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MicroRNA (miR)-132 has been identified as a top up-regulated miRNA during skin wound healing and
. itsinhibition impairs wound repair. In a human in vivo surgical wound model, we showed that miR-132
© wasinduced in epidermal as well as in dermal wound-edge compartments during healing. Moreover,
. ina panel of cells isolated from human skin wounds, miR-132 was found highly expressed in human
. dermal fibroblasts (HDFs). In HDFs, miR-132 expression was upregulated by TGF-31. By overexpression
. orinhibition of miR-132, we showed that miR-132 promoted HDF migration. Mechanistically, global
. transcriptome analysis revealed that RAS signaling pathway was regulated by miR-132 in HDFs. We
. found that RAS p21 protein activator 1 (RASA1), a known target of miR-132, was downregulated in
. HDFs upon miR-132 overexpression. Silencing of RASAL phenocopied the pro-migratory effect of miR-
. 132. Collectively, our study reveals an important role for miR-132 in HDFs during wound healing and
. indicates a therapeutic potential of miR-132 in hard-to-heal skin wounds.

© Wound healing is a fundamental physiological process to protect the integrity of the skin barrier. It is usually
. characterized as four sequential but overlapping phases, i.e. hemostasis (0- several hours after injury), inflam-
© mation (~1-3 days), proliferation (~4-21 days) and remodelling phases (~21 days-1 year)'. Impaired healing
: may result in chronic wounds, a major and rising health and economic problem worldwide. It is estimated that
© 1-2% of individuals in developed countries will experience a hard-to-heal wound during their life time?, already
: consuming 2-4% of the health care budget in these countries®=>. Despite extensive research, precise mechanisms
. underlying the pathology of chronic wounds are not fully understood, which impedes the development of effec-
‘ tive treatment.

: Dermal fibroblasts play pivotal roles during skin wound healing by forming granulation tissue, regulating
© angiogenesis, assisting re-epithelialization, producing and remodelling of extracellular matrix needed to restore
: dermis®®. However, primary fibroblasts derived from the non-healing edge of chronic wounds exhibit dimin-
© ished replicative®!! and migratory capacities'?'%. They also produce less growth factors e.g. FGF and VEGF' and
. show reduced mitogenic response to PDGF and IGF stimulation'®. In addition, abnormal excess production of
© proteinases by these fibroblasts results in a hyperproteolytic environment in chronic wounds!> 17 1%,

MicroRNAs (miRNAs) are ~22nt non-protein-coding RNAs (8). By binding to the 3’ untranslated region
© (UTR) of target mRNAs and incorporating with the RNA-induced silencing complex (RISC), miRNAs comply
: translational repression or degradation of its targets'*. MiRNAs are widely acknowledged as important regula-
© tors in multiple biological processes and diseases. We have recently identified microRNA (miR)-132 as a top
. up-regulated miRNA during human skin wound healing®. Inhibition of miR-132 delays wound healing in mouse
* in vivo and human ex vivo wound models®. In epidermal keratinocytes, we found that miR-132 inhibits inflam-
: mation but promotes cell proliferation®. Considering the central role of fibroblasts in wound healing, and to get
: amore complete understanding of the role of miR-132 in wound repair, herein we clarified the regulation and
. function of miR-132 in dermal fibroblasts.
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Figure 1. Expression and regulation of miR-132 in wounds. (A) The intact skin (Day 0), Day 1 and Day 7
wounds were collected from healthy donors. (B) MiR-132 expression was analyzed in the epidermis and
dermis of the biopsies from donor 1-5, which were separated by laser capture microdissection. (C) QRT-PCR
analysis of miR-132 expression in the cells isolated from the Day6 wounds of 5 donors, including CD45- and
CD45 + cells from epidermis, and CD90 +, CD14 +, CD3 4 and CD90-CD14-CD3- (Derm-) cells from
dermis. (D) QRT-PCR analysis of miR-132 expression in dermal CD90 + cells from intact skin and Day6
wounds. V1-5 indicate 5 healthy volunteers. QRT-PCR analysis of miR-132 (E) or its primary precursor
pri-miR-132 (F) in HDFs treated with 10 nM TGF-$1 for 48 hours (n = 3). (G) The TGF-{3 receptor inhibitor
SB431542 was applied 15 minutes before adding TGF-31 to HDFs, and miR-132 expression was analyzed
48hours later (n=3). The data are presented as mean + s.e.m. in (B, C), as mean £ s.d. in (E-G). *P < 0.05,
**P < 0.01 and ***P < 0.001 by Students t test.

Results

MiR-132 expression is induced by TGF-31 in dermal fibroblasts. To reveal the expression pattern of
miR-132 during human skin wound healing, we made surgical wounds in 10 healthy donors and collected intact
skin and wound-edge tissues at the inflammatory phase (one day after wounding) and at the proliferative phase (6
or 7 days after wounding) (Fig. 1A, Supplementary Table S1). Epidermal and dermal compartments of the biop-
sies from donor 1-5 were separated using laser capture microdissection. We found that during wound healing
miR-132 was not only up-regulated in the epidermis as shown previously?, but also significantly increased in the
dermis (Fig. 1B). Next, we isolated epidermal CD45- cells (mainly composed of keratinocytes) and CD45 + cells
(leukocytes), dermal CD90 + cells (fibroblasts), CD14 + cells (macrophages), CD3 + cells (T cells) and CD90-
CD14- CD3- cells from the Day 6 wounds of donor 6-10 using immunoselection. We found that miR-132 was
highly expressed in human dermal fibroblasts (HDFs) in wounds (Fig. 1C). Interestingly, compared to the HDFs
from the intact skin, miR-132 expression was significantly upregulated (1.76-fold change, P =0.0074) in the
wound HDFs (Fig. 1D).

TGF-B1 is a central cytokine in the wound healing cascade?'. We have previously shown that TGF-31 is
up-regulated during normal skin wound healing and that it induces miR-132 expression in epidermal kerati-
nocytes®. Here we found that TGF-B1 also significantly increased (1.53-fold change, P=0.0072) the expression
of miR-132 in HDFs (Fig. 1E). Moreover, we showed that TGF-31 induced (5.75-fold change, P=0.0071) the
expression of miR-132 primary precursor (pri-miR-132), suggesting that TGF-31 regulates transcription of the
miR-132 gene (Fig. 1F). Inhibition of the TGF-3 type I activin receptor-like kinase (ALK) receptor by a chemical
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Figure 2. Transcriptome analysis of fibroblasts overexpressing miR-132. (A) Venn diagram depicting the
number of genes significantly up- (red) or down-regulated (blue) by miR-132 (fold change > 1.5, P <0.05) and
TargetScan predicted miR-132 targets that expressed in HDFs (yellow). (B) Cumulative distribution plots of
log,-transformed fold-changes for genes predicted to contain miR-132 binding sites (red), genes with miR-

132 sites and regulated by miR-132 (orange) and all the genes detected by microarray (blue). (C) Genes in
microarray data were ranked by fold change (miR-132 mimic / Ctrl mimic). GSEA evaluated enrichment within
the profile data for the predicted target genes of miR-132. Vertical bars along the x axis denote the positions of
miR-132 target genes within the ranked list. NES, normalized enrichment score. (D) The top10 gene ontology
cell component terms for the genes down-regulated by miR-132 in fibroblasts. P-values were determined by the
Fisher’s exact test. GSEA evaluated enrichment within the microarray data for the genes reported to accelerate
(E) or impair (F) cell migration.

inhibitor, SB431542, completely abolished TGF-(31-mediated induction of miR-132 (Fig. 1G). Together, our data
suggest that the expression of miR-132 is upregulated in HDFs during wound healing, which may be due to the
increased TGF-f3 signalling.

Transcriptome analysis of dermal fibroblasts overexpressing miR-132.

To study the role

of miR-132 in HDFs, we performed a global transcriptomic analysis of HDFs upon miR-132 overexpression
(Supplementary Fig. S1) using Affymetrix arrays, which identified 461 genes significantly regulated (fold
change > 1.5 or < —1.5, P < 0.05) by miR-132 (Fig. 2A, Supplementary Table S2). Out of the top 500 miR-132 tar-
gets predicted by the TargetScan algorithm?, 275 genes were found to be expressed in HDFs. Based on these 275
genes, we showed that 36 of 209 genes down-regulated by miR-132 carried potential binding sites for miR-132,
whereas only 1 of 252 genes up-regulated by miR-132 was predicted to be targeted by miR-132 (Fig. 2A). We next
analysed the correlation between the presence of miR-132-binding sites and the degree of regulation and found
that mRNAs containing miR-132-binding sites displayed greater reduction in expression levels compared with
other genes in this array (Fig. 2B). In line with this, gene set enrichment analysis (GSEA) showed that miR-132
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target genes were significantly enriched among the genes down-regulated by miR-132, and a negative enrichment
score curve was generated (P < 0.001) (Fig. 2C)*. These results suggest that the microarray analysis was specific
and sensitive for detection of miR-132-mediated gene regulation.

Next, we performed gene ontological (GO) analysis to classify the genes regulated by miR-132 using the data-
base for annotation, visualization and integrated discovery (DAVID) v6.7** 2. We found that among the top 10
cell components enriched in the genes regulated by miR-132, most were related to cell motility, e.g. cell leading
edge, lamellipodium, cell projection, focal adhesion, adherence junction and filopodium (Fig. 2D), which was
further supported by GSEA showing that multiple migration-related processes were significantly (P < 0.001)
enriched among the genes down-regulated by miR-132 (Supplementary Fig. S2). Using siRNA-screening
approach, a group of genes have been previously identified to either negatively or positively regulate cell migra-
tion?. Interestingly, GSEA of microarray data showed that most positive regulators of cell migration were
up-regulated by miR-132, whereas the expression of most negative regulators of cell migration was decreased
by miR-132 in HDFs (Fig. 2E,F and Supplementary Fig. S3). Together, the results of the transcriptome analysis
prompted us to further explore the potential role of miR-132 in motility of HDFs.

MiR-132 promotes human dermal fibroblast migration. To determine the role of miR-132 in fibro-
blast migration, we overexpressed or inhibited miR-132 by transfecting HDFs with miR-132 mimics or inhibitors,
respectively (Supplementary Fig. S1). By scratch wound healing assay, we showed that the overexpression of
miR-132 significantly promoted (P = 0.0006, Fig. 3A), whereas its inhibition significantly reduced the motility of
HDFs (P =0.006, Fig. 3B). Moreover, by using transwell migration assay, we found that miR-132 mimics accel-
erated (1.66-fold change, P=0.011, Fig. 3C), while miR-132 inhibitors decreased (0.64-fold change, P =0.0019,
Fig. 3D) the migration of HDFs towards fetal bovine serum (FBS). Thus, we concluded that miR-132 promoted
the motility of dermal fibroblasts.

MiR-132 downregulates RASA1, which contributes to the pro-migratory function of miR-132
in fibroblasts. The GO analysis and GSEA of microarray data highlighted that several biological processes
related to the RAS and small GTPase signalling pathways, which are important for cell migration, growth, apopto-
sis and differentiation?, were regulated by miR-132 in HDFs (Fig. 4A,B). The genes related to the RAS signal (GO:
0007265) and significantly regulated (fold change > 1.2, P < 0.05) by miR-132 in HDFs were listed in Fig. 4C. One
of the top-down-regulated genes by miR-132 (fold change = —2.04, P =7.4E-06, Supplementary Table S2) was
RAS p21 protein activator 1 (RASA1), which was previously identified as a direct target of miR-132%%2°. We con-
firmed the miR-132-mediated downregulation of RASA1 in HDFs by qRT-PCR (0.27-fold change, P =0.000024,
Fig. 4D). Using siRNAs, we decreased the expression of RASA1 84% (Fig. 5A), which enhanced the motility of
HDFs, shown by transwell migration assays (Fig. 5B) and scratch wound healing assays (Fig. 5C). Silencing of
RASA1 expression phenocopied the miR-132 overexpression in HDFs, suggesting that RASAL1 is an important
target mediating the pro-migratory function of miR-132.

Discussion

Our study reveals the important role of miR-132 in dermal fibroblasts during skin wound healing: it is upreg-
ulated by TGF-31 and promotes fibroblast migration by regulating RASA1 expression (Fig. 5D). TGF-3 is a
pleiotropic growth factor playing important roles throughout all phases of wound healing. It regulates cell prolif-
eration, migration, differentiation, extracellular matrix production and immune response®. Specific deletion of
TGE-{ receptor type II (TBRII) in fibroblasts severely impaired wound closure and delayed re-epithelialization
in vivo®!. Together with our previous study?’, we showed that TGF-81 induced miR-132 expression in both epi-
dermal keratinocytes and dermal fibroblasts. Upregulated miR-132 expression during skin wound healing may
be due to the increased TGF-31 production in the wound. Moreover, TGF-3 signalling has been shown to be
deficient in chronic wounds, e.g. fibroblasts derived from chronic wound-edge express reduced levels of TBRII
and under-phosphorylated Smad2, a downstream signal of TBRII*?-*. Thus, it would be interesting to further
investigate whether the impaired TGF-3 signalling leads to reduced miR-132 expression in chronic wounds.

In this study, we found that miR-132 enhanced migration of dermal fibroblasts. To explore the underlying
molecular mechanism, we analysed the transcriptome of fibroblasts overexpressing miR-132, which identi-
fied RAS signaling as a major pathway regulated by miR-132 in HDFs. RAS are small GTPase, which can bind
and hydrolyze guanosine triphosphate (GTP)*. RAS switches between an active (GTP-bound) and an inactive
[guanosine diphophate (GDP)-bound] state*®. Upon stimulation of tyrosine kinase / growth factor receptors, acti-
vated GTP-bound RAS acts through its effector proteins, e.g. RAF, PI3K, and trigger various signalling cascades,
controlling cell migration, proliferation, differentiation and apoptosis®. Importantly, RAS signalling has been
shown to play a crucial role in motility of fibroblasts and keratinocytes during skin wound healing®”.

Among genes related to the RAS-signalling, we focused on RASA1, which was previously identified as a direct
target of miR-1322%, and we found that it was significantly down-regulated by miR-132 in dermal fibroblasts.
RASAL1 is one of the critical RAS GTPase activating proteins (RasGAP), which negatively regulates RAS activity
by increasing the rate of GTP hydrolysis®. Moreover, RASA1 also functions as a signal transducer, independent of
its GAP activity®®. For instance, RASA1 has been shown to regulate directed movement of fibroblasts by interact-
ing with p190 RhoGAP¥. 1t also suppresses cell migration by competing with Rab21, a Rab GTPase, for binding
to integrins and regulating receptor trafficking®. In line with this, we showed that silencing of RASA1 expression
increased the motility of HDFs, which phenocopied the pro-migratory effects of miR-132, suggesting that the
RASA1-RAS signal axis plays a key role in mediating the biological functions of miR-132 in fibroblasts.

We have previously shown that miR-132 facilitates inflammation-proliferation transition in epidermal kerat-
inocytes?, and here we further demonstrate that miR-132 promotes dermal fibroblasts migration, both of which
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Figure 3. MiR-132 promotes fibroblast migration. Scratch assays were performed to assess the migration rate
of HDFs transfected with 20 nM miR-132 mimics (A) or miR-132 inhibitors (B) for 48 hours. Photographs were
taken at indicated time points after scratch injury. The healing rates were quantified by measuring the area of
the injured region. **P < 0.01 and***P < 0.001 by Repeated Measures Two-way ANOVA. Transwell migration
assay were performed to assess the motility of fibroblasts transfected with 20 nM miR-132 mimics (C) or miR-
132 inhibitors (D). The number of fibroblasts passing through the membrane within 24 hours was counted.

*P < 0.05 and **P < 0.01 by Student’s t-test. The data are presented as mean +s.d.

processes are impaired in chronic non-healing wounds (Fig. 5D). Thus, we propose that miR-132 holds great
promise for treating chronic wounds.

Methods

Tissue samples. Healthy donors (Caucasian) were enrolled at the Unit of Dermatology and Venereology,
Karolinska University Hospital (Stockholm, Sweden) (Supplementary Table S1). Two surgical wounds (3 mm in
diameter, wound A and B) were created on the lower back area of each healthy volunteer and the skin excised
during this procedure was collected as a control. For donor 1-5, the wound-edge tissue was excised using a 6mm
biopsy punch 1 day after injury from wound A and 7 days after injury from wound B for laser capture microdis-
section (LCM, Fig. 1A). For donor 6-10, the wound-edge tissue was excised 6 days after injury from both wound
A and B for magnetic cell isolation.
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Figure 4. MiR-132 regulates RAS signalling pathway. (A) The top10 gene ontology biological process terms

for the genes down-regulated by miR-132 in fibroblasts. P-values were determined by the Fisher’s exact test.

(B) GSEA evaluated enrichment for the genes related to the RAS signalling within the microarray data. (C)

The genes related to the RAS signalling were regulated by miR-132 in fibroblasts. Heat map illustrates levels of
significantly changed genes (fold change > 1.2, P < 0.05). Colour intensity is scaled within each row so that the
highest expression value corresponds to bright yellow and the lowest to bright blue. (D) RASA1 was detected by
qRT-PCR in HDFs transfected with 20 nM miR-132 mimics or control oligos (n = 3). The data are presented as
mean £ s.d. #¥**P < 0.0001 by Student’s t test.

Laser capture microdissection (LCM). Frozen tissue samples were embedded in Tissue-Tek
(ThermoFisher Scientific), and 8-um tissue sections were cut and stained with hematoxylin. LCM was performed
with Leica LMD7000 (Leica).

Magnetic cell separation. Fresh tissue samples were washed 2-3 times in PBS and incubated in 5 U/ml
dispase (ThermoFisher Scientific) overnight at 4 °C. Epidermis was separated from dermis as described in ref. 41.
Epidermis was diced using scissors and then digested in Trypsin/EDTA Solution (ThermoFisher Scientific) for
15 minutes at 37 °C, from which CD45- (mainly composed of keratinocytes) and CD45 + cells (leukocytes) were
separated using CD45 Microbeads with MACS MS magnetic columns (Milteney Biotec). Dermis was incubated
in the enzyme mix from the whole skin dissociation kit (Milteney Biotec) for 3 hours according to manufacturer’s
instructions and further processed by Medicon tissue disruptor (BD Biosciences). Dermal cell suspension was
sorted sequentially through CD90 (fibroblasts), CD14 (macrophages) and CD3 (T cells) Microbeads with MACS
MS magnetic columns according to manufacturer’s instructions (Milteney Biotec). And the CD90- CD14- CD3-
dermal cells were also collected.

RNA extraction and qRT-PCR. Total RNA from human LCM tissues and from cells of wound tissues was
extracted using the miRNeasy Mini kit (Qiagen) and that from cultured cells was extracted using TRIzol reagents
(ThermoFisher Scientific).

Quantification of miRNAs by qRT-PCR was performed as previously described?’. MiRNA expression levels
were normalized between different samples on the basis of the values of RNU48 RNA. The mature miR-132
expression was quantified using the TagMan miRNA assay (TM000457, ThermoFisher Scientific). The primary
miR transcripts were quantified using the TagMan Pri-miRNA assay (Hs03303111_pri, ThermoFisher Scientific).

In order to quantify mRNAs, total RNA was reverse transcribed using the RevertAid First Strand cDNA
Synthesis Kit (ThermoFisher Scientific). RASA1 mRNAs were quantified by TagMan gene expression assays
(Integrated DNA Technologies). Target gene expression levels were normalized between samples to the internal
control 18 S rRNA (forward: 5'-CGGCTACCACATCCAAGGAA-3'; reverse: 5-GCTGGAATTACCGCGGCT-3/;
probe: 5'-FAM-TGCTGGCACCAGACTTGCCCTC-TAMRA-3).

Cell isolation, culture and treatments. HDFs were isolated from adult human skin from routine
abdominal reduction plastic surgery (n=4). Briefly, full depth skin was enzymatic digested by 5U dispase
(ThermoFisher Scientific) overnight at 4°C, and then epidermis and dermis were mechanically separated. The
dermis was cut into small pieces and washed with PBS. After incubated at room temperature for 30 minutes, the
dermis attached to plastic cell culture plate. DMEM medium supplemented with 10% heat inactivated FBS and
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Figure 5. MiR-132 promotes migration by regulating RASA1. (A) RASA1 knockdown efficiency was analysed
by qRT-PCR in HDFs transfected with 20nM RASA1 specific siRNAs or control siRNAs (n=3). (B) Transwell
migration assay was performed in HDFs with silenced RASA1 expression (n=3). **P < 0.01 and ***P < 0.001
by Student’s t test. (C) Scratch assay was performed in HDFs with silenced RASA1 expression. *P < 0.05 by
Repeated Measures Two-way ANOVA. The data are presented as mean =+ s.d. (D) Schematic summary of the
role of miR-132 in dermal fibroblasts during skin wound healing.

1% penicillin streptomycin (ThermoFisher Scientific) was then added into the culture plate, which was kept at
37°Cin 5% CO,. Fibroblasts grew out and the culture became confluent in approximately 2 weeks. The third to
tenth passages of HDFs were used in this study.

HDFs were treated with TGF-31 (10 ng/mL, Immuno tools) for 48 hours. TGF- receptor inhibitor, SB431542
(15pM, Tocris), or dimethylsulfoxide (DMSO) as control was applied 15 minutes before adding TGF-(1.

To study the functions of miR-132 in HDFE, HDFs at 60-70% confluence were transfected with 20 nM mir-
Vana™ miRNA mimic for has-miR-132-3p (miR-132 mimics) or miR mimic negative control 1 (Ctrl mimic)
(ThermoFisher Scientific); 20nM miR-132 miRCURY LNA Power inhibitor (miR-132 inhibitor) or negative
control A (Ctrl inhibitor) (Exiqon) using Lipofectamine 2000 (ThermoFisher Scientific). The successful mod-
ulation of miR-132 expression level was confirmed by qRT-PCR (Supplementary Fig. S1). To study the func-
tion of RASA1, 20 nM Silencer select predesigned siRNA for RASA1 (si-RASA1 ID: s4353) or siRNA negative
control number 1 (si-Ctrl) (ThermoFisher Scientific) were transfected into HDFs using Lipofectamine 2000
(ThermoFisher Scientific).

Gene expression microarray. Expression profiling of HDFs transfected with 20 nM miR-132 mimics or
Ctrl mimics for 48 hours (in triplicates) was performed using Affymetrix Genechip system at the microarray
core facility of Karolinska Institute. In brief, total RNA was extracted using the miRNeasy Mini Kit and RNA
quality and quantity were determined using Agilent 2100 Bioanalyzer and Nanodrop 1000. 100 ng of total RNA
were used to prepare cDNA following the Affymetrix 3'IVT Express Kit labelling protocol. Standardized array
processing procedures recommended by Affymetrix including hybridization, fluidics processing and scanning
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were used. Genes showing at least 1.5-fold regulation and P value less than 0.05 were considered to be differen-
tially expressed. Gene ontology analysis was performed according to the Database for Annotation, Visualization
and Integrated Discovery (DAVID v6.7)** 2. Gene set enrichment analysis (GSEA) was performed using public
software from Broad Institute?. The data discussed herein have been deposited in the NCBI’'s Gene Expression
Omnibus (GEO)** (GEO GSE87436).

Analysis of cell motility. For scratch assay, HDFs transfected with 20 nM miR-132 mimics or miR-132
inhibitors or si-RASA1 were grown to full confluence at collagen-coated 6-well plate and a scratch was made with
a 10pL pipette tip. The cells were incubated with DMEM medium with mitomycin C (10 pg/mL, Sigma-Aldrich)
and photographed at the indicated time points. The wound areas were measured using Image J (National
Institutes of Health). Healing rate = 100% - percentage of the initial wound area size.

Transwell migration assay was performed using the BD Chamber (BD Falcon). HDFs were transfected with
20nM miR-132 mimics or miR-132 inhibitors or si-RASAL1 for 48 hours. 1 x 10° transfected cells in serum-free
DMEM medium were placed into the upper chamber of the insert. Medium containing 10% FBS was added into
the lower chamber. 24 hours later, the cells migrating through the membrane were stained with 0.1% crystal violet
and counted under microscope.

Statistics. Statistical significance was determined by two tailed Student’s t-test. Differences between groups
were computed using two-way repeated-measures ANOVA. The P-values of enrichment of biological processes
for the genes regulated by miR-132 were calculated by using Fisher’s exact test. P-value < 0.05 was considered to
be statistically significant.

Study approval. Written informed consent was obtained from all donors for the collection and use of clin-
ical samples. The study was approved by the Stockholm Regional Ethics Committee (Stockholm, Sweden). The
study was conducted according to the Declaration of Helsinki’s principles.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).
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