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INTRODUCTION
When skin is injured, it restores itself through the 

process of wound healing, reestablishing the integrity 

of the different layers.1 Yet, the outcome is not identical 
to uninjured skin. Cutaneous wound healing is a com-
plex phenomenon that follows a coordinated sequence 
of processes, involving multiple cell types and signaling 
pathways.2 It starts with an inflammatory phase marked 
by vasodilation, elimination of foreign bodies, and cell 
migration. The following proliferative phase consists of 
deposition of extracellular matrix (ECM) by resident der-
mal fibroblasts. Finally, in the maturation phase, the ECM 
is organized into a scar, the normal end-result of wound 
healing, restoring most of the skin’s tensile strength.3–5 
Minor and superficial wounds tend to heal with little to 
no visible trace. However, scarring, or fibrosis of the skin, 
often results from the excessive deposition of ECM fol-
lowing tissue injury or in pathologic conditions such as 
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Background: One of the challenges plastic surgeons face is the unpredictability 
of postoperative scarring. The variability of wound healing and subsequent scar 
formation across patients makes it virtually impossible to predict if a patient’s sur-
gery will result in excessive fibrosis and scarring, possibly amounting to keloids 
or hypertrophic scars. There is a need to find predictive molecular indicators of 
patients or skin location with high risk of excessive scarring. We hypothesized that 
baseline expression levels of fibrotic genes in the skin can serve as a potential indi-
cator of excessive scarring.
Methods: An ex vivo model of skin fibrosis was used with abdominal and breast skin 
tissue from 45 patients undergoing breast reduction and/or abdominoplasty. Fibrosis 
was induced in skin explants in organ culture with transforming growth factor-β 
(TFGβ). Fibrotic gene response was assessed via quantitative real-time polymerase 
chain reaction and correlated with skin location, age, and baseline levels of fibrotic 
genes.
Results: The increase in  TFGβ-induced fibronectin1 (FN1) gene expression in 
skin explants was significantly higher than for Collagen 1A1, alpha smooth mus-
cle actin, and connective tissue growth factor. Also, FN1 expression positively cor-
related with donor age. Moreover, lower expression of the fibrotic genes FN1, 
Collagen 1A1, and alpha smooth muscle actin correlated with a more pronounced 
fibrotic response, represented by higher induction levels of these genes.
Conclusions: Skin sites exhibit different baseline levels of profibrotic genes. 
Further, low baseline expression levels of fibrotic genes FN1, Collagen 1A1, and 
alpha smooth muscle actin, in donor skin may indicate a potential for excessive 
scarring of the skin. (Plast Reconstr Surg Glob Open 2022;10:e4626; doi: 10.1097/
GOX.0000000000004626; Published online 15 November 2022.)
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keloids and hypertrophic scars.6,7 Scarring carries a lot of 
stigma in our society as it is seen to fall short of beauty stan-
dards portrayed by the media.8 In addition, patients are 
reminded of their trauma through their visible scars, caus-
ing them to avoid social interactions and intimacy, which 
increases their propensity to develop clinical depression.8,9

The extent of scarring is variable across population 
race and age, but also across different skin locations in 
each patient.10,11 This unpredictability poses a challenge 
for plastic surgeons as it often compromises the postop-
erative management of surgical scars, especially in cases 
of keloids and hypertrophic scars.12 Even in fibrotic condi-
tions like systemic sclerosis (SSc), the extent of skin fibro-
sis differs across races and skin location.13,14 It is not well 
understood why the variability in scarring occurs, and, as a 
result, predicting the extent of a patient’s scarring after a 
surgical incision is virtually impossible. There is a need to 
understand the cause behind the variability in scarring and 
find predictive factors or potential biomarkers to identify 
patients or even skin locations with high risk for excessive 
scarring. The ability to better predict the risk of excessive 
scarring will allow surgeons to tailor preoperative patient 
selection, technique selection, and patient counseling to 
reduce such risk. The discovery of important biomarkers 
or mediators will also be expected to guide development 
of drug and non-drug therapies to reduce such risk.

The common denominator in scar formation, whether 
from surgical excision or a disorder, is fibrosis. Fibrosis 
results from the excessive secretion and accumulation 
of connective tissue components forming the ECM.15 To 
close a wound, fibroblasts in the dermis are activated 
into myofibroblasts and secrete ECM proteins to help 
fill the wound gap.16 These ECM proteins, like collagens 
and fibronectin (FN), make up much of a scar’s content, 
and their excessive deposition and non-reticular align-
ment accentuate a scar’s visibility on the skin surface.17,18 
In fact, while studies have indicated that many genes are 
differentially expressed in keloids and hypertrophic scars, 
FN and type I collagen (Collagen 1α1) have consistently 
been shown to be overproduced in these scar tissues.19,20 
Moreover, activated myofibroblasts express α-smooth mus-
cle actin (ACTA2) that aids wound closure via its contrac-
tile property, but in scar tissue, ACTA2 is overexpressed 
in myofibroblasts resulting in over-deposition of scar-form-
ing ECM.21,22 The secretome of activated myofibroblasts 
also plays a role in scar formation, especially connective 
tissue growth factor (CTGF), which has been shown to be 
intrinsically upregulated in hypertrophic scar fibroblasts. 
CTGF promotes fibrosis directly23 and via TGFβ-induced 
transcription.24 Thus, we focused on FN, collagen 1α1, 
ACTA2, and CTGF in our study as we hypothesized that 
their expression pattern could serve as an indicator for 
excessive scarring potential.

We optimized a model of skin in organ culture to 
assess the efficacy and relevance of profibrotic and anti-
fibrotic factors in a human tissue.25–30 Our findings dem-
onstrate that human tissue responds to these factors while 
in culture and is thus a viable model of direct relevance 
to human disease. We used this model to investigate the 
extent of FN1, COL1A1, ACTA2, and CTGF gene response 

in skin obtained from two different locations (abdomen 
and breast) from patients undergoing skin resection 
surgeries. To this purpose, we used an ex vivo model of 
fibrosis to assess different patterns and correlations in 
fibrotic gene response in relation to skin location, age, as 
well as baseline gene expression of these fibrotic proteins. 
Because increased expression of these genes is a proxy 
for excessive scarring, a significant correlation between 
the continuous variables would suggest a causal relation-
ship. Such correlations could guide surgeons in preopera-
tive patient selection and counseling as well as technique 
choice to minimize risk of excessive scarring. We thus 
hypothesized that baseline gene expression levels may cor-
relate with the response to TGFβ, and this may occur in an 
age-dependent manner.

METHODS
Ex Vivo Human Skin Organ Culture and Stimulation

Human skin was obtained from residual breast or 
abdominal tissue, due to availability of tissue during plas-
tic surgery, from 45 donors who underwent breast reduc-
tion and/or abdominoplasty (Table  1). All tissues were 
obtained without identifiers according to the Medical 
University of South Carolina institutional review board 
guidelines under protocol #00063011 and following 
informed consent. Consecutive patients meeting inclu-
sion and exclusion criteria were recruited over the time 
frame of the study (single institution study). Inclusion 
criteria included age above 18 years, undergoing skin 
resection procedures, and ability to give informed con-
sent. Exclusion criteria included no history of fibrosing 
condition such as systemic sclerosis, or chronic steroid 

Takeaways
Question: Are there molecular markers that can poten-
tially indicate propensity for excessive skin scarring?

Findings: Baseline expressions of fibrotic genes in skin  
tissue, such as Collagen 1A1, Fibronectin1, and alpha 
smooth muscle actin, are inversely correlated to their 
induced expression levels in response to a fibrotic stimulus.

Meaning: Low baseline expression of fibrotic genes may 
indicate a potential risk for excessive scarring of the skin, 
allowing surgeons to tailor preoperative patient selection, 
technique choice, and patient counseling to minimize 
such risk.

Table 1. Demographic Characteristics of Donors

 Donors (n = 45) 

Age (y) 39.71 ± 12.59
 Range 17–64
Sex  
 Masculine 1
 Feminine 44
Surgery*  
 Bilateral breast reduction 29
 Abdominoplasty 29
Age expressed as mean ± SD.
*Thirteen patients had both surgeries.
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or immunosuppressive medication, and inability to give 
informed consent. Laboratory analysis was performed 
with blinding until study completion. Skin was pro-
cessed and maintained in organ culture as we previously 
described.25,26,31,32 Briefly, immediately following procure-
ment, subcutaneous fat tissue was removed. The skin was 
then cut into equal-sized explants with a 3-mm disposable 
biopsy punch. Skin areas with evidence of stretch marks 
were avoided. The explants were cultured in an air–liq-
uid interface in Dulbecco’s Modified Eagle’s Medium 
(DMEM) (Mediatech, Herndon, Va.) supplemented 
with penicillin, streptomycin, and antimycotic agent 
(Invitrogen, Carlsbad, Calif.). Skin explants in organ cul-
ture were treated with TGFβ (10 ng/ml) (R&D Systems, 
Minneapolis, Minn.) or a vehicle control (0.1% BSA, 4 mM 
HCL) for 48 hours (four replicates per treatment group), 
after which explants were snap frozen. Skin explants har-
vested at 120 hours were snap frozen or fixed in 10% for-
malin and then embedded in paraffin for sectioning and 
staining. Frozen sections were stored at –80°C.

Measurement of Skin Dermal Density
Five-micrometer sections of paraffin-embedded skin tis-

sues were stained through AML Labs (St. Augustine, Fla.) 
with Hematoxylin and eosin (H&E) (StatLab, McKinney, 
Tex.) following manufacturer’s protocol. Images were 
taken on an Axio Observer Microscope (Carl Zeiss 
Microscopy GmbH, Oberkochen, Germany) using 10× 
magnification. Identical camera settings were used for all 
images. For each section, the density of the ECM bundles 
in the dermal layer was measured in a blinded manner by 
assessing the collective area of the ECM bundles via the 
thresholding method with the ImageJ software.33 Briefly, 
pictures were converted to binary black and white, where 
H&E-stained ECM bundles in the layer beneath the epi-
dermis were white against a black background. Then, the 
white area was measured as an indication of ECM bundle 
density as previously described.34 Measurements from six 
random fields per section were averaged for each donor.

Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted from the human skin sam-

ples using the TRIZOL Lysis Reagent (Life Technologies, 
Carlsbad, Calif.) and RNeasy kit (Qiagen Inc., Valencia, 
Calif.). Superscript IV (Invitrogen) was used for reverse 
transcription. Gene messenger RNA (mRNA) expression 
levels were then assessed using quantitative real-time poly-
merase chain reaction (RT-qPCR) on a TaqMan Gene 
Expression Assays Step One Plus (Life Technologies), fol-
lowing the manufacturer’s protocol. TaqMan probes and 
premixed PCR primers for the human genes Collagen 
1A1 (COL1A1: Hs00164004_m1), Fibronectin1 (FN1: 
Hs00365052_m1), actin alpha 2, smooth muscle (ACTA2: 
Hs00426835_g1), connective tissue growth factor (CTGF: 
Hs01026927_g1)‚ and Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH: Hs02758991_g1) were obtained from 
Life Technologies. Gene expression levels were normal-
ized to GAPDH and compared using the 2-ΔCt method. 
Fold change (FC) in ΔΔCt in response to TGFβ was used 
to assess magnitude of the fibrotic response.

Statistical Analysis
All continuous variables were expressed as the mean 

± standard error of the mean (SEM). Recorded variables 
were skin location, donor age, baseline gene expression, 
and TGFβ-induced response. Statistical comparisons 
between two groups were performed using Student t test, 
and between three or more groups using one-way ANOVA. 
The Tukey correction was used to correct for multiple 
comparisons. Correlation studies were evaluated using 
Pearson’s correlation coefficient. Outlier data points were 
identified using the ROUT method (Q = 1%) and were 
excluded from the analysis. All statistical analyses were 
done using GraphPad Prism 9. A  P value of less than 0.05 
was considered statistically significant.

RESULTS
TGFβ Successfully Established A Fibrotic Phenotype in Ex 
Vivo Skin Organ Culture

We treated skin explants with TGFβ or vehicle con-
trol in organ culture, as we previously described, to 
induce fibrosis25 (Fig.  1). At 48 hours, TGFβ-treated 
explants showed significant induction of the major ECM 
genes associated with scarring, COL1A1 (1.83 ± 0.11-fold;  
P < 0.0001) (Fig. 2A) and FN1 (8.8 ± 1.20-fold; P < 0.0001) 
(Fig.  2B), as well as the profibrotic response gene, CTGF 
(1.36 ± 0.09-fold; P < 0.001) (Fig. 2C), while the myofibroblast 
marker, ACTA2, which encodes alpha smooth muscle actin 
(αSMA), showed an increasing trend that did not achieve 
statistical significance (1.24 ± 0.13-fold; P = 0.1263) (Fig. 2D). 
To further assess the skin explant response to TGFβ, we ana-
lyzed histology sections of explants harvested at 120 hours 
(Fig.  2E and 2F). Measurement of ECM bundles density 
using the threshold method34 demonstrated a significant 
increase in ECM bundle density of the dermal layer in the 
TGFβ-treated explants as compared to the vehicle-treated 
explants (1.22 ± 0.03-fold; P < 0.01) (Fig. 2G).

FN1 Shows Differences in Baseline Expression Based on 
Skin Location

We next compared vehicle control-treated skin tissues 
between the two different skin locations (the breast and 
abdomen) to measure baseline gene expression. Baseline 
expression levels of FN1 were significantly higher in breast 
skin compared with abdominal skin (0.001809 ± 0.0005815 
dCt versus 0.0004604 ± 0.0001657 dCt; P < 0.05) (Fig. 3A). 
In contrast, COL1A1 baseline expression levels showed 
the opposite trend with higher expression levels, albeit 
not statistically significant, in abdominal skin com-
pared with breast skin (0.008155 ± 0.001274 dCt versus 
0.0056 ± 0.0007238 dCt; P = 0.0953) (Fig. 3B). CTGF and 
ACTA2 had comparable baseline expression levels irre-
spective of skin site (data not shown).

FN1, COL1A1, and ACTA2 Show Differences in Fibrotic 
Responses Based on Skin Location

To investigate the magnitude of fibrotic response 
in skin tissue and whether it differs based on skin loca-
tion, we compared the FC in expression of FN1, COL1A1, 
CTGF, and ACTA2 in TGFβ versus vehicle-treated tissues. 
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In contrast to baseline expression data, the FC in FN1 
expression was significantly higher in abdominal skin 
compared with breast skin (13.66 ± 3.098-fold versus 
5.097 ± 1.153-fold; P < 0.05) (Fig.  4A). Also, COL1A1 
showed a modest but significantly higher FC in expression 
in abdominal skin versus breast skin (1.988 ± 0.2273-fold 
and 1.399 ± 0.1553-fold; P < 0.05) (Fig. 4B). ACTA2 showed 
an opposite trend with a lower, but not statistically signifi-
cant, FC in expression in abdominal skin compared with 
breast skin (1.157 ± 0.1830-fold versus 2.189 ± 0.4952-fold, 
p = 0.066, data not shown). CTGF showed no difference in 
expression FC between skin from breast and abdominal 
areas (data not shown).

Magnitude of Fibrotic FN1 Induction Is Directly Correlated 
with Age

We investigated a potential correlation between age 
(range: 17–64 years) and baseline or FC gene expres-
sion of FN1, COL1A1, CTGF, and ACTA2 expression. We 
found no significant correlation between age and base-
line expression of FN1, COL1A1, CTGF, or ACTA2 (data 
not shown). However, when comparing TGFβ-induced FC 
with age, FN1 expression showed a significant positive cor-
relation with donor age (r = 0.4592, P < 0.01), which was 
not observed for COL1A1, CTGF, or ACTA2 (See figure 1, 
Supplemental Digital Content 1, which shows correlation 
analysis between age and fibrotic response (FC in expres-
sion) of FN1 (Above, left), COL1A1 (Above, right), ACTA2 
(Below, left), and CTGF (Below, right), all normalized to 

housekeeping gene GAPDH. Red font denotes signifi-
cance (P < 0.05). http://links.lww.com/PRSGO/C229.)

Fibrotic Response Is Inversely Correlated to Baseline ECM 
Expression

The divergent data between FN1 baseline and FC 
expression in each of breast and abdominal tissue 
prompted us to investigate a potential inverse correla-
tion between baseline expression of ECM genes and 
the magnitude of their TGFβ-induced fibrotic response, 
in breast and abdominal skin. We analyzed collective 
baseline expression levels of COL1A1, FN1, ACTA2, 
and CTGF (COL1A1: 0.006279 ± 0.0005495 dCt; FN1: 
0.001153 ± 0.000254 dCt; ACTA2: 0.009406 ± 0.0008673 
dCt; CTGF: 0.0005266 ± 0.0000544 dCt) (Fig.  5A) and 
their TGFβ-induced FC in all the skin samples (COL1A1: 
1.91 ± 0.1419-fold; FN1: 9.155 ± 1.317-fold; ACTA2: 
1.280 ± 0.1657-fold; CTGF: 1.373 ± 0.08738-fold) (Fig. 5B). 
We found that while FN1 expression at baseline was sig-
nificantly lower than COL1A1 (P < 0.0001) and ACTA2 
(P < 0.0001), the FC in FN1 expression following TGFβ1 
stimulation was significantly higher than that of COL1A1 
(P < 0.0001) or ACTA2 (P < 0.0001), which supports the 
possibility of an inverse relationship. In contrast, CTGF 
expression levels were relatively low both at baseline and 
upon TGFβ1 stimulation. To this end, we performed 
correlation analysis and expectedly found a signifi-
cant inverse correlation between baseline expression 
and TGFβ-induced fibrotic response of FN1 (Fig.  6A), 

Fig. 1. Skin processing steps followed to set up organ culture. a, Skin was obtained from skin resec-
tion (abdominoplasty in image). B, adipose tissue was removed to isolate the skin layer containing 
the epidermal and dermal layers. c, equal-sized punches were taken from the skin layer using a 3-mm 
biopsy punch. D,  Skin explants were placed in a 35-mm culture dish with cell culture media, forming an 
air–liquid interface, in which treatments with tgFβ or vehicle control were added.

http://links.lww.com/PRSGO/C229
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Fig. 2. tgFβ successfully established a fibrotic phenotype in ex vivo human skin in organ culture. 
Rt-qPcR was used to measure tgFβ-induced Fc in gene expression of COL1A1 (a), FN1 (B), CTGF (c), and 
ACTA2 (D) at 48 h, compared with vehicle control (normalized to 1), all normalized to the housekeeping 
gene GAPDH. Microscopic images of H&e-stained sections of skin explants treated with vehicle control 
(e) or tgFβ (F) for 120 h, with graphical presentation of their ecM bundle density (g). Data are shown as 
individual values along with the mean ± SeM. Scale bar = 100 µm. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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COL1A1 (Fig.  6B), and ACTA2 (Fig.  6C), but not CTGF  
(FN1: r = –0.4143, P < 0.05; COL1A1: r = –0.3465, P < 0.05; 
ACTA2: r = –0.3874, P < 0.05, CTGF: data not shown). We 
further investigated the correlation based on skin loca-
tion and found a similar trend of an inverse correlation 
in all the genes except CTGF in breast tissue, with only 
ACTA2 levels achieving significance in abdominal skin  
(r = –0.5898, P < 0.05) (See figure 2, Supplemental Digital 
Content 2, which displays graphs showing correlation 
analysis between baseline expression and fibrotic response 
(FC in expression) of FN1 (Above, left), COL1A1 (Above, 
right), ACTA2 (Below, left), and CTGF (Below, right), all 
normalized to housekeeping gene GAPDH, in breast skin 
tissue. http://links.lww.com/PRSGO/C230.)

(See figure 3, Supplemental Digital Content 3, which 
displays graphs showing correlation analysis between 
baseline expression and fibrotic response (FC in expres-
sion) of FN1 (Above, left), COL1A1 (Above, right), ACTA2 
(Below, left), and CTGF (Below, right), all normalized to 
housekeeping gene GAPDH, in abdominal skin tissue. 
Red font denotes significance (P < 0.05). http://links.lww.
com/PRSGO/C231.)

DISCUSSION
The unpredictability of scarring in response to surgery 

is a challenge to plastic surgeons and a point of concern 

for the psychological well-being of patients.35 Predicting 
the risk of patients for excessive scarring allows surgeons 
to tailor patient selection preoperatively, improve patient 
counseling, and guide technique selection to reduce such 
risk. The visibility and degree of scarring after completion 
of wound healing is directly related to the extent of fibro-
sis in the scar.36 In this study, we used an ex vivo model 
of human dermal fibrosis to assess potential molecular 
markers indicative of patients with high risk for excessive 
scarring. We searched for patterns in baseline expression, 
age, and skin location, and how they correlate to the mag-
nitude of the fibrotic response.

TGFβ has been extensively studied as the master regula-
tor and driver of fibrosis in multiple organs and tissues.37,38 
TGFβ is the prototypical experiment fibrotic factor whose 
signaling plays an important role in pathologic scar forma-
tion.39 In fact, compared with normal skin tissue, hyper-
trophic scar tissues express higher levels of TGFβ, which 
drive the excessive scar formation.40 Therefore, we used 
TGFβ to successfully induce a fibrotic phenotype in our ex 
vivo explants that is biologically representative of patho-
logical scarring in human skin.

Using this model, we first compared baseline and 
TGFβ-induced gene expression of COL1A1, FN1, CTGF and 
ACTA2, all of which are profibrotic components involved 
in scarring.24,41,42 We found that baseline expression of 

Fig. 3. Fn1 levels show a difference in baseline gene expression based on skin location. Rt-qPcR was 
used to measure baseline gene expression of FN1 (a) and COL1A1 (B), both normalized to the house-
keeping gene GAPDH, in breast skin vs abdominal skin. Data are shown as individual values along with 
the mean ± SeM. *P < 0.05.

Fig. 4. FN1 and COL1A1 show differences in fibrotic responses based on skin location. Rt-qPcR was 
used to measure tgFβ-induced Fc in gene expression of FN1 (a) and COL1A1 (B), both normalized to 
the housekeeping gene GAPDH, in breast skin vs abdominal skin. Data are shown as individual values 
along with the mean ± SeM. *P < 0.05.

http://links.lww.com/PRSGO/C230
http://links.lww.com/PRSGO/C231
http://links.lww.com/PRSGO/C231
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FN1 is significantly higher in breast skin compared with 
abdominal skin. Yet, the magnitude of the fibrotic induc-
tion of FN1 shows the opposite, being significantly blunted 
in breast skin compared with abdominal skin. This indi-
cates that while quiescent expression levels of FN1 show 
location-based variation, the fibrotic response of the FN1 
gene favors skin location with a lower expression at base-
line. In fact, the severity and recurrence of pathologic 
scarring are very much related to anatomical location.43 
Hypertrophic scars and keloids are prone to develop in 
certain anatomic locations such as the chest and abdo-
men.44,45 At the molecular level, fibronectin was shown to 
be constantly overproduced in both hypertrophic scars 
and keloid human skin samples, suggesting a failure to 
proceed with the healing stages or “maturation arrest,” 
where wound healing signals persist or their downregula-
tion fails.44,46 While studies show that macroscopically both 
chest and abdominal areas are susceptible to pathologi-
cal scarring, we suggest there could be a difference at the 
molecular level, where FN production plays a more direct 
role in scarring in the abdominal region when compared 
with that in the chest.

Moreover, we found that the magnitude of fibrotic 
induction of only FN1 is positively correlated with age. 
Studies have shown the importance of FN in the deposi-
tion and stability of ECM.47 During the proliferative phase 

of wound healing, FN molecules create fibrils, which 
serve as a mesh for collagen deposition and consequently 
wound contracture.48 However, with age, the ECM deposi-
tion and hence wound closure are delayed.11 As such, our 
data suggest that older individuals likely increasingly rely 
on FN expression to effectively stabilize the slower deposi-
tion of ECM and successfully heal a wound.

Interestingly, when we looked at collective data from 
both skin locations together, we found that COL1A1, 
ACTA2, and CTGF had comparable fibrotic induction lev-
els across donors, yet FN1 expression showed significantly 
higher and more variable induction levels following TGFβ 
treatment. This further supports the notion that induction 
levels of FN during wound healing might be a decisive fac-
tor in the severity of scar formation. In fact, FN deposition 
is induced in response to other known fibrotic stimuli as 
well, such as insulin-like growth factor binding protein 5, 
insulin-like growth factor binding protein 3, and insulin-
like growth factor II, all of which are implicated in aber-
rant wound healing and pathologic scarring.49–53

Intriguingly, baseline expression of ACTA2, COL1A1, 
and FN1 showed a clear opposite pattern compared with 
the TGFβ-induced expression levels, similar to what we 
observed with FN1 expression when comparing breast 
with abdominal skin. Therefore, we hypothesized that 
an inverse correlation might exist between baseline 

Fig. 5. collective data from breast and skin tissue show opposing trends in baseline expression ver-
sus fibrotic response of COL1A1, FN1, and ACTA2. Baseline expression (a) and fibrotic response (Fc in 
expression) data (B) for COL1A1, FN1, ACTA2, and CTGF from both breast and abdominal tissue were 
pooled and compared. Data are shown as individual values along with the mean ± SeM. **P < 0.05, 
****P < 0.0001.

Fig. 6. Fibrotic responses of FN1, COL1A1, and ACTA2 are inversely correlated to their baseline expression. correlation analysis was per-
formed using Pearson correlation coefficient to investigate the relationship between baseline expression and fibrotic response (Fc in 
expression) of FN1 (a), COL1A1 (B), and ACTA2 (c). P values in red show significance (P < 0.05).
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expression levels of these genes and their fibrosis-induced 
levels. As expected, we showed that this inverse correla-
tion is significant in ACTA2, COL1A1, and FN1, but not 
in CTGF. ACTA2 is a marker of myofibroblast activation, 
which explains the inverse relationship being mirrored in 
COL1A1 and FN1 because the expression and deposition 
of these ECM proteins are dependent on myofibroblast 
activation.54 Fibroblasts play a fundamental role in the 
proliferative phase of wound healing by depositing ECM 
for wound closure.4,55 In that sense, the inverse relation-
ship implies that fibroblasts respond more potently to a 
fibrotic inducer in areas of low ECM expression, making 
that area more susceptible to excessive scarring. To this 
end, low baseline expression of ACTA2, or ECM genes 
such as FN1 or COL1A1, in a certain skin location could 
potentially be an indicator of high scarring propensity in 
that specific location, making it susceptible to more visible 
and potentially pathologic scarring, like keloids or hyper-
trophic scars. Alternatively, resident fibroblasts in areas of 
low ECM abundance could express dysregulated wound 
healing. In fact, Eto et al showed that fibroblasts isolated 
from hypertrophic scars no longer showed increased pro-
duction of ECM components, namely Collagen type 1 and 
3, in culture.56 This supports our findings, suggesting that 
gene expression in skin fibroblasts is directly affected by 
their microenvironment, where a low abundance of ECM 
could sensitize resident fibroblasts into overproducing 
ECM proteins when activated. We believe this may also 
explain the etiology behind the fibrotic variation between 
diffuse and limited cutaneous SSc, suggesting that patients 
diagnosed with SSc may develop more extensive cutane-
ous fibrosis if their skin’s baseline expression levels of 
these genes are generally lower.13,57

Our study has some limitations that can be addressed 
in future studies. We used skin mainly from the breast 
and abdomen of female donors; therefore, further 
studies are needed to confirm our results in skin from 
additional skin sites, male donors, and the response to 
skin explants to different profibrotic and inflammatory 
factors documented in scarring. Further, our study is 
based on skin derived from different individual donors. 
Therefore, future approaches should analyze poten-
tial confounding variables inherent to human studies. 
Finally, our future directions will also focus on study-
ing gene expression in scars of participants who require 
secondary surgery for scar revision of hypertrophic 
scars or keloids.

CONCLUSIONS
In conclusion, baseline expression of the myofibro-

blast marker, ACTA2, and the ECM genes, COL1A1 and 
FN1, in the skin are inversely correlated to their TGFβ-
induced levels. Thus, skin areas with low expression of 
these genes could potentially be prone for excessive or 
pathologic scarring.
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