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ABSTRACT

Diabetic foot ulcers (DFUs) are one of the major complications of diabetes. Its
molecular pathology remains poorly understood, impeding the development of
effective treatments. Although it has been established that multiple cell types,
including fibroblasts, keratinocytes, macrophages, and endothelial cells, all contribute
to inhibition of healing, less is known regarding contributions of individual cell type.
Thus, we generated primary fibroblasts from nonhealing DFUs and evaluated their
cellular and molecular properties in comparison to nondiabetic foot fibroblasts
(NFFs). Specifically, we analyzed both micro-RNA and mRNA expression profiles
of primary DFU fibroblasts. Paired genomic analyses identified a total of 331
reciprocal miRNA–mRNA pairs including 21 miRNAs (FC> 2.0) along with 239
predicted target genes (FC> 1.5) that are significantly and differentially expressed.
Of these, we focused on three miRNAs (miR-21-5p, miR-34a-5p, miR-145-5p) that
were induced in DFU fibroblasts as most differentially regulated. The involvement
of these microRNAs in wound healing was investigated by testing the expression of
their downstream targets as well as by quantifying cellular behaviors in prospectively
collected and generated cell lines from 15 patients (seven DFUF and eight NFF
samples). We found large number of downstream targets of miR-21-5p, miR-34a-5p,
miR-145-5p to be coordinately regulated in mRNA profiles, which was confirmed
by quantitative real-time PCR. Pathway analysis on paired miRNA–mRNA profiles
predicted inhibition of cell movement and cell proliferation, as well as activation of
cell differentiation and senescence in DFU fibroblasts, which was confirmed by
cellular assays. We concluded that induction of miR-21-5p, miR-34a-5p, miR-145-5p
in DFU dermal fibroblasts plays an important role in impairing multiple cellular
functions, thus contributing to overall inhibition of healing in DFUs.

Wound healing is a dynamic cellular response to cutaneous
injury, which requires temporal and spatial regulation of
multiple cell types. However, deregulation of wound
healing-specific cellular processes is a major contributor of
inhibited healing in patients with DFUs. DFUs represent a
major clinical challenge in the current healthcare system.1

It has been established that over 100 known physiologic
factors are involved in the inhibition of wound healing of
DFUs.2,3 Thus, understanding pathophysiology of individu-
al cell type and its implications to cellular functions
in tissue samples from DFU patients may hold a key to
understanding inhibition of healing in DFUs.

Fibroblasts are the major cellular component of dermis.
They play important role in many essential aspects of the
repair processes, including regulation of angiogenesis, col-
lagen depositions, quantity of granulation tissue, as well as
production and remodeling of extracellular matrix (ECM),
all of which are found to be dysregulated in DFUs.4 Nev-
ertheless, the molecular pathophysiology and in-depth phe-
notypic characterization of DFU fibroblasts remains
unexplored.

We and others have shown previously that primary dermal
fibroblasts can be successfully cultured from patients’ biop-
sies obtained from venous leg ulcers (VLUs) and DFUs.5–7
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More importantly, we have demonstrated recently that pri-
mary fibroblasts generated from DFUs not only maintain
DFU pathogenic phenotype in culture but can also cross-talk
to healthy keratinocytes in three-dimensional (3D) organo-
typic cultures, conveying pathogenic signals to healthy
“partner” cells.6 To further understand molecular makeup of
DFU fibroblasts. We used patients’ tissue samples to gener-
ate primary cell lines and utilized genomic approaches to
analyze differential expression of miRNAs and mRNAs.
miRNAs are small noncoding RNAs that regulate
posttranscriptional gene expression by binding to the 30 UTR
of mRNAs, resulting in repression of mRNA translation or
degradation.8 As a class of fine-tuning regulators, miRNAs
have been shown to regulate various pathogenic processes of
skin diseases, such as psoriasis and hypertrophic scarring.9,10

Our lab and others have shown that aberrant expression of
miRNAs can contribute to inhibition of healing in chronic
wounds. In particular, up-regulation of miR-16, miR-20a,
miR-21, miR-106a, miR-130a, and miR-203 were found in
nonmigratory epidermis of VLUs.11 In addition, miR-21 and
miR-130a inhibited epithelialization in vivo and ex vivo by
directly targeting EGR3 and LepR.11 In an ischemic murine
wound model, hypoxia-induced miR-203 and miR-210
expression were found to inhibit wound closure and
keratinocyte proliferation.12 However, the functional role of
miRNAs in fibroblasts derived from DFU tissue have not
been previously investigated.

In this study, we utilized an integrative approach, by
combining genome-wide mRNA and miRNA array analy-
sis of DFU-derived fibroblast (DFUF), miRNA target pre-
dictions, miRNA–mRNA expression pairings and pathway
analysis to identify pathogenic pathways regulated by spe-
cific miRNAs. Utilizing primary fibroblast cell lines gener-
ated from DFUs (DFUFs) and nondiabetic foot fibroblasts
(NFFs) as controls, we identified three miRNAs (miR-34a-
5p, miR-21-5p, and miR-145-5p) as up-regulated along
with their 13 predicted down-regulated target genes. The
following cellular functions: proliferation, migration, dif-
ferentiation, and senescence were evaluated in comparison
of DFUFs to NFFs. Taken together, we conclude that
altered miRNA–mRNA expression in DFUFs contributes
to delayed cell proliferation and migration, as well as
induced differentiation and cell senescence, suggesting that
dysregulation of aforementioned miRNAs may play a sig-
nificant role in DFUs fibroblast function and subsequently
inhibition of wound healing.

MATERIALS AND METHODS

Primary fibroblasts cell culture

Foot skin specimens were obtained under the IRB
approved protocol IRB# 20120574. Diabetic foot ulcer
fibroblasts (DFUF) were generated from tissue samples
obtained at the site of wound edge of diabetic patients
with a nonhealing DFU, and NFF from healthy, non-
diabetic donors. Patient demographics and details of
isolation of primary fibroblasts from skin specimens was
previously described.6,13 Primary fibroblasts were main-
tained in fibroblast growth media containing DMEM (1 g/
L glucose) (Invitrogen, Carlsbad, CA), 10% fetal bovine
serum (HyClone, Logan, UT), HEPES (Sigma-Aldrich, St.

Louis, MO), and Pen/Strep/Fung (Invitrogen) at 37 8C.
Cells were passaged when confluent using 0.05% trypsin/
EDTA (Invitrogen) and all experiments were conducted on
passages 4–7.

RNA extraction, micro-RNA, and mRNA gene

expression arrays

Primary fibroblasts at passage 4 were grown until conflu-
ence and total RNA with miRNA fraction was isolated
using miRNeasy Mini kit (Qiagen, Hilden, Germany) per
manufacturer’s instructions. RNA quality and purity was
examined using nanodrop (Thermo Scientific, Waltham,
MA) and bioanalyzer (Agilent, Santa Clara, CA). Samples
with an RNA Integrity Number (RIN) of 8 or greater were
used.

Eight primary fibroblast cell lines (NFFs (n 5 4) and
DFUFs (n 5 4)), were used to generate miRNA and
mRNA gene expression profiles. NanoString nCounter
microRNA expression assay v2 panel (NanoString, Seattle,
WA) containing 800 mature microRNA probes was used
to analyze microRNA expression profiles. Genome-wide
transcriptional expression was analyzed using Illumina
HumanHT-12 v4 Expression BeadChip array containing
more than 47,000 probes (Illumina, San Diego, CA). Both
miRNA and mRNA expression raw data was analyzed
using GeneSpring GX (Agilent, Japan). The differentially
expressed transcripts were considered to be miRNAs with
p< 0.05 and fold changes �2.0, and mRNAs with
p< 0.05 and fold changes �1.5. MiRNA–mRNA expres-
sion paring analysis and pathway analysis was performed
using online software Ingenuity Pathway Analysis (IPA)
(Qiagen, Redwood City, CA). Nanostring miRNA profiles
are publically available in GEO database under the super
series GSE84971.

MicroRNA quantitative real-time PCR and gene

expression analysis

To provide more power for integration of genomic with
quantitative real-time PCR (qPCR) data, additional NFFs
(n 5 5) and DFUFs (n 5 4) were prospectively generated
and included in validation of miRNA and mRNA expres-
sions. qScript microRNA Quantification System (Quanta
BioSciences, Inc., Gaithersburg, MD) was used to assess
microRNA expression. Briefly, cDNA was synthesized
from total RNA including the microRNA fraction using
the qScript microRNA cDNA Synthesis Kit (Quanta Bio-
Sciences, Inc.). 1 ng of cDNA per PCR reaction was used
with a CFX ConnectTM Real-Time PCR Detection System
(Bio-Rad). Small nucleolar RNA C/D box 48 (SNORD48)
was used as a reference gene to calculate miRNA relative
expression.

For gene expression analysis, cDNA was made using

qScript cDNA Synthesis kit (Quanta BioSciences, Inc.) and
actin related protein 2/3 complex, subunit 2 (ARPC2) was
used as a reference gene. All real-time PCR reactions were
done in triplicate using PerfeCTa SYBR Green SuperMix
(Quanta BioSciences, Inc.). Relative gene expression was
calculated using the ddCT method. Sequence of primers
used in qPCR are presented in Table 1.
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MTT cell proliferation assay

Cell proliferation was measured by using colorimetric
MTT (3-(4,5-dimethylthiazol-2-yl)22,5-diphenyl tetrazolium
bromide) assay (Sigma-Aldrich). In brief, primary fibro-
blasts at passage 6 were seeded at 10 3 103 cells/well in
24-well plate. On day 4 after seeding (�80% confluence),
cells were incubated with 5 mg/mL MTT solution for 4 h at
37 �C. Then MTT solution was aspirated, and the formazan
product was solubilized with dimethyl sulfoxide. Cell prolif-
eration was assessed by measuring the absorbance at
570 nm. Background absorbance was corrected by subtract-
ing readings at 690 nm.

Scratch assay

Primary fibroblasts at passage 6 were grown in 24-well
plates and fibroblast medium was then replaced with
DMEM containing 30 mM glucose for 48 h. Scratches
were performed using a 200-lL pipette tip. Cell migration
were recorded by photographing immediately at 0, 4, and
8 h after monolayer scratch with an inverted microscope.
Migration distance was measured using ImageJ software.
20–25 measurements were taken for each cell line. Rate of
cell migration was expressed as a percent of distance cov-
erage by cells moving into the scratched area for each
time point after wounding. Representative microscopic
images are shown.

Western blot

Protein samples were collected from DFUFs and NFFs
(n 5 6) at passage 1–3. Protein extraction and Western blot
was performed as described previously.14 Antibodies used
in this study included anti-caspase 1(1:1,000; Cell Signal-
ing), -caspase 3 (1:1,000; Cell Signaling), -a-smooth mus-
cle actin (1:1,000; Sigma), and GAPDH (1:2,000; Santa
Cruz) as loading control.

Senescence associated b-galactosidase staining

Staining for SA-b gal was performed by using a commer-
cial b-galactosidase staining kit (Cell Signaling Technolo-
gy, Danvers, MA) as per manufacturer’s instructions. All
the experiments were done in triplicates using passage 7
fibroblasts. Representative microscopic images are shown
in Figure 4.

Immunocytochemistry

Fibroblasts were cultured until reaching confluence and
fixed with 4% paraformaldehyde for 10 min. Cells were
blocked in 5% BSA in PBS for 1 h. Mouse monoclonal
antibodies detecting a-smooth muscle actin (a-SMA) (Sig-
ma) were diluted to 1:10,000 in 5% BSA and incubated
overnight at 4 8C. Signal was visualized using Alexa Fluor
594 (Invitrogen, Carlsbad, CA) secondary antibodies, and
slides were mounted with mounting medium containing

Table 1. Primer sequences of targets genes

Gene Symbol Sequence(50-30)

ABCA1 Forward primer TTCCCGCATTATCTGGAAAGC

Reverse primer CAAGGTCCATTTCTTGGCTGT

CD47 Forward primer AGAAGGTGAAACGATCATCGAGC

Reverse primer CTCATCCATACCACCGGATCT

GAS1 Forward primer ATGCCGCACCGTCATTGAG

Reverse primer TCATCGTAGTAGTCGTCCAGG

GLIS3 Forward primer AGAATGGCCTTGATCTAGGGG

Reverse primer GTGCCAAAAAGGTAGGATGGTAA

IRS1 Forward primer CCCAGGACCCGCATTCAAA

Reverse primer GGCGGTAGATACCAATCAGGT

PDGFD Forward primer TTGTACCGAAGAGATGAGACCA

Reverse primer GCTGTATCCGTGTATTCTCCTGA

PDGFRA Forward primer TTGAAGGCAGGCACATTTACA

Reverse primer GCGACAAGGTATAATGGCAGAAT

PTGFR Forward primer GAGCGGTGTATTGGAGTCACA

Reverse primer GTCCTCGACGCCTGAATTTTA

RECK Forward primer TGTGAACTGGCTATTGCCTTG

Reverse primer GCATAACTGCAACAAACCGAG

S100A10 Forward primer GGCTACTTAACAAAGGAGGACC

Reverse primer GAGGCCCGCAATTAGGGAAA

SPRY1 Forward primer TCCCTGGTCATAGGTCTGAAAG

Reverse primer TGCCGGTTACAGGCCAAAC

STAT3 Forward primer CAGCAGCTTGACACACGGTA

Reverse primer AAACACCAAAGTGGCATGTGA
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DAPI to visualize nuclei (Life Technology). Nikon Eclipse
E800 microscope was used for visualization, and digital
images were collected using SPOT Camera Advanced pro-
gram (Nikon, Melville, NY).

Statistics

Results are presented as mean 6 SEM of at least three
independent specimens. Statistical analyses were per-
formed using Prism (Graphpad Software, La Jolla, CA).
For miRNA and gene expression data, statistical signifi-
cance was determined by two-tailed Mann-Whitney test.
For in vitro cellular functional assays, statistical signifi-
cance was determined by two-tailed unpaired student
t-test. Level of significance were set at p< 0.05. *p< 0.05,
**p< 0.001, ***p< 0.0001.

RESULTS

Microarray analysis reveals differentially expressed

miRNAs and correlated downstream mRNA targets in

primary DFUF

To identify miRNAs differentially expressed in DFUFs
that may delay wound healing, we compared both miRNA
and mRNA profiles of DFUF and NFF cell lines. In previ-
ous studies, the same fibroblast cell lines have been char-
acterized in the perspectives of global DNA methylation,7

and in 3D tissue models,6 in which DFUFs demonstrated
to maintain diabetic ulcer phenotypes by stimulating
hyper-proliferation of keratinocytes, showing reduced stim-
ulation of angiogenesis, reepithelialization, and producing
impaired ECM.6 In this particular study, we focused on
the investigation of intrinsic cellular functions of DFU-
derived primary fibroblasts in comparison to those derived
from healthy nondiabetic foot skin.

Unsupervised hierarchical clustering of both miRNA
and mRNA expression analysis grouped four DFUFs and
four NFFs into two distinct branches, except for one cell
line of each (NFF11 and DFU7) (Figure S1A). Further
analysis in miRNA and mRNA expression similarity test
identified the same cells lines (NFF11 and DFU7) which
did not present similar patterns compared to the rest cell
lines within the same group (Figure S1B). Therefore, we
consider NFF11 and DFU7 as outliers, perhaps as a result
of individual patient variabilities, and were excluded from
subsequent microarray analysis.

On comparative analyses among three DFUF and three
NFF cell lines, we found a total of 21 miRNAs differen-
tially expressed with p< 0.05 and fold change �2.0. Of
these, 11 miRNAs were up-regulated and 10 miRNAs
were down-regulated in DFUFs (Figure 1A). Next, we
incorporated differentially expressed mRNA transcripts
into miRNA profiles by preforming miRNA–mRNA
expression pairing analysis using IPA software. In brief, a
subset of genes from the complete differential expression
profiles of DFUFs were selected when genes meet both of
the following requirements: (1) predicted as targets of dif-
ferentially expressed miRNAs; (2) expression in the oppo-
site direction of their targeting miRNAs (miRNA up/
mRNA down, or miRNA down/mRNA up). The prediction
for miRNA targets was either experimentally observed or

had a high or moderate prediction score calculated by IPA.
Utilizing this approach we selected the specific subset of
mRNAs that were primarily regulated by 21 differentially
expressed miRNAs identified in the same pool of DFUFs.
With the criteria of p< 0.05 and fold change �1.5 for the
differentially expressed mRNAs, we found 239 differen-
tially expressed target genes and 331 reciprocal miRNA–
mRNA pairs in DFUFs vs. NFFs. Paring differentially reg-
ulated mRNAs with miRNAs allowed us to extract specific
functional pathways that are predominantly regulated by
miRNAs identified in DFUF profiles.

miRNA regulatory networks predict impaired cellular

functions

Next, we focused on the abundantly expressed miRNAs
that showed the largest difference in fold change (miR-21-
5p, -34a-5p, -143-3p, -145-5p) between DFUFs and NFFs,
and constructed functional regulatory network with their
paired target genes (Figure S2). Of the 16 miRNA–mRNA
parings that we focused in this study (Figure 1B), 4 pair-
ings have been experimentally validated, including miR-
21-5p/RECK, SPRY1, miR-34a-5p/CD47, miR-145-5p/
IRS115–19; whereas 12 pairings namely, miR-21-5p/CD47,
S100A10, STAT3, miR-34a-5p/GAS1, RECK, IRS1,
PDGFRA, miR-145-5p/ABCA1, GLIS3, PDGFD, PTGFR,
miR-143-3p/PDGFRA are novel and, to the best of our
knowledge, have not been previously described. Interest-
ingly, four genes (CD47, RECK, IRS1, and PDGFRA) are
downstream targets of multiple miRNAs, indicating syner-
gistic relationships of these up-regulated miRNAs. Further-
more, regulatory network mediated by these dysregulated
miRNAs predicts diverse effects on the following cellular
functions, including inhibitions of cell movement and pro-
liferation, activation of cell differentiation and senescence
(Figure 1B).

qPCR validates expression of miRNAs and their

target mRNAs

To validate miRNAs expression data, we performed
miRNA qPCR using a larger set of additional cell lines
generated from prospectively collected tissue samples,
DFUF (n 5 7) and NFF (n 5 8). qPCR shows an induction
of miR-21-5p in DFUFs by 1.6-fold (p 5 0.029), miR-34a-
5p by 2.5-fold (p 5 0.0001), and miR-145-5p by 2.2-fold
(p 5 0.04) (Figure 2A). Due to patient variability, induc-
tion in miR-143-3p (1.9-fold) in DFUFs did not reach sta-
tistical significance (p 5 0.3). However, we found a
significant correlation between the expression of miR-143-3p
and miR-145-5p (r 5 0.92, p< 0.00001) (Figure 2B). In fact,
encoding genes of miR-143 and miR-145 are located in
close proximity on human chromosome 5 and are considered
to be co-transcribed in the same bicistronic transcript.20

Cluster of miR-143/-145 are abundantly expressed specifi-
cally in fibroblasts and smooth muscle cells as oppose to
epithelial and endothelial cells in colon.21 Thus, miRNA
qPCR data using a larger scale of samples are in agreement
with miRNA microarray analysis.

Next, we performed qPCR of mRNA to examine target
gene expressions using the same cohort of primary fibro-
blasts. Consistent with mRNA microarray analysis, 12 tar-
get genes involved in impaired cellular functions were
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significantly down-regulated in DFUFs compared to NFFs
(p< 0.05), namely ABCA1 (9.7-fold), CD47 (1.4-fold),
GAS1 (7.1-fold), GLIS3 (7.6-fold), IRS1 (2.7-fold),
PDGFD (21.5-fold), PDGFRA (17-fold), PTGFR (16.6-
fold), RECK (14.7-fold), S100A10 (13.3-fold), SPRY1
(7.2-fold), STAT3 (5.8-fold) (Figure 2C). Therefore, we
confirmed the induction of miR-21-5p, miR-34a-5p, miR-
145-5p, and 12 of their repressed downstream targets in
DFUFs, further supporting microarray profiling.

DFUFs exhibit delayed cell proliferation, cell

migration, and enriched in myofibroblasts

To investigate miRNA-regulated cellular functions based
on DFUF miRNA–mRNA profiles, we performed MTT

assay, scratch assay, and western blot to evaluate cell pro-
liferation and migration in DFUFs and compared them to
NFFs (Figure 3A–C). We found a statistically significant
decrease in cell proliferation of DFUFs compared to NFFs
by day 4 after seeding (p 5 0.036) (Figure 3A). Mean-
while, DFUFs migrated slower than NFFs at 4 and 8 h
after wounding (p< 0.05) (Figure 3B and C). Taken
together, we conclude that functional cellular assessments
confirmed inhibition of cell proliferation and migration in
DFUFs as predicted by miRNA regulated regulatory
networks.

According to IPA analyses (Figure 1B), all four miR-
NAs (miR-21-5p, 234a-5p, 2143-3p, 2145-5p) are
involved in activated cell differentiation. Hence, we uti-
lized antibodies against a myofibroblast marker, a-smooth

Figure 1. Diabetic foot ulcer fibroblasts (DFUFs) miRNA profiles reveal differentially expressed miRNAs as compared to nor-

mal foot fibroblasts (NFFs). (A) Heat maps demonstrating normalized miRNA expression levels in DFUFs and NFFs. Differen-

tially regulated miRNAs (n 5 21) are identified by student t-test (p< 0.05) with a fold change greater than 2.0. (B) Predicted

regulatory effects in signaling pathways based on the expressions of paired miRNAs (FC>2.0) and mRNAs (FC>1.5) identi-

fied from DFUF profiles (p<0.05). Network was constructed by IPA. Red and green colors indicate up- and down-regulated

miRNAs/genes, respectively. Orange and blue colors indicate predicted activation and inhibition, respectively.

Liang et al. miRNA–mRNA profiles reveal impaired healing in DFU fibroblasts
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Figure 2. qPCR validation of dif-

ferentially regulated miRNAs and

target genes. (A) qPCR validation

of differentially expressed

miRNAs in DFUFs vs. NFFs. (B)

Positive correlations between

miR-145-5p and miR-143-3p.

(C) qPCR validation of differential-

ly expressed mRNAs in DFUFs

vs. NFFs. Plots represent the

averaged relative expression

levels of mRNA of DFUFs (n 5 7)

samples and NFFs (n 5 8)

samples. *p< 0.05, **p< 0.001,

***p< 0.0001.
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muscle actin (a-SMA), to evaluate cell differentiation in
fibroblasts (Figure 3D–F). We identified a 4.8-fold
induction of a-SMA expression in DFUFs (p 5 0.039) by
western blot (Figure 3D and E), and an increased number
of a-SMA1 cells by immunofluorescent staining
(Figure 3F). These observations once again confirmed the
predictions generated by miRNA regulatory networks, sug-
gesting myofibroblasts are not only present in DFUF pri-
mary cell cultures but are also statistically significantly
increased when compared to NFFs.

DFUFs show induced cell senescence

Another activated cellular function predicted by IPA analy-
sis is cell senescence (Figure 1B). Out of 50 genes previ-
ously identified from replicative senescent fibroblasts,22

we found 12 genes regulated to the same directions
(DFUFs vs NFFs, t-test, p< 0.05) (Figure 4A). To func-
tionally validate genomics findings we examined cell
senescence in DFUFs, using senescence associated
b-galactosidase staining (Figure 4B and C). We stained

Figure 3. Cell proliferation and cell migration are delayed and myofibroblasts are enriched in DFUFs compared to NFFs.

(A) Quantifications of MTT cell proliferation assay and (B) scratch wound assay for DFUFs (n 5 3) and NFFs (n 5 3). (C)

Representative phase contrast microscopic images of scratch wounds of DFUFs and NFFs at 0, 4, and 8 hours. (D)

Western blot and (E) quantifications of a-SMA in DFUFs and NFFs (n 5 6). (F) Representative immunofluorescence

images of a-SMA staining. Results are expressed as mean 6 S.E.M of each group of fibroblasts. *p< 0.05. Scale bar

100 mm.

Liang et al. miRNA–mRNA profiles reveal impaired healing in DFU fibroblasts
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both DFUF and NFF cell lines at passage 7 and found a
2.5-fold increase in the number of SA-b-gal positive cells
in DFUFs as compared to NFFs (p 5 0.04). Hence, we
conclude that genomic data functionally correlate with
induced senescence in DFUFs.

DISCUSSION

Emerging evidence suggests that dysregulated expression
of miRNAs has substantial influences on cellular transcrip-
tome, and eventually leads to impaired cellular functions
in skin diseases.9–11 In this study, we utilized an integra-
tive miRNA–mRNA array analysis to identify potential
miRNA mediated regulatory mechanisms in DFU-derived
primary dermal fibroblasts that may contribute to the
development of DFUs. Using this approach, we identified
331 reciprocal pairs of miRNA–mRNA that were differen-
tially expressed between DFUFs and NFFs. We focused
our study on the changes in DFUF transcriptome regulated

by 43 induced miRNAs (including miR-21-5p, miR-34a-
5p, miR-143-3p, and miR-145-5p cluster) that lead to
impaired fibroblast functions, such as reduced cell migra-
tion and proliferation, induced cell differentiation and
senescence, which represent key processes by which der-
mal fibroblasts support normal wound healing.

Several identified miRNAs and their target genes con-
tribute to tissue fibrosis, which is one of histopathologic
characteristics associated with DFUs.23 Up-regulation of
miR-21-5p has been observed in dermal compartment of
chronic wounds and skin diseases, including in primary
dermal fibroblasts derived from VLUs11 and systemic scle-
rosis,24 as well as in normal dermal fibroblasts that under-
go replicative and stress-induced senescence stage.25

Consistent with these observations, we found a significant
increase of miR-21-5p expression in DFUF, and corre-
sponding down-regulation of its five target genes, namely
integrin associated protein (CD47), S100 calcium binding
protein A10 (S100A10), protein sprouty homolog 1

Figure 4. Cell senescence is induced in DFUFs compared to NFFs. (A) 12 differentially regulated genes previously reported20

in senescent fibroblasts are identified from DFUF profiles. (B) Representative phase contrast microscopic images and (C)

Quantifications of senescence-associated b-galactosidase staining in DFUFs and NFFs. *p< 0.05. Scale bar 100 mm.

miRNA–mRNA profiles reveal impaired healing in DFU fibroblasts Liang et al.
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(SPRY1), signal transducer and activator of transcription 3
(STAT3), reversion-inducing-cysteine-rich protein with
kazal motifs (RECK). It has been reported that miR-21-5p
suppresses RECK and SPRY1 expression by direct target-
ing 30-UTR.15,19 RECK is a membrane-anchored glycopro-
tein, which negatively regulates MMPs26,27 and modulate
cell-ECM interaction.28 SPRY1 is a potent inhibitor of
the Ras/MEK/ERK pathway.29 Down-regulation of SPRY1
by hypoxia-mediated miR-21 induction leads to hypoxia-
induced cell death and cell-cycle arrest.17 Moreover, miR-
21-mediated SPRY1 down-regulation has been linked to
interstitial fibrosis in various organs.19,29,30 Therefore,
miR-21 induction may also lead to development of fibro-
sis. In addition to miR-21, miR-145 has been shown to
regulate fibroblast differentiation and myofibroblast func-
tions in the pathogenesis of fibrosis of multiple
organs.9,13,31,32 TGF-b1 has been shown to induce expres-
sion miR-145/-143 cluster, which in turn inhibits Kruppel-
Like Factor 4 (KLF4), a known inhibitor of a-SMA, hence
up-regulating a-SMA expression and functions of skin
myofibroblasts.33 In this study, we showed both induced
expression of miR-145 and, as a consequence, up-
regulation of a-SMA expression in DFUFs. Since myofi-
broblasts facilitate wound contraction, specifically in
granulation tissue during acute wound healing, it is tempting
to speculate that the up-regulation of miR-145-5p contrib-
utes to the deregulation of fibroblast differentiation. Provid-
ing that the appropriate execution of the wound healing
process is dependent on temporal cellular functions, de-
regulation of fibroblast differentiation and increased myofir-
oblast population at the wrong time may be detrimental to
healing. The specific role of miR-145 in enrichment of
myofibroblast population in DFUs remains to be further elu-
cidated. Collectively, induction of both miR-21-5p and
miR-145 found in DFUFs may contribute to myofibroblast
differentiation and tissue fibrosis found in DFUs.

In addition to fibrosis, changes in cellular migration and
proliferation were also found in DFUs and confirmed in
cellular assays using DFUFs. The changes in these cellular
functions correspond to induction of several miRNAs,
including miR-21 and miR-145. Predicted downstream
targets miR-21-5p S100A10, STAT3, and CD47, are inten-
sively involved in regulation of cell migration and prolifer-
ation. Down-regulation of S100A10 decreases migration
and proliferation of A549 cells via the interaction with
DLC1.34 Embryonic fibroblasts derived from STAT3-null
mice display migratory deficiency35 and blockade of
STAT3 expression decreases renal fibroblast prolifera-
tion.36 Furthermore, inhibition of active CD47 decreases
cellular migration.37 Another miRNA that, together with
miR-21-5p, may contribute to deregulation of migration
and proliferation is miR-145. It is known as a tumor sup-
pressor frequently reduced in cancers, displaying inhibitory
effects in cell proliferation and migration.38–40 Indeed,
multiple target genes of miR-145 we identified in DFUFs
regulate cell migration and proliferation. miR-145 was
shown to suppress cell growth by down-regulating insulin
receptor substrate-1 (IRS-1), one of the key molecules in
insulin-like growth factor (IGF)-I and insulin mediated
intracellular signaling.41 miR-145 is also known to targets
platelet derived growth factor D (PDGFD), which acts as
fibroblast mitogen/chemoattractant and stimulates choroi-
dal fibroblast proliferation, survival and migration.42 Taken

together, induction of miR-145-5p found in DFUFs, is
shown to be a potent regulator of multiple fibroblast func-
tions, including cell proliferation, migration and myofibro-
blast differentiation, all of which have been confirmed in
cellular assays. In addition, induction of miR-21 in DFUFs
may also contribute to delayed cellular proliferation and
migration and induction of senescence.

Although up-regulation of miR-34a has been detected in
the serum of type 2 diabetes patients,43 we have previously
shown that its expression remains unchanged in diabetic
fibroblasts derived from intact foot skin,13 suggesting the
induction miR-34a found in DFUF is associated with
ulceration, rather than with diabetes. Interestingly, miR-
34a has been reported linked to fibroblast senescence.44,45

Up-regulation of miR-34a is observed in both irreversible
proliferative arrest of replicative senescence and hydrogen
peroxide-induced premature senescence.44,45 It shifts pro-
liferating cells to senescence via either or both p53/p21
and p16/pRb pathways.46 Moreover, in another type of
chronic nonhealing wound, VLUs, characteristics associat-
ed with senescent cells have been observed in fibroblasts
derived from wound edge.47 In consistency, down-
regulation of GAS1 was also observed in DFUF profile.
Although the specific regulatory pathways that are driving
DFU fibroblast to senescence stage remain to be deter-
mined, it is highly possible that miR-34a contribute to this
process.

Altered miRNA and gene expression profiles of DFUFs
may be associated with different fibroblast lineages. How-
ever, very little is known regarding miRNA-mediated regu-
lation of distinct linages. Our data may indicate that
inhibited proliferation and activated differentiation is con-
sistent with characteristics of reticular fibroblasts.48–50

However, there is no distinctive lineage phenotype that
emerged in our analyses and further studies are needed to
better characterize DFUF population.

Our previous study showed that diabetic foot fibroblasts
have very similar miRNA and mRNA profiles compared
to NFFs,13 and deregulated miRNA–mRNA pairings we
identified here are specific in DFUFs. Therefore, it is rea-
sonable to conclude that altered miRNA expression cou-
pled with impaired cellular functions are associated with
ulceration, but not an outcome of pathologic process diabe-
tes. In summary, our findings suggest that aberrant expres-
sion of three miRNAs (miR-21-5p, miR-34a-5p and miR-
145-5p) lead to deregulation of DFU derived fibroblasts
and cellular functions indispensable for successful wound
healing: proliferation, migration, differentiation, and
senescence.
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