culture media comprising Dulbecco’s 

Modified Eagle Medium (DMEM) (Gibco, Life Technologies, Carlsbad, CA, 

USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin/strepromycin (Gibco). The cells were expanded at 37 ℃ with 5% 

CO2 and 90% humidity until they reached 80-90% confluence, after which 

they were passaged. 

2. Application of mechanical stretch

To generate the mechanical stretch, we made special mechanical cell 

stimulation kit which is a vacuum induced programmable biostretching 

system called biostretching machine (BSM). The device consists of 4 x 6 

array cells and is tightly connected to the cell media well via functionalized 

Polydimethylsiloxane (PDMS) membrane. The PDMS chamber measured 10 

x 10 x 18 mm in its dimensions. Fibroblasts were seeded into a PDMS 

chamber at a density of 3 x 104 cells/chamber in 0.5 ml of culture medium.

The device could apply multidirectional stretch unlike the previous device 
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could only apply uniaxial or biaxial stretch. The multidirectional sinusoidal 

stretch (60cycles min-1) was applied at 37 ℃, 5% CO2. And it was possible 

to control real-time manipulation to the attached cells (Figure 1).13

The cell cultures were done for one week in total. Stretching of more than 1 

hour per day or stretching of more than 3 days showed a tendency to decrease 

cell viability. Thus the sinusoidal mechanical stretch was applied to HDFs 1

hour per day for only initial 3 days of culture period under the pressure of 5 

kPa. The control group was incubated as described above without stretching.
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A)

B)

C) 
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Figure 1. A) The schematic figure showing the configuration of the device. 

The mechanical cell stimulator is connected to the vacuum induced 

programmable control system. B) The figure showing the aspect of 

stretching within the mechanical cell stimulation kit. The device is using 

functionalized PDMS membrane, thus the multidirectional mechanical 

force and real-time manipulation of mechanical stress can be applied to 

the attached cells. C) The figure of the mechanical cell stimulation kit.
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3. Proteome sample preparation

Mixtures of protein from each cell population were reduced with 500 mM Tris 

(2-carboxyethyl) phosphine at room temperature for 60 min and then 

alkylated with 500 mM IAA at room temperature in the dark for 60 min. The 

protein samples were then desalted using membrane filters (10-kDa molecular 

weight cutoff) and dissolved in 200 mM triethylammonium bicarbonate 

(TEAB) buffer to a final concentration of 1 µg/µl. Protein concentration was 

measured using a bicinchoninic acid assay (Thermo Scientific), following the 

manufacturer’s protocol. Sequencing-grade trypsin (Promega, Madison, WI, 

USA) was added at an enzyme to protein ratio of 1:20 (wt/wt) in TEAB buffer 

and incubated overnight at 37°C. Samples were individually labeled using 

TMT-126, -128 and -130 (stretched group), and TMT-127, -129 and -131 

(nonstretched group), following the manufacturer’s protocol (Thermo 

Scientific). Aqueous hydroxylamine solution (5% w/v) was added to quench 

the reaction. The six samples were then combined, speed-vacuum dried, and 

re-dissolved in 50 μl of water containing 0.1% formic acid for 2D-LC-MS/MS 

analysis.

4. 2D-LC-MS/MS

The TMT-labeled samples were analyzed using a 2D-LC-MS/MS system 

consisting of a nanoACQUITY UltraPerformance LC System (Waters, 
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Milford, MA, USA) and an LTQ Orbitrap Elite mass spectrometer (Thermo 

Scientific) equipped with a nano-electrospray source. Briefly, a strong cation-

exchange column (5 μm, 3 cm) was placed just before the C18 trap column 

(180-μm i.d., 20-mm length, and 5-μm particle size; Waters). A 5-µl aliquot 

of peptide sample was loaded for each 2D-LC-MS/MS run. Peptides were 

displaced from the strong cation-exchange column to the C18 column using a 

salt gradient that was introduced through an autosampler loop. The peptides 

were then desalted for 10 min at a flow rate of 4 μl/min. The trapped peptides 

were then separated using a 200-mm homemade microcapillary column 

consisting of C18 Aqua resin (3-μm particle size; Phenomenex, Torrance, CA, 

USA) packed into 100 μm of silica tubing with an orifice i.d. of 5 μm.

An 11-step salt gradient was performed using 3 µl each of 0, 25, 50, 100, 250, 

and 500 mM ammonium acetate (in 0.1% formic acid/5% acetonitrile [ACN]) 

and 4, 5, 9, and an additional 9 µl of 500 mM ACN, (0.1% formic acid/30% 

ACN). Mobile phases A and B consisted of 0 and 100% ACN, respectively, 

each containing 0.1% formic acid. The LC gradient began with 5% B for 1 

min and was ramped to 20% B over 5 min, to 55% B over 90 min, to 95% B 

over 1 min, remaining at 95% B for 13 min and then returning to 5% B over 5 

min. The column was re-equilibrated with 5% B for 15 min before the next 

run. The electrospray voltage was set to 2.0 kV. During the chromatographic 

separation, the LTQ Orbitrap Elite was operated in data-dependent mode. MS 

data were acquired using the following parameters: five data-dependent 
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collision-induced dissociation–high-energy collision dissociation (CID-HCD) 

dual MS/MS scans per full scan; CID scans were acquired in the linear trap 

quadrupole (LTQ) with two-microscan averaging; full scans and HCD scans 

were acquired in the Orbitrap at resolution 60,000 and 15,000 respectively, 

with two-microscan averaging; 35% normalized collision energy (NCE) in 

CID and 45% NCE in HCD; and ±1-Da isolation window. Previously 

fragmented ions were excluded for 60 s. In CID-HCD dual scans, each 

selected parent ion was fragmented first by CID and then by HCD.

5. Protein identification and quantification

MS/MS spectra were analyzed using the following software analysis protocols 

with searching against the UniProt human database (UNIPROT.HUMAN. 

2.4.2015). Reversed sequences of all proteins were appended into the database 

for calculation of false-discovery rates. ProLucid14 software was used to 

identify the peptides using precursor and fragment ion mass errors of 25 and 

600 ppm, respectively. Trypsin was selected as the enzyme, with three 

potential missed cleavages. TMT modification (+ 229.1629) at the N-terminus, 

addition of a lysine residue by the labeling reagent, and carbamidomethylation 

of cysteine were chosen as static modifications. Oxidation of methionine was 

chosen as a variable modification. CID and HCD tandem MS spectra from the 

same precursor ion are often combined by the software to allow for better 
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peptide identification and quantification.15 We used software developed in-

house in which reporter ions from an HCD spectrum were inserted into the 

CID spectrum with the same precursor ion as the previous scan. Reporter ions 

were extracted from small windows (±20 ppm) around their expected m/z 

value in the HCD spectrum. Output data files were filtered and sorted to 

compose the protein list using DTASelect16 (The Scripps Research Institute, 

La Jolla, CA, USA), with ≥2 peptide assignments required for protein 

identification and a false-positive rate of <0.01. 

A quantitative analysis was conducted using Census in the IP2 pipeline 

(Integrated Proteomics, San Diego, CA, USA). The intensity at a reporter ion 

channel for a protein was calculated as the average of the reporter ion’s 

intensities from all constituent peptides derived from the identified protein.2

The measured intensity ratios of proteins were transformed to the log2 scale. 

Ratios were averaged and proteins showing differences with P < 0.05 were

defined as differentially regulated.

6. Statistical analysis

Data were analyzed by Student’s t-test using SPSS software (SPSS Inc., 

Tokyo, Japan). The results are presented as mean ± standard deviation (SD). 

Differences are considered to be statistically significant when P < 0.05.
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III. RESULTS

1. Increased proliferation of HDFs in stretched group during cell culture

HDFs cell cultures was underwent for one week with mechanical stretching of 

1 hours per day at 37 ℃, 5% CO2 for 3 days, and time-lapse recording was 

done for the process of cell cultures. During the cell cultures, the difference in 

proliferation over time with and without mechanical stretching was compared, 

and stretch loaded HDFs proliferated more than stretch nonloaded HDFs. 

While starting the culture by the same amount (3 x 10⁴), stretched group 

showed 15 x 10⁴in cell counting after one week of culture, and nonstretched 

group showed 12 x 10⁴in cell counting. Consequently, the stretched group 

proliferated 1.27 times more than the nonstretched group (Figure 2). In total 

protein quantification, stretched group weighed 581ug after one week of 

culture, and nonstretched group weighed 171ug after one week of culture. The 

increase of total amount of proteins was greater than the increase of cell 

number in stretched group. The difference in proliferation can be noticed in 

microscopically in Figure 3. The number of stretched HDFs was increased 

and the stretched HDFs showed thicker morphology compared to 

nonstretched HDF.  
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Table 1. HDFs cell count change in time-lapse recording

Day0 Day5 Day6 Day7

Stretched HDFs 3 9.5 12 12

Nonstretched HDFs 3 10 15.25 15.25

(x 104) ; HDF culture started with 3x 104 cells/well 
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A)

B)

Figure 2. Difference in proliferation during the cell culture. A) HDF 

culture started with 3x 104 cells/well and stretched group showed 15 x 

10⁴in cell counting and nonstretched group showed 12 x 10⁴in cell 

counting after one week of culture. B) Consequently, the stretched group 

proliferated 1.27 times more than the nonstretched group.
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Figure 3. Change of HDFs in time-lapse recording. Increased 

proliferation of HDFs can be observed after stretching compared to 

nonstretched group. And stretched HDFs showed thicker morphology 

(arrow)
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2. Quantitative proteomic analysis using a TMT-labeling method

Proteins extracted from stretch loaded HDFs and those from stretch non-

loaded HDFs were individually labeled with TMTs for quantitative proteomic 

analysis. Samples were combined, speed-vacuum dried, and then dissolved in 

50 μl of water containing 0.1% formic acid for 2D-LC-MS/MS analysis. 

Initially, we identified 1415 proteins in the stretched and nonstrerched HDFs. 

We then attempted to identify proteins that either increased or decreased in 

expression level over time after mechanical stretch. Proteins for which the 

log2 ratio was statistically significant (P < 0.05; ratio ≤ −0.4 or ≥ 0.4) were

considered to be differentially expressed. A total of 27 proteins were 

identified as candidates for further investigation. Among these proteins, 16

proteins were upregulated and 11 proteins were downregulated. Specific 

information about the description and log2 ratio are shown in Table 2 and 

Table 3.
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Table 2. Upregulated proteins identified using the TMT labeling method.

NO. LOCUS DESCRIPTION
ratio log2 

(stretched  : 
nonstretched)

1 sp|Q9HB40|RISC_HUMAN SCPEP1 Retinoid-inducible serine carboxypeptidase 0.41

2 sp|Q05682-5|CALD1_HUMAN CALD1 Isoform 5 of Caldesmon 0.41

3 sp|O94925|GLSK_HUMAN GLS Glutaminase kidney isoform, mitochondrial 0.41

4 sp|P42765|THIM_HUMAN ACAA2 3-ketoacyl-CoA thiolase, mitochondrial 0.41

5 sp|P02788|TRFL_HUMAN LTF Lactotransferrin 0.47

6 sp|O95394|AGM1_HUMAN PGM3 Phosphoacetylglucosamine mutase 0.47

7 sp|O60486|PLXC1_HUMAN PLXNC1 Plexin-C1 0.48

8 sp|P48163|MAOX_HUMAN ME1 NADP-dependent malic enzyme 0.51

9 sp|P02765|FETUA_HUMAN AHSG Alpha-2-HS-glycoprotein 0.54

10 sp|P17301|ITA2_HUMAN ITGA2 Integrin alpha-2 0.54

11 sp|P01023|A2MG_HUMAN A2M Alpha-2-macroglobulin 0.55

12 tr|C9JFR7|C9JFR7_HUMAN CYC Cytochrome c (Fragment) 0.56

13 tr|K7EQ73|K7EQ73_HUMAN DNAJC7 DnaJ homolog subfamily C member 7 (Fragment) 0.58

14 tr|F5H7Y0|F5H7Y0_HUMAN PDLIM5 PDZ and LIM domain protein 5 0.58

15 sp|P15121|ALDR_HUMAN AKR1B1 Aldose reductase 0.74

16 sp|P04179-4|SODM_HUMAN SOD2 Isoform 4 of Superoxide dismutase 0.76
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Table 3. Downregulated proteins identified using the TMT labeling method.

NO. LOCUS DESCRIPTION
ratio log2 

(stretched : 
nonstretched)

1 sp|P02452|CO1A1_HUMAN COL1A1 Collagen alpha-1(I) chain -0.59

2 sp|P07093-3|GDN_HUMAN SERPINE2 Isoform 3 of Glia-derived nexin -0.58

3 sp|Q99715|COCA1_HUMAN COL12A1 Collagen alpha-1(XII) chain -0.55

4 sp|Q5JRA6|MIA3_HUMAN MIA3 Melanoma inhibitory activity protein 3 -0.54

5 sp|P12110|CO6A2_HUMAN COL6A2 Collagen alpha-2(VI) chain -0.51

6 tr|A0A087X0S5|A0A087X0S5_HUMAN COL6A1 Collagen alpha-1(VI) chain -0.49

7 sp|Q9ULD0-3|OGDHL_HUMAN
OGDHL Isoform 3 of 2-oxoglutarate dehydrogenase-like, 
mitochondrial 

-0.47

8 sp|Q52LR7|EPC2_HUMAN EPC2 Enhancer of polycomb homolog 2 -0.45

9 tr|A0A087WTA8|A0A087WTA8_HUMAN COL1A2 Collagen alpha-2(I) chain -0.45

10 sp|Q8NB90|SPAT5_HUMAN SPATA5 Spermatogenesis-associated protein 5 -0.42

11 tr|H0Y8C4|H0Y8C4_HUMAN
PPP2R5D Serine/threonine-protein phosphatase 2A 56 kDa 
regulatory subunit delta isoform (Fragment) 

-0.40
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IV. DISCUSSION

Since it was revealed that the mechanical tension is important in the 

development of pathologic scars such as keloids and hypertrophic scar, there 

have been many studies to find out the effect of mechanical tension to the 

pathogenesis of keloids. One of the previous studies evaluated the change in 

RNA expression of HDFs after mechanical stretching using DNA microarray 

analysis and showed the differences in integrin signaling genes and Wnt 

signaling genes but there was no difference in TGF β-signaling molecules.17

In our study, we examined the difference of protein expression according to 

the presence or absence of stretching. To the best of our knowledge, this study 

is the first study which showed the effect of multidirectional mechanical 

stretching on protein expression of HDFs using proteomics. 

In our study, we found 27 differently expressed proteins between stretched 

HDFs and nonstretched HDFs. Among them, 16 proteins were upregulated 

and 11 proteins were downregulated in stretched HDFs. 

As a result of the review of the literature about the differently expressed 

proteins, we could find the several clues about the difference in protein 

expression according to the functions of the proteins. For examples, some of 

the proteins were related to the cell metabolism and oxidative stress, or cell 

proliferation and cell cycle regulation.
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Among the upregulated proteins, SOD2 (Isoform 4 of Superoxide dismutase)

was the most highly upregulated protein. It has the function of transforming 

toxic superoxide into hydrogen peroxide and diatomic oxygen. It clears

reactive oxygen species (ROS) to protect against cell death. SOD2 is related 

to proliferative feature of tumor. SOD2 is also related to ageing, cancer, and 

neurodegenerative disease and one previous study revealed that the 

overexpression of SOD2 has been linked to increased invasiveness of tumor 

metastasis.18,19 And another study reported that the eruptive keloids were

associated with the breast cancer.20

AKR1B1 (aldose reductase) was the second most highly upregulated protein. 

Aldose reductase is a key enzyme in the polyol pathway and it is highly 

associated with ROS formation in human tissues. It catalyzes nicotinamide 

adenosine dinucleotide phosphate (NADPH) dependent reduction of glucose 

to sorbitol, leading to excessive accumulation of intracellular ROS in various 

tissues.21 According to the one recent study, TGFβ1 activated NADPH 

oxidase, resulting in ROS generation. And activated HDFs express 

functionally active NADPH oxidase, thus HDFs are also an important source 

of ROS in the human skin.22

Oxidative stress in scar pathogenesis is becoming increasingly important in 

these days. The two most highly increased proteins in this study are both ROS 

and metabolism related proteins, suggesting that ROS and oxidative stress 
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have a critical role in scar developing process related to the mechanical 

stretching or skin tension.

In addition, siRNA of NOX2, a membrane-bound subunit of NADPH oxidase, 

inhibited collagen synthesis in keloid dermal fibroblast in the previous study, 

suggesting that NADPH could serve as a potential therapeutic target for 

patients with keloid.22 Aldose reductase which is one of the highly 

upregulated proteins in our study could also be a potential therapeutic target 

for keloid treatment. Its role in ROS formation in human tissues is 

increasingly important and aldose reductase inhibitor is already considered as 

an emerging therapeutic strategy in preventing cardiovascular complications 

such as ischemia/reperfusion injury, atherosclerosis, atherothrombosis, and 

DM complications.21

DNAJC7 (DnaJ homolog subfamily C member 7 (Fragment)) is also 

upregulated in our study. It belongs to the heat shock protein 40 family and is 

considered to be related to cell cycle regulation. It interacts with RAD9A, 

which is the cell cycle checkpoint control protein.23

Although it is well known that TGFβ1 plays an important role in scar 

mechanotransduction,24,25 TGFβ1 expression was not upregulated in this 

study, and this is the same result with the previous report about mechanical 

stretching on HDFs.17 However, PMLIM5 which is known to be associated 

with TGF β-signaling was upregulated after stretching in our study.17
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PDLIM5 (PDZ and LIM domain protein 5) is also related to cytoskeleton 

organization, cell lineage specification, organ development, and oncogenesis.

One previous study showed that the knockdown of PDLIM5 suppressed

gastric cancer cell proliferation in vitro.26 This protein interacts with PRKCB1

(protein kinase C beta 1) and is involved in apoptosis induction and

endothelial cell proliferation.27 And one genomic study by Reichenbach et al. 

also showed increase of gene expression of PDZ and LIM domain 7 in 

response to mechanical stretch in HDFs.28

Furthermore, ITGA2 (Integrin alpha-2) was upregulated after stretching in our 

study. This result is the same with the previous study, and this suggests that 

integrin signaling pathways participated in stretching induced mechanical 

transduction in scar development.17

Among the downregulated proteins, PPP2R5D (Serine/threonine-protein 

phosphatase 2A 56 kDa regulatory subunit delta isoform (Fragment)) plays a 

role in negative control of cell growth and division. In previous study 

suggested that the mutations in PPP2R5D caused human overgrowth.29

SERPINE2 (Isoform 3 of Glia-derived nexin) is also the regulator of cancer 

cell growth and neo-angiogenesis.30 Wang et al. reported that the upregulated 

SERPINE2 may contribute to the aggressive gastric cancer31 and François et 

al reported that the increased expression is associated with idiopathic 

pulmonary fibrosis.32
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In this study, collagen synthesis seemed to be downregulated in stretched 

HDFs. Generally, the development and progression of keloids is considered 

to correlate closely with local skin tension. And tension-reduction methods 

have long been effective in the clinical prevention and treatment of keloids. 

However, our results showed that the mechanical stretching did not directly 

increase the collagen synthesis by fibroblasts. It was same results with the 

previous study which demonstrated the effect of mechanical stretching on 

HDFs using microarray.17 Paradoxically, many collagens seemed to be 

downregulated in stretched HDFs in our study. However, the increase of 

total amount of proteins was greater than the increase of cell number in 

stretched group. Thus, it is possible that other ECM synthesis was much 

more increased than the collagen synthesis, thus the ratio of collagen seems 

to be reduced in stretched HDFs. And it remains possible that other ECM 

synthesis has to be preceded or certain thresholds have to be crossed before 

accumulation of the collagen.
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V. CONCLUSION

The stretched HDFs proliferated greater than the nonstretched HDFs and the 

increase of total amount of proteins was greater than the increase of cell 

number in stretched group. In this study, quantitative proteomic analysis 

using a TMT-labeling method revealed 27 differently expressed proteins 

between stretched and nonstretched group. Among them, 16 proteins were 

upregulated and 11 proteins were downregulated in stretched group 

compared to nonstretched group. Some of the differently expressed proteins 

were associated with cell metabolism and oxidative stress, or cellular 

proliferation and cell cycle regulation. In the future, validating study will be 

needed for functional verification of each protein and evaluating the 

association with the pathway of keloid development. And a better 

understanding of the effects of mechanical stretch on human fibroblasts will 

help the development of novel technologies that can prevent or reduce 

pathological scar formation in the future.



28

VI. REFERENCES

1. Tuan TL, Nichter LS. The molecular basis of keloid and hypertrophic 

scar formation. Mol Med Today 1998;4:19-24.

2. Taylor A, Akdis M, Joss A, Akkoc T, Wenig R, Colonna M, et al. IL-

10 inhibits CD28 and ICOS costimulations of T cells via src 

homology 2 domain-containing protein tyrosine phosphatase 1. J 

Allergy Clin Immunol 2007;120:76-83.

3. Alster TS, Tanzi EL. Hypertrophic scars and keloids: etiology and 

management. Am J Clin Dermatol 2003;4:235-43.

4. Huang C, Murphy GF, Akaishi S, Ogawa R. Keloids and hypertrophic 

scars: update and future directions. Plast Reconstr Surg Glob Open 

2013;1:e25.

5. Song C. Hypertrophic scars and keloids in surgery: current concepts. 

Ann Plast Surg 2014;73 Suppl 1:S108-18.

6. Eckes B, Zweers MC, Zhang ZG, Hallinger R, Mauch C, Aumailley 

M, et al. Mechanical tension and integrin alpha 2 beta 1 regulate 

fibroblast functions. J Investig Dermatol Symp Proc 2006;11:66-72.

7. Hinz B, Mastrangelo D, Iselin CE, Chaponnier C, Gabbiani G. 

Mechanical tension controls granulation tissue contractile activity and 

myofibroblast differentiation. Am J Pathol 2001;159:1009-20.

8. Desmouliere A, Chaponnier C, Gabbiani G. Tissue repair, contraction, 

and the myofibroblast. Wound Repair Regen 2005;13:7-12.



29

9. Burd A, Huang L. Hypertrophic response and keloid diathesis: two 

very different forms of scar. Plast Reconstr Surg 2005;116:150e-7e.

10. Niessen FB, Spauwen PH, Schalkwijk J, Kon M. On the nature of 

hypertrophic scars and keloids: a review. Plast Reconstr Surg 

1999;104:1435-58.

11. Fujiwara M, Muragaki Y, Ooshima A. Keloid-derived fibroblasts 

show increased secretion of factors involved in collagen turnover and 

depend on matrix metalloproteinase for migration. Br J Dermatol 

2005;153:295-300.

12. Imaizumi R, Akasaka Y, Inomata N, Okada E, Ito K, Ishikawa Y, et al. 

Promoted activation of matrix metalloproteinase (MMP)-2 in keloid 

fibroblasts and increased expression of MMP-2 in collagen bundle 

regions: implications for mechanisms of keloid progression. 

Histopathology 2009;54:722-30.

13. Fu J, Wang YK, Yang MT, Desai RA, Yu X, Liu Z, et al. Mechanical 

regulation of cell function with geometrically modulated elastomeric 

substrates. Nat Methods 2010;7:733-6.

14. Jabara HH, McDonald DR, Janssen E, Massaad MJ, Ramesh N, 

Borzutzky A, et al. DOCK8 functions as an adaptor that links TLR-

MyD88 signaling to B cell activation. Nat Immunol 2012;13:612-20.

15. Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy: 

multiple suppressor factors at work in immune tolerance to allergens. 



30

J Allergy Clin Immunol 2014;133:621-31.

16. Joss A, Akdis M, Faith A, Blaser K, Akdis CA. IL-10 directly acts on 

T cells by specifically altering the CD28 co-stimulation pathway. Eur 

J Immunol 2000;30:1683-90.

17. Huang C, Miyazaki K, Akaishi S, Watanabe A, Hyakusoku H, Ogawa 

R. Biological effects of cellular stretch on human dermal fibroblasts. J 

Plast Reconstr Aesthet Surg 2013;66:e351-61.

18. Perry JJ, Hearn AS, Cabelli DE, Nick HS, Tainer JA, Silverman DN. 

Contribution of human manganese superoxide dismutase tyrosine 34 

to structure and catalysis. Biochemistry 2009;48:3417-24.

19. Pias EK, Ekshyyan OY, Rhoads CA, Fuseler J, Harrison L, Aw TY. 

Differential effects of superoxide dismutase isoform expression on 

hydroperoxide-induced apoptosis in PC-12 cells. J Biol Chem 

2003;278:13294-301.

20. He Y, Merin MR, Sharon VR, Maverakis E. Eruptive keloids 

associated with breast cancer: a paraneoplastic phenomenon? Acta 

Derm Venereol 2011;91:480-1.

21. Tang WH, Martin KA, Hwa J. Aldose reductase, oxidative stress, and 

diabetic mellitus. Front Pharmacol 2012;3:87.

22. Zhang GY, Wu LC, Dai T, Chen SY, Wang AY, Lin K, et al. NADPH 

oxidase-2 is a key regulator of human dermal fibroblasts: a potential 

therapeutic strategy for the treatment of skin fibrosis. Exp Dermatol 



31

2014;23:639-44.

23. Lieberman HB, Hopkins KM, Nass M, Demetrick D, Davey S. A 

human homolog of the Schizosaccharomyces pombe rad9+ 

checkpoint control gene. Proc Natl Acad Sci U S A 1996;93:13890-5.

24. Wang Z, Fong KD, Phan TT, Lim IJ, Longaker MT, Yang GP. 

Increased transcriptional response to mechanical strain in keloid 

fibroblasts due to increased focal adhesion complex formation. J Cell 

Physiol 2006;206:510-7.

25. Wipff PJ, Rifkin DB, Meister JJ, Hinz B. Myofibroblast contraction 

activates latent TGF-beta1 from the extracellular matrix. J Cell Biol 

2007;179:1311-23.

26. Li Y, Gao Y, Xu Y, Sun X, Song X, Ma H, et al. si-RNA-mediated 

knockdown of PDLIM5 suppresses gastric cancer cell proliferation in 

vitro. Chem Biol Drug Des 2015;85:447-53.

27. Abrams ST, Brown BR, Zuzel M, Slupsky JR. Vascular endothelial 

growth factor stimulates protein kinase CbetaII expression in chronic 

lymphocytic leukemia cells. Blood 2010;115:4447-54.

28. Reichenbach M, Reimann K, Reuter H. Gene expression in response 

to cyclic mechanical stretch in primary human dermal fibroblasts. 

Genom Data 2014;2:335-9.

29. Loveday C, Tatton-Brown K, Clarke M, Westwood I, Renwick A, 

Ramsay E, et al. Mutations in the PP2A regulatory subunit B family 



32

genes PPP2R5B, PPP2R5C and PPP2R5D cause human overgrowth. 

Hum Mol Genet 2015;24:4775-9.

30. McKee CM, Xu D, Muschel RJ. Protease nexin 1: a novel regulator 

of prostate cancer cell growth and neo-angiogenesis. Oncotarget 

2013;4:1-2.

31. Wang K, Wang B, Xing AY, Xu KS, Li GX, Yu ZH. Prognostic 

significance of SERPINE2 in gastric cancer and its biological 

function in SGC7901 cells. J Cancer Res Clin Oncol 2015;141:805-12.

32. Francois D, Venisse L, Marchal-Somme J, Jandrot-Perrus M, Crestani 

B, Arocas V, et al. Increased expression of protease nexin-1 in 

fibroblasts during idiopathic pulmonary fibrosis regulates thrombin 

activity and fibronectin expression. Lab Invest 2014;94:1237-46.



33

ABSTRACT (IN KOREAN)

피 아 포에 계적 력 향

<지도 수 주 >

연 학 학원 학과

신 식

계적 력 터 생에 한 향 주 , 것 켈로 드

과 식 터가 력 많 걸리는 에 호 하는 것 통해

알 수 다. 또한 존 연 에 계적 력 아 포

활 화시켜 콜라겐 합 식 키고, 화에 한

역할 하는 근 아 포로 변화 키는 한 역할

하는 것 로 혀졌다.

라 본 연 적 계적 력 피 아 포에 끼치는

향 알아보 해 프로테 믹스 통해 력 무에

단 질 현 차 알아보고 하 다. 

계적 력 생 하 해 우리는 진공 한 프로그램화

시스템 만들었다. 치는 다 향 력 제공하 , 착
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포에 해 실시간 조 가능하 다. 계적 력 3 간

2시간씩 적 하 다. 1주 간 포 양 후, 력 무에

피 아 포 단 질 현 차 알아보 해

프로테 믹스 하 다. 

력 그룹에 피 아 포가 많 식하 고, TMT-

labeling 통한 단 질 에 그룹간에 통계적 로

한 현 차 가 는 27개 단 질 견하 다. 

16개 단 질 력 그룹에 현 가하 고, 11개

단 질 력 그룹에 현 감 하 다. 

향후 각 단 질 능 켈로 드 생 전과 연 에

해 하는 연 가 필 하겠고, 피 아 포에 한 계적

력 향에 한 해도가 가함에 라 병적 터 생

감 한 새로운 술 전도 할 수 것 다. 

핵심 는 말: 피 아 포, 계적 력, 켈로 드, 터 생, 

프로테 믹스


