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Abstract

Skin fibrosis is a chronic debilitating feature of several skin diseases that lead to characteristic
increases in dermal fibroblast proliferation and collagen deposition through upregulation in
components of the transforming growth factor beta (TGF-B)/SMAD pathway. In contrast to
ultraviolet phototherapy, high-fluence light-emitting diode-generated red light (HF-LED-RL, 633
nm £ 15 nm) is a safe, economic, and non-invasive therapy with in vitro evidence that supports
modulation of the key cellular characteristics involved in the pathogenesis of skin fibrosis. Limited
data exists pertaining to the effects of HF-LED-RL on human skin fibroblast microRNA (miRNA).
Herein, we explored the effects of HF-LED-RL on fibroblast miRNA levels using RNA-seq and
miRNA expression analysis. Using RNA-seq analysis we found that HF-LED-RL at 320 and 640
Jlem? increased transcription of key miRNA that are involved in skin fibrosis including
mMiRNA-29, miRNA-196a, and Let-7a, and decreased transcription of miRNA-21, miRNA-23b,
miRNA-31. These microRNA findings provide insight into the molecular underpinnings of HF-
LED-RL and highlight potential therapeutic targets of interest for the treatment of skin fibrosis.
Additional research on the specific molecular mechanisms underlying HF-LED-RL effects on
fibroblasts may provide further mechanistic insight into this therapy and may reveal additional
future therapeutic targets for skin fibrosis.

Introduction

Skin fibrosis is a chronic debilitating feature of several skin conditions that leads to
characteristic increases in dermal fibroblast proliferation and collagen deposition through

significant upregulation in the transforming growth factor beta (TGF-B)/SMAD pathway (1-

3). Skin fibrosis impacts approximately 100 million individuals worldwide and leads to a
significant economic burden and a decrease in quality-of-life (4). The skin diseases
characterized by skin fibrosis include scleroderma, morphea, keloids, hypertrophic scars,
and chronic graft-versus-host disease, and these conditions have limited treatment options
(5, 6).
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Ultraviolet phototherapy is currently used to treat some forms of fibrotic skin diseases,
however, the efficacy of this therapy varies widely and also leads to DNA damage associated
with skin cancer and aging (5, 6). In contrast, high-fluence light-emitting diode-generated
red light (HF-LED-RL, 633 nm £ 15 nm) is a safe, economic, and non-invasive therapy with
significant in vitro evidence for its ability to modulate the key cellular characteristics
involved in the pathogenesis of skin fibrosis (7—10). Our group has previously demonstrated
that HF-LED-RL can decrease cellular proliferation, cellular migration speed, collagen 1A
levels, and TGF-Beta pathway activation (10). MicroRNA (miRNA), such as miRNA-21 and
miRNA-29, are known to have roles in the cellular cascade leading to skin fibrosis and their
modulation may be potential therapeutic targets of interest in diseases such as scleroderma
(11).

However, the effects of HF-LED-RL on modulation of miRNAs on skin fibroblasts has yet
to be explored (11). Herein, we explored the effects of HF-LED-RL on human skin
fibroblasts using miRNA-seq and miRNA expression analysis. We hypothesized that
treatment of human skin fibroblasts with HF-LED-RL would lead to measurable alterations
in miRNA levels associated with skin fibrosis and may reveal potential targets of interest.
Herein, we identify Let-7A, miRNA-29, and miRNA-196a as three key anti-fibrotic miRNA
of interest that are upregulated by HF-LED-RL and miRNA-21, miRNA-23b, and
miRNA-31 as key pro-fibrotic miRNA that are downregulated by HF-LED-RL.

2. MATERIALS AND METHODS

Tissue culture dishes (35-mm) were obtained from Corning (Tewksbury, MA). The cellular
culture media, Dulbecco’s Modified Eagle’s Medium, fetal bovine serum, phosphate
buffered saline (PBS), and antibiotic-antimycotic mixture (penicillin, streptomycin, and
amphotericin B) were purchased from Invitrogen Life Technology (Invitrogen, Carlsbad,
CA).

Light Source Characteristics

The light source used was a commercially available Omnilux New-U hand-held LED array
(PhotoTherapeutics, CA). This LED unit has a 4.7 cm x 6.1 cm rectangular aperture and
emits visible red light (633 nm + 30 nm) at a power density of 360.2 W/m? at room
temperature and a distance of 10 mm from the bottom of the tissue culture dish to the LED
array as previously described (6, 10, 12).

Cell Culture

Commercially available, normal human skin dermal fibroblast cultures (AG13145, Coriell
Cell Repositories) were maintained at 37°C in 5% CO2 with Dulbecco’s Modified Eagle
Medium, 10% FBS, 1% antibiotic as previously described (12). For experiments, fibroblasts
were plated at 2 x 104 cells per 35-mm dish. All experiments were performed on cell
cultures passage 8 or less.
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Fibroblast Irradiation

Fibroblasts were seeded and allowed to adhere for 24 hours. Fibroblasts were then irradiated
with the LED array at doses that were selected based upon previous pilot irradiation studies.
Each plate was matched with a temperature regulated “bench control plate” (BCP), to ensure
that the measured effect was a result of LED-RL treatment and not due to environmental
factors. These BCPs were protected from the LED light source and placed on a heating plate
set to maintain the temperature of 34°C while on the bench top. Total RNA was collected by
pooling four dishes from identical conditions at 4 hours post-irradiation based on prior
studies demonstrating optimal HF-LED-RL effects at this time point (12).

Small RNA-Sequencing (RNA-Seq) and Analysis Methods

Total RNA samples were submitted to the UC Davis Comprehensive Cancer Center’s
Genomics Shared Resource (GSR) for miRNA expression profiling with small RNA-
Sequencing (RNA-Seq). Briefly, indexed, small RNA-Seq libraries were prepared with
NEBNext Multiplex Small RNA Library (New England BioLabs) kitted reagents for 3’
adaptor ligation, 5" adaptor ligation, first-strand cDNA synthesis, and high-fidelity PCR
enrichment of the libraries with indexed primers according to the manufacturers’ and GSR’s
standard protocols (13). Libraries were then pooled and submitted for multiplex sequencing
on an Illumina HiSeq 3000 sequencing system (50-bp, single read, 15-20 libraries/lane).
Analysis of the small RNA-Seq data (FASTQ format) was performed using the CAP-
miRSeq pipeline (14), which accomplished read pre-processing, alignment with Bowtie
(15), detection and quantification of mature/precursor/novel miRNAs with miRDeep2 (16),
and identification of differentially-expressed miRNAs with edgeR (17).

3. RESULTS

HF-LED-RL Modulates Key miRNA Associated with Skin Fibrosis

HF-LED-RL increases transcription of key anti-fibrotic miRNA including Let-7a,
miRNA-29, miRNA-196a in human skin fibroblasts as measured by miRNA expression
analysis. 320 J/cm2 LED-RL increased levels Let-7a, miRNA-29, and miRNA-196a in
human skin fibroblasts by 1.76 to 2.21- fold compared to matched controls (Figure 1A). 640
Jlem? LED-RL increased levels of Let-7a, miRNA-29, miRNA-196a by 1.10 to 2.04-fold
compared to matched controls (Figure 1B).

Furthermore, HF-LED-RL decreased transcription of key profibrotic miRNA involved in
skin fibrosis including miRNA-21, miRNA-23b, and miRNA-31. 320 J/cm? LED-RL
decreased levels of miRNA-21, miRNA-23b, and miRNA-31 to 0.21 to 0.89 compared to
matched control (Figure 2A). 640 J/cm2 LED-RL decreased levels of miRNA-21,
miRNA-23b, miRNA-31 to 0.64 to 0.91 compared to matched control (Figure 2B).

DISCUSSION

MicroRNAs (miRNA) are key regulators in the pathogenesis of skin fibrosis (11).
Modulation of miRNAs also has therapeutic potential for the treatment of skin fibrosis (11).
Fibrosis-related miRNA modulate TGF-beta signaling, extracellular matrix (ECM)
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deposition, and fibroblast proliferation or differentiation (11). Specific miRNAs may serve
either a pro-fibrotic or anti-fibrotic role depending on their target and the direction of their
fold change (11). Our analyses identified several miRNAs modulated by HF-LED-RL that
have known important functions in skin fibrosis. We found that HF-LED-RL reduced the
transcription of miRNA-21, miRNA-23b, and miRNA-31 that are involved with promoting
skin fibrosis and the TGF-beta pathway. Meanwhile, we found that HF-LED-RL also led to
increases in levels of Let-7a, miRNA-29 and miRNA-196a that have antifibrotic effects.
These miRNA findings support HF-LED-RL’s anti-fibrotic potential for prevention and
treatment of fibrotic skin disease.

There is a growing body of scientific data on the effects of HF-LED-RL that suggest that
visible light may represent an important modality for the treatment of skin fibrosis (7, 8, 10).
The TGF-Beta pathway and subsequent SMAD pathway activation is a primary driver of
skin fibrosis (1, 8, 18). We have previously reported that fibroblasts treated with HF-LED-
RL demonstrate inhibition of the TGF-beta/SMAD pathway (19). Specifically, HF-LED-RL
treated fibroblasts demonstrate decreased TGF-beta 1 ligand levels, decreased pPSMAD2
levels, and subsequent decreased fibroblast proliferation and collagen 1A production (10,
19). However, the mechanisms underlying these changes are not fully explored. Our
observed microRNA alterations resulting from HF-LED-RL highlights the potential role that
HF-LED-RL induced miRNA changes mediating skin fibrosis.

Upregulated microRNAs included Let-7a, miRNA-29, and miRNA-196a. MiRNA-29 is
known to be a key negative regulator of ECM protein synthesis (20-22). MiRNA-29 has
been studied in scleroderma patients and was found to be consistently downregulated in
patient-derived skin fibroblasts and is suggested to play a role in the pathogenesis of
scleroderma (22). Specifically, miRNA-29 has been shown to be a key post-transcriptional
regulator of collagen production, suggesting that increases may be beneficial in skin fibrosis
(23). Furthermore, the synthesis of collagen is regulated by miRNA-150 and miRNA-196a at
the level of collagen synthesis (24, 25). Our results suggest that the mitigation of collagen
production by HF-LED-RL may be due to be in part to modulation of these key miRNA
(23).

Downregulated microRNAs included miRNA-21, miRNA-23b, and miRNA-31. MiRNA-21
is a key miRNA associated with skin fibrosis and likely important target for therapeutic
consideration as TGF-beta signaling upregulates miRNA-21 transcription. miRNA-21
upregulation reduces the expression of anti-fibrotic SMAD?Y releasing the inhibition on the
TGF-beta pathway to create a feed-forward loop (26). Interrupting this feed-forward loop is
one proposed therapeutic approach to treating skin fibrosis. Furthermore, miRNA-23b
increases TGF-beta receptor expression and increased levels of miRNA-23b is associated
with scleroderma (27). The down-regulation of these key pro-fibrotic miRNA by HF-LED-
RL may contribute to our previously described HF-LED-RL effects on fibroblast
proliferation and collagen production (10). One limitation of this study is that all fibroblast
cells were isolated from normal human skin. Further research is needed to investigate and
confirm the role of these miRNAs in HF-LED-RL modulation of skin fibroblasts derived
from fibrotic skin or other lesions and to confirm these findings in vivo. Limitations to this
study include that it was in vitro and that samples were pooled to obtain sufficient mMiRNA
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levels. Although the in vitro design and sample pooling were both necessary given the
experimental design, further studies are needed to validate that these miRNA changes are
also observed in vivo.

Skin fibrosis is a significant medical problem with limited available treatment modalities.
HF-LED-RL represents a potentially new therapeutic modality with a supporting body of in
vitro evidence demonstrating its ability to modulate the key cellular characteristics
associated with skin fibrosis. These findings are promising and early human clinical trials
are underway to investigate HF-LED-RL (28, 29). Herein, we explored the mechanism
behind HF-LED-RL photobiomodulation of fibroblasts using miRNA-Seq and miRNA
expression analysis and found significant alterations in transcription of miRNA involved in
skin fibrosis. The miRNA we found modulated were mechanistically consistent with our
previous findings that HF-LED-RL decreases fibroblast proliferation and collagen
production through modulation of the TGF-beta pathway. To the best of our knowledge, this
is the first study investigating the HF-LED-RL effects on skin fibroblasts miRNA levels.
Additional research on the specific mechanisms and roles of miRNAs in mediating HF-
LED-RL’s effects on skin fibroblasts may provide further mechanistic insight into this
therapy and may reveal additional therapeutic targets for prevention and treatment of skin
fibrosis.
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Figure 1: HF-LED-RL increasestranscription of key miRNA that areinvolved in skin fibrosis
including L et-7a, miRNA-29, miRNA-196a.

(A) 320 J/cm2 LED-RL increased transcription of Let-7a, miRNA-29, miRNA-196a in
human skin fibroblasts as measured by microRNA expression analysis. Fold changes were:
Let-7a =2.21, miRNA-29 = 2.11, miRNA-196a = 1.76. Bars represent fold change
compared to matched control. (B) 640 J/cm2 LED-RL increased transcription of Let-7a,
mMiRNA-29, miRNA-196a in human skin fibroblasts as measured by microRNA expression
analysis. Fold changes were: Let-7a = 1.10, miRNA-29 = 2.04, miRNA-196a = 1.31. Bars
represent fold change compared to matched control.
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Figure 2: HF-LED-RL decreased transcription of key miRNA involved in skin fibrosisincluding
miRNA-21, miRNA-23b, miRNA-31

(A) 320 J/cm2 LED-RL decreased transcription of miRNA-21, miRNA-23b, miRNA-31 in
human skin fibroblasts as measured by microRNA expression analysis. Fold changes were:
miRNA-21 = 0.66, miRNA-23b = 0.89, miRNA-31 = 0.21. Bars represent fold change
compared to matched control. (B) 640 J/cm2 LED-RL decreased transcription of
miRNA-21, miRNA-23b, miRNA-31 in human skin fibroblasts as measured by microRNA
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expression analysis. Fold changes were: miRNA-21 = 0.87, miRNA-23b = 0.91, miRNA-31
= 0.64. Bars represent fold change compared to matched control.
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