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Abstract

Background

Early- to mid-gestational fetal mammalian skin wounds heal rapidly and without scarring.
Keratinocytes (KCs) have been found to exert important effects on the regulation of fibro-
blasts. There may be significant differences of gestational fetal KCs at different ages. The
advantages in early- to mid-gestational fetal KCs could lead to fetal scarless wound healing.

Methods

KCs from six human fetal skin samples were divided into two groups: a mid-gestation group
(less than 28 weeks of gestational age) and a late-gestation group (more than 28 weeks of
gestational age). RNA extracted from KCs was used to prepare a library of small RNAs for
next-generation sequencing (NGS). To uncover potential novel microRNA (miRNAs), the
mirTools 2.0 web server was used to identify candidate novel human miRNAs from the
NGS data. Other bioinformatical analyses were used to further validate the novel miRNAs.
The expression levels of the miRNAs were further confirmed by real-time quantitative RT-
PCR.

Results

A total of 61.59 million reads were mapped to 1,170 known human miRNAs in miRBase.
Among a total of 202 potential novel miRNAs uncovered, 106 candidates have a higher
probability of being novel human miRNAs. A total of 110 miRNAs, including 22 novel

PLOS ONE | DOI:10.1371/journal.pone.0126087 May 15,2015

1/16


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0126087&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Dynamic Expression of MiRNAs in Fetal Keratinocytes

Technology Planning Project of Shenyang City (No.
F11-262-9-01). PS was supported by the National
Science Foundation of China Program (No.
81370883). Study design and data collection was
supported by the Program No. 2012CB518103, No.
81450017 and No. 2012225080. Data analysis was
supported by the Program No. 20132104110020 and
No. F11-262-9-01. Program No. 81370883 was used
for the decision to publish and preparation of the
manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

miRNA candidates, were significantly differently expressed between mid- and late-gesta-
tional fetal KCs. Thirty-three differentially expressed miRNAs and miR-34 family members
are correlated with the transforming growth factor-p (TGF-B) pathway.

Conclusions

Taken together, our results provide compelling evidence supporting the existence of 106
novel mMiRNAs and the dynamic expression of miRNAs that extensively targets the TGF-3
pathway at different gestational ages in fetal KCs. MiRNAs showing altered expression at
different gestational ages in fetal KCs may contribute to scarless wound healing in early- to
mid-gestational fetal KCs, and thus may be new targets for potential scar prevention and
reduction therapies.

Introduction

Scarless wound repair has been studied in numerous cases of fetal mammalian cutaneous
wound healing. Early- to mid-gestational fetal mammalian skin wounds heal rapidly and
without scarring and inflammation [1, 2, 3]. Late in gestation, fetal skin changes its response
to injury from regeneration to the adult response of fibrosis, which leads to scar formation.
In human skin, the transition occurs after approximately week 28 of gestation [1]. It is para-
mount to investigate the mechanism of scarless wound healing so as to translate it into clini-
cal practice for both the development and application of novel therapeutic strategies against
scar formation [4].

Regeneration may be the ideal way to restore tissue integrity and functional property upon
injury [4, 5]. Many lines of evidence suggest that fibroblasts (FBs) play major roles in fetal cuta-
neous regeneration. FBs from fetal and adult skin are different in many respects, such as the
ability to migrate, synthesis of collagen and hyaluronic acid [6-9], and the responses to inflam-
matory cytokine [10]. Altering the phenotype of FBs is the most studied approach for the con-
trolling scar formation.

Not only FBs but also keratinocytes (KCs) may play a role in fetal cutaneous regeneration.
KCs greatly affect the repairing process [11]. Re-epithelization stemming from KC prolifera-
tion is a crucial step for covering the denuded dermal surface during wound healing. Moreover,
KC migration into wound tissue essentially occurs prior to cell proliferation within a few hours
after wounding [12]. KCs have bi-directional interactions with FBs, particularly in wound heal-
ing [13], and have been shown to closely interact with FBs by regulating myofibroblast differ-
entiation and stimulating FBs to synthesize growth factors which in turn will stimulate KC
proliferation in a double paracrine manner [14]. There is also evidence showing that KC-FB in-
teractions greatly enhance fetal cell secretion and accelerate scratch closure, indicating that
fetal KCs may be a key player in scarless wound healing [15]. We hypothesize that there are sig-
nificant differences between early- to mid- and late-gestational fetal KCs. The characteristics of
late-gestational fetal KCs lead to scar formation.

MicroRNAs (MiRNAs) are a large family of highly conserved small non-coding RNAs that
can play important regulatory roles in animals and plants by regulating a vast number of pro-
tein-coding genes [16]. They trigger translational repression and/or mRNA degradation mostly
through binding complementarily to the 3'-untranslated regions (3'-UTR) of target mRNAs
[17-19]. However, few studies have investigated the role of miRNAs in scarless wound healing,
particularly in KCs. In this study, we investigate the differential expression of miRNAs between
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mid- and late-gestational fetal KCs to demonstrate the roles of miRNAs in KCs during the pro-
cess of scarless wound healing.

Materials and Methods
1. Fetal Skin Samples and Cells

KCs were obtained from six fetal skin samples. Full-thickness skin specimens from the lower
legs of miscarried fetuses were divided into two groups: a mid-gestation group (gestational age
22-23 weeks, two males and one female) and a late-gestation group (gestational age 33-36
weeks, two males and one female). This study was approved by the Ethics Committee of
Shengjing Hospital affiliated with China Medical University. Written informed consent was
obtained from all of the patients before their participation.

A primary culture of KCs was prepared as previously described [20-22]. Briefly, full-thick-
ness skin samples were incubated at 4°C overnight in Dispase II (Roche Applied Science, India-
napolis, IN, USA), and the dermal components were then removed through collagenase
digestion. After 0.25% trypsin digestion, cultures of the released primary KCs from the epider-
mis were initiated using tissue culture flasks coated with collagen (Becton Dickinson Labware,
Bedford, MA, USA) in Epilife growth medium (Invitrogen Ltd, Paisley, UK) supplemented
with 1% human KC growth supplement (Invitrogen Ltd).

2. Construction of CDNA Libraries from Small RNA and Next-generation
Sequencing (NGS)

The total RNA from the cells was extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. For cDNA libraries construction and
NGS, RNA samples were prepared using the Illumina TruSeq Small RNA Sample Preparation
Kit according to the manufacturer’s instructions. The libraries were qualified using the Agilent
2100 High-Sensitivity DNA kit and quantified using the KAPA SYBR FAST qPCR Kit.

Cluster generation and sequencing on a Genome Analyzer (GA) (Illumina) IIx platform
was performed following the manufacturer’s standard cBot and sequencing protocols. For mul-
tiplexing sequencing, 35 cycles of a single read were used to sequence the small RNAs. Image
analysis and base calling were performed using the Illumina instrument software.

3. Analysis of Sequence Data

After adapter sequences were removed, the reads were aligned to the human genome of
Ensembl using the Bowtie program [23] to filter out the reads in which the linker sequences
were either mutated or absent. The high-confidence trimmed reads were then aligned to
known miRNAs available in the miRBase (Release 18) in order to obtain sequences that either
matched or did not match known miRNAs [24]. We screened the unmatched reads against a
non-coding RNA database (Release 10) [25] to remove contamination from human non-cod-
ing RNAs, such as snRNAs, snoRNAs, rRNAs and tRNAs. Using the rest reads, the mirTools
2.0 web server [26] was used to identify novel miRNA candidates. For human miRNA predic-
tion, we chose miRDeep 2.0 [27, 28] to run the web server and then filter out the sequence
reads with a frequency of less than 10 counts. The pre-miRNA sequences were mapped to the
human genome (human Genome v19, UCSC Genome Browser) in order to identify reads with
perfect matches. The minimum free energies and the secondary structures of the potential pre-
cursors were assessed using the Vienna RNAfold web server (http://rna.tbi.univie.ac.at/). MiR-
NAs were considered to be conserved if at least 50% of the overall mature sequence was
identical and the seed sequence (nucleotides 2-8) matched perfectly [29]. Potential target

PLOS ONE | DOI:10.1371/journal.pone.0126087 May 15,2015 3/16


http://rna.tbi.univie.ac.at/

@’PLOS ‘ ONE

Dynamic Expression of MiRNAs in Fetal Keratinocytes

genes of known miRNAs were predicted using miRanda (http://www.miRNA.org/miRNA/
home.do/). The gene 3’-UTRs were obtained from the Ensembl and miRanda databases. We
considered at least one part of the 3’UTR of target mRNAs and the whole seed sequences of
novel miRNA candidates were reverse-complemented perfectly with each other. The trans-
forming growth factor-B (TGF-p) pathway was obtained from KEGG (http://www.genome.jp/
kegg/). MiRNAs that showed significant correlation with the TGF-p pathway were considered
to target not less than two primary genes of the pathway.

4. Small RNA Preparation

The total RNA, inclusive of small RNAs, was extracted using the mir-Vana miRNA Isolation
Kit (Ambion, Austin, TX, USA) according to the manufacturer’s instructions. The concentra-
tion and purity of RNA were controlled by ultraviolet spectrophotometry (A260/A280 >1.9)
using a Thermo Scientific Nanodrop 2000c Spectrophotometers (Thermo, Wilmington, Dela-
ware, USA). After the 3’-termini were polyadenylated by Escherichia coli poly(A) polymerase
(E-PAP) at 37°C for 45 min using the Poly(A) Tailing Kit (Ambion) following the manufactur-
er’s instructions, RNA was extracted with phenol-chloroform and precipitated with ethanol.

5. Real-time qRT-PCR

Real-time qRT-PCR was used to confirm the expression level of miRNAs. Reverse transcrip-
tion was performed using a Superscript III first-strand synthesis system from a RT-PCR kit
(Invitrogen), and real-time qRT-PCR was performed on a 7500 Real-Time PCR system (Ap-
plied Biosystems, Foster City, CA, USA) supplied with analytical software, using an Express
SYBR greener qPCR Supermix Universal Kit (Invitrogen) according to the manufacturer’s in-
structions. The PCR reactions used for the amplification of miRNAs were conducted at 95°C
for 30 s, followed by 45 cycles of 95°C for 5 s and 60°C for 34 s. The U6 mRNA level, as an en-
dogenous reference, was used for normalization. After the final cycle, a melting curve analysis
was conducted within the range of 55 to 95°C. The expression levels of miRNAs in late-gesta-
tional fetal KCs relative to mid-gestational fetal KCs were calculated using the equation 24T
in which ACt = Cy miRNA—Cy U6 [30]. The value of the relative expression ratio less than
1.0 was considered as low expression in late-gestational fetal KCs relative to mid-gestational
fetal KCs, while the others were considered as high expression. The primers used for RT-PCR
are given in S1 Table.

6. Statistical Analysis

The relative expression of miRNAs detected by either NGS or qRT-PCR was submitted to anal-
ysis using Student’s t-test. P values less than 0.05 were considered statistically significant. The
statistically significant miRNAs whose expression changed by more than 2.0-fold in KCs at dif-
ferent gestational ages were considered to be significantly differentially expressed. The results
detected by qRT-PCR were tested through three separate experiments. The correlation of the
miRNA relative expression levels detected by NGS and qRT-PCR were analyzed by correlation
analysis. All of the statistical analyses were performed using the SPSS 16.0 computer software.

Results
1. CDNA Libraries Construction and NGS

To understand the potential contributions of miRNAs to fetal mammalian cutaneous scarless
wound healing, we prepared cDNA libraries from small RNA extracted from each KC sample
and examined the miRNA expression changes using NGS with Solexa technology. The raw

PLOS ONE | DOI:10.1371/journal.pone.0126087 May 15,2015 4/16


http://www.miRNA.org/miRNA/home.do/
http://www.miRNA.org/miRNA/home.do/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/

@’PLOS ‘ ONE

Dynamic Expression of MiRNAs in Fetal Keratinocytes

data have been deposited in Gene Expression Omnibus (GEO) with accession number GSE
65342. Among the total of 99,354,224 raw reads that were detected from the six samples,
85,252,341 (85.81%) were high-quality reads (> 18nt). After alignment to the human genome
(GRCH38), the number of genome-aligned reads was 74,678,115 (87.60% of the high-quality
reads). The number of sequence reads that correspond to known miRNAs was 61,587,749
(82.47% of the genome-matching reads), as was determined by perfect sequence matching to
the database of known miRNAs (miRBase release 18) (S2 Table). After removing the matched
non-coding RNAs (Release 10), 8,755,258 reads remained for further analyses.

2. Identification of Novel miRNA Candidates

To uncover potentially novel miRNAs, the reads were analyzed using the mirTools 2.0 web
server, and the miRDeep 2.0 software was used to identify candidate novel human miRNAs
from the NGS data [26-28]. The results revealed the existence of 202 novel miRNA candidates
and 29 known miRNAs (S3 Table) that were not listed in miRBase release 18. Of the 202 poten-
tial novel miRNAs, 106 candidates were detected by at least 10 counts, by NGS, indicating that
they have a high probability of being novel human miRNAs (S4 Table).

Some of the novel miRNA candidates share seed sequences with known miRNAs in human
and other species (S4 Table). Ten candidates (seq-3625_x495, seq-14257_x71, seq-20706_x41,
seq-24049_x33, seq-24718_x32, seq-29564_x25, seq-35522_x19, seq-35714_x19, seq-
39128_x17, and seq-40419_x16) share seed sequences with known Homo sapiens miRNAs
(hsa-miR-4731-5p, hsa-miR-4276, hsa-miR-4693-5p, hsa-miR-4329, hsa-miR-4764-5p, hsa-
miR-17-3p, hsa-miR-4633-5p, hsa-miR-3928, hsa-miR-4443, and hsa-miR-3128) respectively.
Eight of these (seq-14257_x71, seq-20706_x41, seq-24049_x33, seq-24718_x32, seq-
29564_x25, seq-35522_x19, seq-35714_x19, and seq-39128_x17) may become family members
with the corresponding known human miRNAs because they are conserved miRNAs (Fig 1a).
Interestingly, two novel miRNA candidates (seq-11782_x93 and seq-14465_x65) have the
same seed sequences as gga-miR-1799, and their sequences were highly similar to each other
(73.47% matched), but the alignment of the precursor sequence mapped to seq-11782_x93 in
chromosome 9 rather than chromosome 5, where seq-14465_x65 resides. Moreover, the ex-
pression of seq-11782_x93 in late-gestational fetal KCs relative to that in mid-gestational fetal
KCs was changed by 2.15-fold which was markedly higher than that found for seq-14465_x65
(0.26-fold). The mature sequence of one candidate novel miRNA, seq-18595_x48, was nearly
identical to that of mmu-miR-466a/b/e/p-5p, particularly that of mmu-miR-466p-5p (three
nucleotide differences; S4 Table and Fig 1a).

3. Validation of Novel miRNA Candidates

The secondary hairpin structures and minimum free energies of the potential precursors were
assessed using RNAfold, and the structures of the selected candidate novel miRNA precursors
are shown in Fig 1b. To validate the expression of miRNAs detected by NGS, we tested the ex-
pression of six novel miRNA candidates and four known miRNAs via qRT-PCR and confirmed
the expression of nine of them (Fig 2a). The correlation analysis showed that the miRNA ex-
pression detected by NGS exhibits good repeatability with that detected by qRT-PCR (Fig 2b).
We examined the genomic locations of novel miRNA candidates and known miRNAs that
were found to be significantly differentially expressed in KCs at different gestational ages to de-
termine whether that miRNAs found in particular genomic regions were potentially coexpressed
and thus potentially coregulated. Twelve miRNAs from six groups composed of two miRNA
each are located within close proximity (10kb) on chromosome 1, chromosome 11, chromosome
13, chromosome 16, chromosome 17 and chromosome 19 (Fig 2c). The expression of nearly all
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Fig 1. Novel miRNA candidates. (a) Sequence alignment of novel miRNA candidates with known miRNAs of other species. *: conserved nucleotide. bta:
Bos taurus. cfa: Canis familiaris. gga: Gallus gallus. hsa: Homo sapiens. mdo: Monodelphis domestica. mml: Macaca mulatta. mmu: Mus musculus. ptr: Pan
troglodytes. rmo: Rattus norvegicus. xtr: Xenopus tropicalis. (b) Secondary structures of putative precursor hairpins corresponding to six novel miRNA
candidates identified in this study. One (seq-6713_x208) of these novel miRNAs were found to be up-regulated in late-gestational fetal KCs, whereas the
other five miRNAs were down-regulated (see also S7 Table).

doi:10.1371/journal.pone.0126087.g001

PLOS ONE | DOI:10.1371/journal.pone.0126087 May 15,2015 6/16



el e
@ ' PLOS ‘ ONE Dynamic Expression of MiRNAs in Fetal Keratinocytes

o7 Odeep sequencing
) at (M9PCR _ 47 y=0.6824x+0.1994
8 S 3 RA2=0.8315
S 2y )
e} = 2
S 0 S
o o 1
=) -
° -2 g [} -t L )
-3 [J 3 6
. R ]
© .
O M H v R A P Q 3 . 2 |
£ @q' ‘}Q qjt?‘ o L .{.19 N ,\b?q o S
7 o) ¥ K, el & P al
TS IR I R O S P
XX ofb‘ NS & o? A & Fold change (deep sequencing) (log 2)
901 Q& 60 QQQ ‘@’b 60 60 AN 60‘ Q(Jb
AN
. - Ratio (Late-/Mid-
miRNAs UCSC Location Sequences p-value gestational)
hsa-miR-2682-5p chr1:98510798-98510907 CAGGCAGUGACUGUUCAGACGUC 0.015 0.108
hsa-miR-137 chr1:98511626-98511727 UUAUUGCUUAAGAAUACGCGUAG 0.028 0.064
hsa-miR-34b-5p chr11:111383663-111383746 UAGGCAGUGUCAUUAGCUGAUUG 0.006 0.460
hsa-miR-34c-3p chr11:111384164-111384240 AAUCACUAACCACACGGCCAGG 0.003 0.406
seq-13078_x81 chr13:92002990-92003050 AUGUUGAGUGCUUUUUGUUC 0.011 0.156
seq-13649_x76 chr13:92003305-92003405 AUGUGACAGCUUCUGUAGCAC 0.055 0.284
hsa-miR-3677-3p  chr16:2320714-2320773 CUCGUGGGCUCUGGCCACGGCC 0.002 0.398
hsa-miR-940 chr16:2321748-2321841 AAGGCAGGGCCccccaGcuccece 0.003 0.418
hsa-miR-4520a-5p chr17:6558759-6558828 CCUGCGUGUUUUCUGUCCAA 0.023 0.246
hsa-miR-4520b-3p chr17:6558768-6558821 UUUGGACAGAAAACACGCAGGU 0.039 0.283
hsa-miR-4745-5p  chr19:804940-805001 UGAGUGGGGCUCCCGGGACGGCG  0.004 0.234
hsa-miR-3187-3p  chr19:813584-813653 UUGGCCAUGGGGCUGCGCGG 0.046 0.421
5 -
4L

-3

log2 late-/mid- gestational fetal
Keratinocytes(normalized)
o

|
2|
|
N

-5

Fig 2. (a) Comparison of qRT-PCR data with NGS data for the six novel miRNA candidates {shown in (Fig 1b)} and four known miRNAs (hsa-miR-99b-3p,
hsa-miR-190a, hsa-miR-3614-5p and hsa-miR-99a-3p). (b) Correlation analysis of the miRNA expression levels detected by NGS and gRT-PCR. The data
were transformed to log2 values of the relative expression levels in late-gestational fetal KCs. The qRT-PCR results were normalized to the U6 snRNA
expression levels. (c) Genomic locations of differentially expressed miRNAs and novel miRNA candidates found within 10 kb of each other. (d) Expression
changes of statistically significant miRNAs in late-gestational fetal KCs detected by NGS. The data were transformed to log2 values of the relative expression
levels in late-gestational fetal KCs.

doi:10.1371/journal.pone.0126087.9002
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of these was significantly lower in late-gestational fetal KCs with the exception of seq-13649_x76
(ratio < 0.5, but p value > 0.05), suggesting that they may be coexpressed as miRNA clusters. In-
terestingly, six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92a-1) were
found in close proximity to two novel miRNA candidates (seq-13078_x81 and seq-13649_x76)
on chromosomes 13, even within 1kb. However, no statistically significance difference was found
in the expression of the six miRNAs between mid- and late-gestational fetal KCs (S5 Table), indi-
cating that the regulatory mechanisms of these miRNAs were complicated.

4. Dynamic Expression of miRNAs in Fetal KCs

We checked for perfect matches to known human miRNAs. Overall, 1170 known miRNAs
were detected. To compare the expression levels of miRNAs between late- and mid-gestational
fetal KCs, the read number of miRNAs was normalized to the total number of high-quality
reads that were matched to the human genome (GRCH38) from each sample (12591141/
12266070/12065253/12074661/13021411/12659579). The statistical results were analyzed
using Student’s t-test. At different gestational ages, dynamic expression of miRNAs was ob-
served in fetal KCs (Fig 2d) because 173 known miRNAs and 23 novel miRNA candidates were
statistically significant (P values < 0.05, S6 and S7 Tables). The expression of 22 novel miRNA
candidates and 88 known miRNAs was demonstrated to be significantly different because their
relative expression was changed by more than 2.0-fold (known: 15 up-regulated and 73 down-
regulated; novel: two up-regulated and 20 down-regulated) (Fig 3).

5. Differentially Expressed miRNAs Target the TGF-3 Pathway

To further understand the relationship between miRNAs and fetal mammalian cutaneous scar-
less wound healing, we predicted the miRNA functions related to the TGF-B pathway. The
downstream targets of the miRNAs that were significantly differentially expressed were further
analyzed. MiRanda (http://www.miRNA.org/miRNA/home.do/) was used to predict the poten-
tial target genes of known miRNAs. We considered genes as potential targets of novel miRNA
candidates if at least one part of their 3’UTR gene regions was reverse-complemented perfectly
with the whole seed sequences of novel miRNA candidates. MiRNAs showed significant corre-
lations with the TGF-f pathway if they targeted not less than two primary genes of the path-
way. Under these conditions, we found that 33 miRNAs exhibit significant correlations with
the TGF-P pathway (Fig 4a). Eighteen were known miRNAs (three up-regulated and 15 down-
regulated), and the other 15 (68.18% of total novel miRNA candidates which were significantly
differentially expressed) were novel miRNA candidates (two up-regulated and 13 down-
regulated).

Among all of the TGF- pathway-related miRNAs, five known miRNAs (miR-3180-3p,
miR-34b-5p, miR-877-3p, miR-936, and miR-940) and 10 novel miRNA candidates (seq-
915_x4024, seq-5118_x304, seq-6713_x208, seq-14465_x69, seq-18595_x48, seq-19788_x44,
seq-38785_x17, seq-38875_x17, seq-48658_x13, and seq-52107_x11) target pathway members
that positively regulate the pathway. These miRNAs appear to be suppressors that play critical
roles in the regulation of the TGF-f pathway. The novel miRNA candidate seq-915_x4024 has
the maximum number of targets, including SAR1A, SMAD2, SMAD3, SMAD4, TGF-B2 and
TGEF-B3. The total count of seq-915_x4024 (4024) was also the highest among all of the novel
miRNA candidates. The differentially expressed miRNAs may play in a regulatory mechanism
that is potentially upstream of the TGF-f pathway, and the roles of the novel miRNA candi-
dates should not be ignored.
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UPREGULATED
. Average . . Average . . Average .

MicroRNA MG KCs | LG KCs Ratio MicroRNA MG KCs | LG KCs Ratio MicroRNA MG KCs | LG KCs Ratio
miR-2114-5p 0.000 0.080 o miR-4697-3p 0.028 0.288 | 10.42 |miR-936 0.189 0.583 3.07
miR-3124-5p 0.000 0.133 oo miR-3614-5p 0.541 3.373 6.24 miR-3661 0.624 1.599 2.56
miR-4536-3p 0.000 0.105 o miR-548a0-3p 0.053 0.315 5.96 |miR-190a 81.273 | 199.181 2.45
miR-4536-5p 0.000 0.105 oo miR-4999-5p 0.135 0.531 3.92 miR-375 15.765 36.340 2.31
miR-99a-3p 0.109 2459 | 2262 |miR-548a-3p 0.215 0.687 3.20 miR-944 98.853 | 218.934 2.21

DOWNREGULATED
. Average . . Average . . Average .

MicroRNA MG KCs | LG KCs Ratio MicroRNA MG KCs | LG KCs Ratio MicroRNA MG KCs | LG KCs Ratio
miR-100-3p 483.032 239.241 0.50 |miR-3687 5.813 2.214 0.38 |miR-577 27.997 6.560 0.23
miR-135b-3p 15.991 7.838 049 |miR-720 8.055 3.061 0.38 |miR-4745-5p 3.056 0.714 0.23
miR-30a-5p 24000.637 | 11396.673 047 |miR-1322 1.267 0.481 0.38 |miR-3180-3p 35.700 8.243 0.23
miR-877-5p 8.284 3.915 047 |miR-33b-3p 32.828 12.021 0.37 |miR-187-5p 1.464 0.331 0.23
miR-324-3p 14.170 6.689 0.47 |miR-1268b 72175 26.273 0.36 |miR-573 21.139 4.675 0.22
miR-34b-5p 68.357 31.415 046 |miR-215 21.862 7.628 0.35 |miR-486-5p 1208.213 | 259.671 0.21
miR-345-5p 487.422 221.073 045 |miR-3662 2.086 0.714 0.34 |miR-486-3p 1202.272 | 257.987 0.21
miR-1910 85.125 38.445 045 |miR-1268a 66.163 22.531 0.34 |miR-3180 10.734 2.289 0.21
miR-1343 0.891 0.402 045 |miR-191-3p 8.315 2.824 0.34 |miR-4423-3p 2.698 0.554 0.21
miR-615-3p 155.205 68.658 044 |miR-3659 1.839 0.613 0.33 |miR-1288 0.135 0.026 0.19
miR-877-3p 0.298 0.131 044 |miR-1271-3p 1.460 0.471 0.32 |miR-4757-3p 0.135 0.026 0.19
miR-3121-3p 0.244 0.107 0.44 |miR-4760-5p 0.891 0.272 0.30 |miR-187-3p 85.990 15.783 0.18
miR-143-3p 93.893 40.477 043 |miR-4741 1.407 0.425 0.30 |miR-4802-3p 0.190 0.028 0.15
miR-99b-3p 48.710 20.689 0.42 miR-222-5p 54.716 16.020 0.29 miR-3679-5p 0.923 0.133 0.14
miR-3187-3p 0.999 0.421 0.42 miR-4664-3p 1.106 0.321 0.29 miR-2682-5p 4.955 0.535 0.11
miR-940 5.671 2.370 0.42 miR-3152-5p 8.505 2.458 0.29 miR-6514-5p 0.245 0.026 0.11
miR-301a-5p 2.921 1.214 0.42 miR-4726-5p 0.380 0.109 0.29 miR-1246 3.443 0.319 0.09
miR-34c-3p 8.465 3.434 0.41 miR-4520b-3p 1.109 0.314 0.28 miR-137 3.433 0.219 0.06
miR-30c-2-3p 29.361 11.860 0.40 miR-149-3p 0.787 0.218 0.28 miR-1267 0.351 0.000 0.00
miR-335-3p 2106.811 841.100 0.40 miR-675-5p 10.967 3.002 0.27 miR-1914-5p 0.108 0.000 0.00
miR-100-5p 26738.451 | 10666.306 0.40 miR-1908 10.247 2.741 0.27 miR-489 0.108 0.000 0.00
miR-3677-3p 14.650 5.828 0.40 miR-4454 48.668 11.991 0.25 miR-2682-3p 0.377 0.000 0.00
miR-30a-3p 413.711 163.990 0.40 miR-4520a-5p 1.164 0.286 0.25 miR-544b 0.541 0.000 0.00
miR-4423-5p 6.754 2.643 0.39 |miR-1275 0.433 0.104 0.24
miR-34a-3p 29.096 11.345 0.39 |miR-4671-3p 1.795 0.431 0.24

UPREGULATED
Average Average
novel miRNAs Ratio| novel miRNAs Ratio
MG KCs |LG KCs MG KCs |LG KCs
seq-52107_x11 0.027 0.263 | 9.70 |seq-6713_x208 1.782 3.768 | 2.11
DOWNREGULATED
Average Average
novel miRNAs Ratio| novel miRNAs Ratio
MG KCs |LG KCs MG KCs |LG KCs

seq-20706_x41 0.759 0.341 | 0.45 |seq-14465_x69 1.485 0.380 | 0.26
seq-14750_x67 1.247 0.560 | 0.45 |seq-2637_x786 16.985 4.27910.25
seq-19788_x44 0.840 0.348 | 0.41 |seq-54995_x11 0.244 0.053 | 0.22
seq-1133_x2845| 54.258 | 22.405|0.41 (seq-13078_x81 1.902 0.297 | 0.16
seq-4159_x405 7.791 3.120 | 0.40 |seq-38875_x17 0.407 0.052 | 0.13
seq-5400_x282 5.429 2.147 | 0.40 |seq-18595_x48 1.164 0.132|0.11
seq-915_x4024 77.979 | 30.224 | 0.39 |seq-48658_x13 0.326 0.028 | 0.08
seq-9688_x124 2.546 0.806 | 0.32 |seq-19142_x46 1.189 0.053 | 0.04
seq-3625_x495 10.194 3.169 | 0.31 |seq-38785_x17 0.459 0.000 | 0.00
seq-5118_x304 6.240 1.932 | 0.31 |seq-44634_x14 0.380 0.000 | 0.00

Fig 3. Significantly differentially expressed miRNAs between mid- and late-gestational fetal KCs. (a) Eighty-eight known miRNAs that exhibited a
change in expression of more than 2.0-fold in late-gestational fetal KCs. Fifteen of these were statistically up-regulated, and the others were statistically
down-regulated. The read number of the miRNAs was normalized to the total number of high-quality reads that matched the human genome from each
sample (12591141/12266070/12065253/12074661/13021411/12659579). MG represents mid-gestational, and LG represents late-gestational. The ratio
represents the relative expression of miRNAs in late-gestational KCs. (b) Twenty-two novel miRNA candidates that exhibited a change in expression of more
than 2.0-fold in late-gestational fetal KCs. Two of them were statistically up-regulated, and the others were statistically down-regulated. The read number of
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miRNAs was normalized to the total number of high-quality reads that matched the human genome from each sample (12591141/12266070/12065253/
12074661/13021411/12659579). MG represents mid-gestational, and LG represents late-gestational. The ratio represents the relative expression of

miRNAs in late-gestational KCs.

doi:10.1371/journal.pone.0126087.g003

6. The miRNA-34 Family is Down-regulated in Late-gestational Fetal
KCs and Extensively Targets the TGF-p Pathway

With the exception of miR-34a-5p (p value = 0.078), the expression levels of miR-34 family
members in late-gestational fetal KCs were significantly lower than those in mid-gestational
fetal KCs (Fig 4b). The expression levels of miR-34a-3p, miR-34b-5p, and miR-34c-3p were
changed by more than 2.0-fold, suggesting that these miRNAs are expressed at significantly
lower levels. We considered that the expression of miRNA-34 family members is generally
down-regulated in late-gestational fetal KCs.

To predict potential target genes of miRNA-34 family members, we used the miRanda on-
line software. The results showed that the miRNA-34 family may extensively suppress genes
that play important roles in the TGF-f pathway, including TGF-B3, TGF-BRI, TGF-BRII,
SMAD3, SMAD4 and SAR1A (Fig 4b and 4c). Both miR-34a-5p and miR-34c-5p, which have
the same seed sequence, targeted TGF-B3, TGF-BRII, SMAD4 and SAR1A. The potential target
gene of miR-34a-3p and miR-34c-3p was SMAD4. Although the mature sequences of miRNA-
34 family members were highly similar to each others’, mature miR-34b does not have the
same seed sequences as the others. The potential target genes of miR-34b-3p were TGF-fBRI,
SMAD4 and SARIA. TGF-BRII and SMAD3 were potential target genes of miR-34b-5p.

Discussion

Recently, rapid advances in next-generation sequencing (NGS) technologies allow miRNA de-
tection at an unprecedented sensitivity [28, 31]. Since the application of NGS to miRNA detec-
tion, several analytical tools and databases have been developed to support miRNA data
analyses [32]. These tools allow the analysis of a great number of miRNA-sequence data de-
tected from high-throughput sequencing platforms for miRNA discovery across a broad spec-
trum of species [31]. For human miRNA discovery, MIReNA, miRDeep and mirTools are well
used [26-28, 32-34]. MirTools 2.0 is a web service that provides annotation of ncRNA se-
quences and predicts novel miRNA candidates and potential known miRNA target genes
based on NGS [26]. There are two programs for predicting novel miRNA candidates on the
mirTools 2.0 web server: miRDeep 2.0 and mireap [26]. In this study, we detected small RNA
expression in human fetal KCs using Illumina Solexa GA IIx, which is currently considered the
most cost-efficient platform for miRNA sequencing studies [31]. After that, we performed the
miRDeep 2.0 program which is well and widely used for novel human miRNA candidate pre-
diction on the mirTools 2.0 web server [28, 32, 33, 35, 36] and found 106 novel miRNA candi-
dates that are likely novel human miRNAs.

The role of miRNAs in scarless wound healing is only beginning to be uncovered. We de-
tected the expression levels of miRNAs in fetal KCs at different gestational ages and found mul-
tiple miRNAs, particularly 22 novel miRNA candidates, that were significantly differentially
expressed. We performed qRT-PCR to validate the expression levels of the miRNAs detected by
NGS and the correlation analysis suggested that the results detected by NGS could almost repre-
sent the miRNA relative expression levels. Among all of the 110 significantly differentially ex-
pressed miRNAs, only 15.45% (15 known miRNAs and two novel miRNA candidates) were
overexpressed. Our results show that many miRNAs, including several novel miRNA candi-
dates, are significantly differentially expressed in fetal KCs during aging with a global downward

PLOS ONE | DOI:10.1371/journal.pone.0126087 May 15,2015 10/16



el e
@ ' PLOS ‘ ONE Dynamic Expression of MiRNAs in Fetal Keratinocytes

b! P
2,6,15 14,1

|

TGFBRI SMAD2/3
TGF-B1/TGF-B2/TGF-B3| —> >
T TGFB RII SMAD4
S1:’23’12’ 26 b, ¢ js 10 T
22, 26, 27 12,14, 19 %6218
22,23, 27 21, 27

Cell Membrane

a.hsa-miR-548a-3p 3.hsa-miR-1322 10.hsa-miR-34b-5p
b.hsa-miR-936 4.hsa-miR-187-5p  11.hsa-miR-486-5p
c.hsa-miR-944 5.hsa-miR-3121-3p 12.hsa-miR-573

d.S-6713_x208 6.hsa-miR-3180-3p lz.nsa-miR-SW
15.h
16

1 .5-2637_x786 24.S-19788_x44

2
e.S-52107_x11 7.hsa-miR-324-3p sa-miR-877-3p %

2

7

8.5-3625_x495 25.S-20706_x41
9.5-5118_x304 26,S-38785 x17
0.S5-9688 x124 27.S-38875_x17
;.3-1 3078_x81 28.5-48658_x13
3

1.hsa-miR-100-3p 8.hsa-miR-335-3p sa-miR-940 .5-14465_x69

2.hsa-miR-1275 9.hsa-miR-345-5p .5-915_x4024 .5-18595_x48
B

" Normalization Couts Ratio (Late-/Mid-
MicroRNA target Mid-gestational Late-gestational p-value gestational)

hsa-miR-34a-3p |SMAD4 26.5266 29.3493 31.4125| 19.1310 6.3741 8.5311| 0.013 0.390
hsa-miR-34a-5p [TGFB3. TGFBR2. SAR1A. SMAD4 | 1021.5913 | 1088.6127 | 1148.1732 | 966.4039 | 337.5978 | 642.4384 | 0.078 0.597
hsa-miR-34b-3p [TGFBR1. SAR1A. SMAD4 12.9456 14.3485 12.9297 8.2818 3.5326 8.3731| 0.016 0.502
hsa-miR-34b-5p |[TGFBR2. SMAD3 69.7316 60.2475 75.0917 | 40.9121| 21.6566 | 31.6756 | 0.006 0.460
hsa-miR-34c-3p |SMAD4 7.4656 8.3156 9.6144 3.9753 2.5343 3.7916 | 0.003 0.406
hsa-miR-34c-5p [TGFB3. TGFBR2. SAR1A. SMAD4 | 1001.9743 | 955.7258 | 1007.0241 | 722.1735 | 393.2754 | 583.5107 | 0.012 0.573

C :
miR-34b-3p

s\
TeFaRI}| =+ SMAD2/3

| TGF-B1/TGF-B2/TGF-B3| —>}/ =Y
SMAD4

\ miR-34a-5p miR-34a-3p
miR-34c-5p miR-34c-3p

Cell Membrane

I_I

Fig 4. The TGF- signaling pathway is predicted to be targeted by many significantly differentially expressed miRNAs. (a) Multiple miRNAs including
novel miRNA candidates are predicted to target each of the genes implicated in the pathway, and each miRNA is predicted to target multiple genes in the
pathway. The upregulated (> 2.0-fold) miRNAs are shown in red, and the downregulated (< 2.0-fold) miRNAs are shown in black. (b) MiRNA-34 family
members are generally down-regulated in late-gestational fetal KCs. With the exception of miR-34a-5p, the expression levels of miR-34 family members in
late-gestational fetal KCs were significantly lower (p value <0.05). MiR-34a-3p, miR-34b-5p, and miR-34c-3p changed by more than 2.0-fold. The read
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number of miRNAs was normalized to the total number of high-quality reads that matched the human genome from each sample. (c) MiRNA-34 family
members suppress genes that are important members of the TGF-f pathway. TGF-33, TGF-BRI, TGF-BRII, SMAD3, SMAD4 and SAR1A are involved in

this regulation.

doi:10.1371/journal.pone.0126087.g004

trend in miRNA expression. The dynamic expression of miRNAs between mid- and late-
gestational fetal KCs suggests that the differential expression of miRNAs in fetal KCs may be in-
volved in the process of fetal mammalian cutaneous wound healing. MiRNAs may play impor-
tant roles by suppressing the expression of a series of mRNAs and even some key signal
pathways in scarless wound healing.

Members of the TGF-f signal pathway play important roles during embryonal development
and are involved in a variety of cellular effects, such as growth, differentiation, apoptosis, extra-
cellular matrix synthesis, and cell migration [37]. The TGF-f pathway is also an important reg-
ulatory factor involved in multiple other physiological processes, including scarless wound
healing [1, 38]. In all stages of wound healing, TGF-f is involved, and prolonged TGF-f activa-
tion is associated with fibrosis [37, 39, 40]. Because the expression of TGF-f3 was observed in
the epidermis and no TGF-B-producing cells were found in the dermis, KCs seem to be the
main source of TGF-p in healthy fetal skin [1, 39, 41]. KCs leading to excessive activation of
the TGF-p signal pathway may be a key step that leads to excessive scar formation in mammali-
an cutaneous wound healing. In this study, we predicted potential target genes of miRNAs and
found that 33 significantly differentially expressed miRNAs target at least two primary genes of
the TGF-f pathway. Because these are significantly correlated to the TGF-B pathway, we con-
sidered them TGF-P pathway-related miRNAs. These differentially expressed miRNAs in fetal
KCs may play key roles in the process of scar formation by targeting the TGF-p signal pathway.

At different gestational ages, 22 novel miRNA candidates were found to be significantly dif-
ferentially expressed in fetal KCs. Nearly 70% (15 novel miRNA candidates) of these were
TGEF-p pathway-related miRNAs, indicating that the novel miRNA candidates found in this
study were significantly associated with the TGF-B pathway. With the exception of two novel
miRNA candidates (seq-6713_x208 and seq-52107_x11), all of the other miRNAs exhibited
significantly lower expression in late-gestational fetal KCs. We hypothesized that the novel
miRNA candidates that presented low expression in late-gestational fetal KCs lose their regula-
tion to TGF-p signal pathway and thereby contribute to scar formation.

The human miR-34 miRNA precursor family consists of three members encoded by two
different transcripts: miR-34a, which is encoded by its own transcript, and miR-34b and miR-
34c, which share a common primary transcript. From each precursor miRNA, two mature se-
quences are excised from the 5' or 3' arm of the hairpin. Therefore, there are six mature miR-34
miRNAs: miR-34a-3p, miR-34a-5p, miR-34b-3p and miR-34b-5p, miR-34c-3p and miR-34c-
5p. Of all the miR-34 family members, miR-34a has been well studied. It is known as a key sup-
pressor of a series of tumors, including colorectal cancer, non-small-cell lung cancer, breast
cancer, and pancreatic cancer [42-46]. Researchers have recently noted that there are relation-
ships between miR-34a and tissue fibrosis [47-49].

In this study, we demonstrated that the expression of miR-34 family members is generally
down-regulated in late-gestational fetal KCs by NGS. Furthermore, we predicted that miR-34
family members may extensively suppress the TGF- signal pathway. These results were simi-
lar to the findings that miR-34a can suppress the expression of TGF-f and SMAD4 [50, 51].
We considered that the overexpression of miR-34 family members may contribute to scarless
wound healing in mid-gestational fetal KCs by targeting the TGF-P pathway. However, the reg-
ulatory effects between miR-34 family members and TGF-f signal pathway are markedly more
complicated. TGF-PB may play a direct role in regulating miR-34a expression [52]. The
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overexpression of miR-34 family members may suppress the TGF-f signal pathway and leads
to a loss of control of miR-34a. Furthermore, the mature sequences of miR-34 are highly simi-
lar to each other. Nucleotides 2-9 from the sequences of miR-34a-5p and miR-34c-5p are
matched perfectly. These two miRNAs share the same seed sequences and may both target
TGF-B3, TGF-BRII, SMAD4 and SAR1A. Nucleotides 2-10 from the sequence of miR-34b-5p
are perfectly matched to nucleotides 1-9 from the sequence of miR-34c-5p. Although the po-
tential target genes of miR-34b-5p are TGF-BRII and SMAD3, as predicted by miRanda, miR-
34b-5p may have regulatory effects on the miR-34c-5p potential target genes TGF-B3, TGF-
BRII, SMAD4 and SARIA. Nucleotides 1-10 from the sequence of miR-34c-3p and nucleotides
2-11 from the sequence of miR-34b-3p are matched perfectly. It is possible that TGF-BRI and
SARIA can be targeted by both of these miRNAs.

In conclusion, we found 106 candidates that have a high probability of being novel human
miRNAs in fetal KCs. Our study showed that the dynamic expression of miRNAs at different
gestational ages in fetal KCs. Moreover, the significantly differentially expressed miRNAs, in-
cluding some novel miRNA candidates and miR-34 family members, extensively target the
TGEF-p pathway. The overexpression of the novel miRNA candidates and miRNA-34 family
members in early- to mid-gestational fetal KCs may contribute to scarless wound healing by
targeting the TGF- pathway.
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