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Abstract

Diabetic foot ulcers (DFUs) are a debilitating complication of diabetes in which bacterial
presence, including its frequent colonizer Staphylococcus aureus, contribute to inhibition of
healing. MicroRNAs (miRs) play a role in healing and host response to bacterial pathogens.
However, the mechanisms by which miR response to cutaneous S. aureus contributes to DFU
pathophysiology are unknown. Herein we show S. aureus inhibits wound closure and induces
miR-15b-5p in acute human and porcine wound models, and in chronic DFUs. Transcriptome
analyses of DFU tissue revealed induction of miR-15b-5p to be critical, regulating many cellular
processes, including DNA repair and inflammatory response, by suppressing downstream targets
IKBKB, WEE1, FGF2, RAD50, MSH2 and KIT. Using a human wound model we confirmed that
S. aureus-triggered miR-15b-5p induction results in suppression of inflammatory- and DNA
repair-related genes, IKBKB and WEEL. Inhibition of DNA repair and accumulation of DNA
breaks was functionally confirmed by the presence of the pH2AX within colonized DFUs. We
conclude that S. aureus induces miR-15b-5p, subsequently repressing DNA repair and
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inflammatory response, revealing a previously unreported mechanism of inhibition of healing in
DFUs. This underscores a previously unknown role of DNA damage repair in pathophysiology of
DFU colonized with S. aureus.

Introduction

The pathophysiology of diabetic foot ulcers (DFUs) is complex and poorly understood,
making development of efficacious treatments challenging (Eming et al., 2014, Gregg et al.,
2014). Diabetes mellitus (DM) (CDC 2014) is common and costly, with DFU costing
approximately ~9-13 $billion/year (Rice et al., 2014), highlighting the unmet clinical need to
better understand the mechanisms that impair healing in DFUSs.

The development of DFUs is multifactorial, involving both extrinsic and intrinsic factors.
External factors include wound colonization and infection, excessive pressure, and repeated
trauma (Stojadinovic et al., 2012, Tsourdi et al., 2013), while intrinsic factors such as
neuropathy and vascular insufficiency can alter the metabolic state/function of multiple cell
types required for wound healing (Fadini et al., 2016, Hu et al., 2015, Maione et al., 2015,
Tsourdi et al., 2013). A proper inflammatory response is essential to start the healing
process, avoid infection, remove debris, and induce cell proliferation (Pastar et al., 2014,
Yang et al., 2013), whereas dysregulated and prolonged inflammation can lead to tissue
damage, inhibition of epithelialization and unresolved infection (Hu et al., 2015, Tsourdi et
al., 2013, Yang et al., 2013). Patients with DFUs are highly susceptible to rapidly spreading
infection that can lead to soft tissue damage, osteomyelitis and DFU-related amputations
(Lavery et al., 2015, Miyajima et al., 2006). While Staphylococcus aureis is the prevalent
pathogen in DFUs (Fadini et al., 2016, Gardner et al., 2013, van Asten et al., 2016), the
mechanisms by which it may inhibit DFU healing remain largely unknown.

Bacterial pathogens can modulate host response through small non-coding regulatory RNAs,
miRs, to establish and maintain infection (Chu et al., 2017, Eulalio et al., 2012, Kumar et al.,
2016, Roy et al., 2014). However, miR response to S. aureus remains unexplored (Pastar et
al., 2011, Tanaka et al., 2017). The miR-15/16 family was previously associated with
bacterial infection in mice (Hsieh et al., 2012) and patients (Wang et al., 2015). Hence, we
postulate that cutaneous wound colonization with S. aureus regulates the expression of
miR-15 to contribute poor healing of DFUs. Indeed, we found that S. aureus induces host
miR-15b-5p in both acute wounds and DFUs. S. aureus -mediated overexpression of
miR-15b-5p resulted in suppression of DNA damage repair mechanisms and inflammatory
response in DFUs. This effect was further confirmed by a comprehensive gene expression
analysis from the DFU tissue colonized by S. aureus. Predictive analysis of upstream
regulators of gene expression using Ingenuity Pathway Analysis (IPA) software identified
miR-15b-5p as a master regulator in DFUs. Putative target genes of miR-15b-5p involved in
DNA repair (WEE1, RAD50, MSH2 and KIT) and inflammatory response to wounding
(IKBKB and FGF2) were down-regulated in DFUs. As a consequence of inhibition of DNA
repair mechanisms, DNA double strand breaks (DSB) were accumulated in DFU tissue as
indicated by the presence of pH2AX. Furthermore, overexpression of miR-15b-5p in
keratinocytes or S. aureus infected human ex-vivo wounds down-regulated identified target
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genes. We found a novel mechanism of S. aureus-mediated induction of miR-15b-5p
resulting in de-regulation of DNA repair mechanisms and inflammatory response,
contributing to inhibition of healing in DFUs.

miR-15b-5p is induced by S. aureus and is up-regulated in DFUs

Bacteria, including S. aureus, predominant in DFUSs, can alter miR expression of host cells,
such as the miR16/15 cluster (Cervantes-Garcia et al., 2015, Eleftheriadou et al., 2010,
Hsieh et al., 2012, Jin et al., 2014). To test whether S. aureus induces miR-15b-5p
expression, we used human ex-vivo and porcine in-vivo wound models (Pastar et al., 2012 ,
Stojadinovic and Tomic-Canic, 2013). MRSA presence in wounds resulted in inhibition of
epithelialization, as observed with H&E and keratin 6 (K6) immunostaining (Figure 1a-b)
(Pastar et al., 2013). Presence of S. aureus up-regulated miR-15b-5p expression in both,
human ex-vivo and in porcine /n-vivo acute wounds (Figure 1c). In contrast, wounding itself
without presence of bacteria resulted in suppression of miR-15b-5p expression (Figure 1d).
In addition, infection of /n vivo porcine wounds with Pseudomonas aeruginosa (a common
gram negative chronic wound colonizer) did not cause changes in miR-15b-5p expression
(Figure S2a).

To determine whether miR-15b-5p is induced in DFUs colonized with S. aureus, we
collected full thickness tissue samples from the wound edge of DFUs, and controls of non-
ulcerated human foot skin (FS) (Ramirez et al., 2015). All DFU samples had
histopathological characteristics of chronic wounds (Stojadinovic et al., 2005, Stojadinovic
etal., 2013) (Figure S1). We developed and successfully utilized an approach to identify S.
aureus in formalin fixed-paraffin embedded (FFPE) DFU tissue. Total DNA from DFU
FFPE blocks was extracted and the presence of the S. aureus-specific thermonuclease gene
(nuc) (Redel et al., 2013) was analyzed by TagMan gPCR. As expected, even without
clinical signs of infection, all DFU tissue samples were positive for the nuc, which confirms
colonization by S. aureus, whereas nuc gene was not amplified in control samples (Figure
1e). Furthermore, we found induction of miR-15b-5p in these DFU tissue samples (Figure
1f). We have previously shown that the epidermal cells are major contributors of the gene
expression observed in full thickness biopsies (Ramirez et al., 2015). Thus, we performed
laser capture microdissection of the epidermis of DFUs and generated PCR based miR
arrays (data not shown) to compare it to previously published FS epidermal miR profiles
(Ramirez et al., 2015), and confirmed that miR-15b-5p is up-regulated in the epidermis of
DFUs in comparison to FS (Figure S2¢). We conclude that S. aureus triggers miR-15b-5p
induction, thus altering the host miR response to wounding.

Gene expression profiles of DFUs and functional analysis identify functional enrichment of
DNA repair genes

To elucidate transcriptional alterations in DFUs and identify miR-15b-5p target genes, we
used the Affymetrix Hugene 2.0 microarrays to perform a differential gene expression
analysis between DFU (n=6) and FS (n=6) specimens. We identified 3900 de-regulated
genes in DFUs (2-fold or more, False Discovery Rate (FDR) <0.05), with 75% (2829 genes)
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being suppressed (Figure 2a) (Gene Expression Omnibus (GEO) accession GSE80178). We
then used the Ingenuity Pathway Analysis software (IPA) (Kramer et al., 2014) to find
enriched cellular functions deregulated in DFUs. The most affected categories were DNA
repair, cell death/survival, and regulation of gene expression, all of which were strongly
suppressed in DFUs (Figure 2b). Multiple processes needed for successful wound healing
such as cellular movement, cellular growth and proliferation, and the inflammatory response
were also deregulated in DFU tissue (Table S1).

Given the suppression of the DNA repair associated genes, we evaluated the presence of
double-strand DNA breaks in DFU tissue. We detected high levels of phosphorylated-H2AX
(pH2AX), a marker for DNA damage, in DFUs but not in control non-ulcerated FS,
confirming the presence of double-stranded DNA breaks in DFUs (Figure 2c). Consistent
with the presence of double-stranded DNA breaks in DFUs, immunoperoxidase staining of
pH2AX revealed a strong nuclear staining in the epidermis of DFUs but not in FS (Figure
S3).

IL1A, a direct sensor of DNA damage that acts as a triggering signal of tissue repair and
inflammation upon DNA breaks (Idan et al., 2015) was found induced in these DFUs,
measured by gPCR (Figure 2d), suggesting this is a downstream consequence of increased
DNA damage detected in DFUSs.

Network analysis and microarray validation independently confirm miR15b-5p as a master
regulator in DFUs, targeting DNA repair and inflammation

To identify the genes and their regulators driving overall gene expression suppression and
down-regulation of DNA repair in DFU, we generated a regulatory network using IPA tools,
comprising enriched upstream regulators and their target genes (Figure. 3a). Multiple
transcription factors and genes belonging to signaling pathways were suppressed in DFUS,
including inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB), activating
transcription factor 2 (ATF2), and genes involved in DNA repair (MutS Homolog 2-MSH2;
Double Strand Break Repair Protein-RADS50; WEE1 G2 Checkpoint Kinase-WEE1; Tumor
Protein P53-TP53; Proto-Oncogene Receptor Tyrosine Kinase-KIT; fibroblast growth factor
2-FGF2). The array data were confirmed by gPCR in 10 DFU tissue samples (Figure 3b).
We also validated suppression of IKBKB, a key regulator of the NFKB pathway and
inflammatory response, as well as MSH2, an essential DNA repair gene at the protein level
using western blot and immunostaining, respectively (Figure 3c and 3d; corresponding lower
magnification images and histology of these sections are shown in Figure S4). While normal
skin exhibited strong nuclear staining of MSH2, overall staining was reduced in DFUs,
further confirming suppression of DNA repair mechanisms in DFUs

To predict potential miRs as likely upstream regulators of gene expression in DFUs we used
upstream regulator analysis tools in IPA (p < 0.05). This approach identified 8 miRs
predicted to be up-regulated in DFUs (Figure 4a), with miR-15b-5p being the top predicted
(Z-score=4.5, p=1.02*1079). IPA predicted miR-15b-5p targeting of multiple genes within
the DFU network including MSH2, RAD50, FGF2, WEE1, IGF1 and IKBKB (Figure 3b),
supporting the notion that S. aureus induces miR15b-5p that in turn downregulates DNA
damage repair response and dysregulates the inflammatory response.
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To test whether miR-15b-5p regulates the expression of target genes dysregulated in DFUs,
we transfected human keratinocytes with either the synthetic mimic miR-15b-5p or a control
mimic-miR. We confirmed down-regulation of IKBKB, and WEEL1 in keratinocytes
overexpressing miR-15b-5p (Figure 4c). In addition to inducing miR-15b-5p /n vitro, we
used S. aureusto induce miR-15b-5p in human ex-vivo acute wounds and confirmed down-
regulation of its targets, IKBKB and WEEL1 (Figure 4d). Lastly, to validate IKBKB and
WEEL direct targeting by miR-15b, we constructed pmiRGLO luciferase reporter vectors
with the 3’UTRs of IKBKB or WEE1, which were co-transfected with either miR-15b-5p or
mimic-miR control. We found a significant reduction in the luciferase signal in the case of
both, 3’UTR IKBKB and WEEL1 constructs, unique to the cells co-transfected with
miR-15b-5p, thus confirming direct targeting (Figure 4e).

We conclude that S. aureus induces expression of miR15b-5p and corresponding suppression
of its downstream target genes involved in DNA repair and inflammatory response in
infected acute wounds /7 vivo, ex-vivoand in patients with DFUs revealing to our
knowledge previously unreported mechanism that contributes to inhibition of wound closure
(Figure 5).

Discussion

Chronic wounds, including those without clinical signs of infection, are commonly
colonized by both commensal and pathogenic bacteria (Bowler et al., 2001, Frank et al.,
2005). S. aureus and other skin commensal bacteria can elicit cutaneous response in intact
skin and also become pathogenic when there are skin barrier defects such as chronic ulcers
or dermatitis (Dunyach-Remy et al., 2016, Nakatsuji et al., 2016). Here we describe, to the
best of our knowledge, previously unreported mechanism by which presence of S. aureus in
the wound triggers induction of miR-15b-5p, diminishing DNA repair and de-regulating
inflammatory response in patients with DFUs. Although, this may not be unique to S.
aureus, another common colonizer of chronic wounds, Pseudomonas aeruginosa did not
show similar effect, suggesting some specificity. We based these conclusions on the data
from acute human ex-vivo and porcine /n-vivo wound models, and comprehensive genomic
analyses of DFU tissue samples colonized with S. aureus. To the best of our knowledge, this
mechanism has not been implicated in pathophysiology of DFU and aids in better
understanding of DFUs, allowing new insights for more precise therapeutic approaches. It is
known that DFUs are prone to infection (Mancl et al., 2013, Zhao et al., 2013) and are
colonized by S. aureus (Cervantes-Garcia et al., 2015, Eleftheriadou et al., 2010, Tentolouris
et al., 1999). Although mechanisms of MRSA-mediated inhibition of healing in animal
models are being studied (Pastar et al., 2013), the contribution of S. aureusto DFU
chronicity and inhibition of healing is not fully understood. Bacteria can enact changes in
miR expression in cells (Jin et al., 2014, Naeem et al., 2012). Additionally, it has been
shown that reactive oxygen species (ROS), for example triggered by bacteria in the ulcers,
can induce the miR-15 family (Dhall et al., 2014, Dunnill et al., 2015, Santosa et al., 2015).
Therefore, S. aureus-mediated induction of miR-15b-5p found in DFUs and infected acute
wounds suggests this mechanism of action to inhibit healing. Our data further suggest that
the persistent colonization of S. aureus, and consequent miR-15b-5p overexpression, may
lead to more severe deep tissue infection by causing detrimental effects on DNA repair
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mechanisms and the inflammatory response, resulting in accumulation of DNA damage and
perturbed inflammatory conditions detrimental to healing of DFUs (Figure 5).

We propose impaired DNA repair, previously unlinked to chronic wounds, as an additional
culprit in the dysfunctional healing processes central to DFU formation and persistence.
Taking advantage of the upstream regulator prediction built in IPA and its building tools to
create a network connecting and expanding upstream regulator genes interactions that were
de-regulated in DFUs, highlights miR-15b-5p as one of the ‘master’ regulators.
Confirmation of down-regulation of expression of KIT, MSH2, RAD50, FGF2, WEEL, and
IKBKB and particularly WEE1, RAD50 and FGF2, underscores DNA repair process in
DFU pathophysiology (Cannon et al., 2013, Do et al., 2013, Guertin et al., 2013, Harfouche
et al., 2010). RADS50 directly participates in the initiation and coordination of DSB repair
(Cannon et al., 2013), whereas WEE1 and FGF2 are required for successful repair process.
WEEL1 is a DNA damage G2-M checkpoint kinase responsible for stopping DNA replication
and arresting the cell cycle after DNA damage (Do et al., 2013, Guertin et al., 2013).
Furthermore, FGF2 signaling pathway has been shown to be induced in keratinocyte
progenitor cells upon irradiation, and its abrogation resulted in increased DNA damage
(Harfouche et al., 2010). MSH2 is a part of two heterodimeric complexes MutSa (with
MSH®6) and MutSp (with MSH3) that recognize and repair DNA mismatches or small
insertion deletion loops, respectively. MSH2 mutations lead to deficiency in DNA repair and
genomic instability (Diouf et al., 2011). miR-15b-5p induction has previously been linked to
DNA breaks and increased pH2AX levels in cancer cells through targeting of WEE1 (Mei et
al., 2015). Interestingly, in spite of suppression of DNA repair, accumulation of DSB often
seen in cancer and previously reported activation of b-catenin and c-myc, DFUs rarely
develop cancers (Park et al., 2016). Suppression of all of these miR-15b-5p target genes
together with confirmed accumulation of DSB indicates accumulation of danger-associated
molecular patterns that can contribute to chronic inflammation in DFU triggered by S.
aureus colonization.

Other wound healing processes were also enriched in the list of DFU regulated genes, but
did not exhibit clear positive or negative regulation. For example, it was expected that
inflammatory response would be highly activated, and although significantly enriched
(p=2.53x1079), it was not clearly induced (Z-score=1.4) (table S1). Unresolved sub-optimal
inflammatory response was also found in another type of chronic wounds, venous leg ulcers
(Stone et al., 2017). Findings we present here support the notion that de-regulation of
inflammatory response is what contributes to chronic presence of not very effective
inflammation. We confirmed suppression of IKBKB on both mRNA and protein levels.
IKBKB is a positive regulator of the inflammatory response and an important upstream
modulator of NF-kB pathway. Its inhibition reduces the inflammatory response and pro-
inflammatory cytokine production in response to LPS (Novoselova et al., 2014), and may
contribute to diminished ability of DFUs to respond to pathogens. By suppressing the key
regulator gene IKBKB, S. aureus-induced miR-15b-5p may affect multiple signaling
pathways including NF-KB, IL6, I1L8, IL12, PI3K/AKT, and PTEN (Ding et al., 2013, Li et
al., 2010) contributing to suppression of the inflammatory phase of wound healing, which is
required for a proper healing response and clearing bacterial contamination. On the other
hand, unresolved DNA damage contributes to induction of IL1A in DFUs (Idan et al., 2015).
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One can speculate that such mixed signals, which result in the opposite regulation of
inflammatory response contribute to clinically observed, perpetual and detrimental
inflammation in DFUs that does not progress to proliferative phase of healing and
contributes to inhibition of healing (Figure 5).

Conclusion

Induction of miR-15b-5p by S. aureus contributes to impaired DNA repair mechanisms,
leading to accumulation of DSB, which subsequently serves as a facilitator for the persistent,
unresolved inflammatory state found in DFUs. Taken together, S. aureus colonization can
have central effect to DFU pathophysiology highlighting miR-15b-5p as one of major
regulators that can serve as a potential therapeutic target and/or a biomarker.

Materials and Methods

Tissue collection

Full thickness skin/DFU samples were obtained from consenting patients receiving standard
care at the University of Miami Hospital. These protocols including written informed
consent were approved by the university Institutional Review Board (IRB protocols
#20140473;#20090709). Patient demographics and sample characteristics are included in
Supplemental Table S2. Ulcers did not have any clinical signs of infection. Biopsies were
stored in RNALater (Applied Biosystems, Carlsbad, CA) for RNA isolation, snap frozen
(protein isolation), or fixed in formalin (paraffin embedding).

DNA extraction from formalin fixed paraffin embedded DFU tissue (FFPE) and detection of
S. aureus by PCR.

Total DNA from DFU FFPE blocks, was extracted from 3 sections (10um thick) using the
GeneRead DNA FFPE kit (QIAGEN, Valencia, CA) following manufacturer’s instructions.
PCR (gPCR) reactions were performed in triplicate using 2X RT-PCR reaction mix for
probes (Bio-Rad, Hercules, CA). The primers used were the following: Nuc-F-162
GTTGTAGTTTCAAGTCTAAGTAGCTC, Nuc-R-162 AACCGTATCACCATCAATC, Nuc-
probe-162 ATCCAACAGTATATAGTGCAAC (Redel et al., 2013).

RNA extraction and quality control

Total RNA, including the miR fraction, was extracted using the miRNeasy kit (QIAGEN,
Valencia, CA) per manufacturer’s instructions. RNA quality was assessed using the
AGILENT bioanalyzer (Agilent Technologies, Palo Alto, CA) to estimate the RNA integrity
number (RIN). Samples with a RIN>5 were used for mRNA profiling.

MRNA profiling of DFU tissue analysis

Transcriptome profiling was performed using Affymetrix GeneChip Human Gene 2.0 ST
microarrays. CEL files alongside previously published control foot skin (FS) (GSE68186,
(Ramirez et al., 2015)) were imported and processed into Expression Console™ Software
(Affymetrix, Santa Clara, CA) for gene level normalization and signal summarization using
default parameters. Control samples of foot skin were profiled and described previously
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(Ramirez et al., 2015). Very minor gene expression differences between diabetic and non-
diabetic foot skin were found and both were used as controls. The output files were analyzed
in Transcriptome Analysis Console (TAC) 3.0 Software to identify differentially expressed
genes between DFU and control FS, and carry out clustering analysis. Genes with an
FDR<0.05 and a fold-change = 2 in any direction were considered differentially regulated.
The microarray profiles of DFU were deposited in GEO database, GSE80178.

IPA network and upstream regulator analysis

The list of differentially regulated genes with their fold change expression was imported into
Ingenuity Pathway Analysis software (IPA, QIAGEN). A core analysis was carried out on
the data set, which includes functional enrichment analysis and upstream regulator
prediction. Both analyses include activation scores (Z-scores) prediction, which serves as an
indication whether a function or an upstream regulator gene is activated or suppressed based
on known literature incorporated into IPA database (Kramer et al., 2014). Gene networks
were built using the IPA builder tools, connecting and expanding the interactions between
the top predicted upstream regulators also found to be regulated in the microarray data, and
discarding conflicting interactions.

Real-time qPCR gene expression and miR analysis

cDNA was made with gScript™ Synthesis kit (Quanta BioSciences Inc.,Gaithersburg, MD).
ARPC2 was used as a reference gene for normalization. All real-time PCR (qPCR) reactions
were performed in triplicate using PerfeCTa® SYBR® Green SuperMix (Quanta
BioSciences) and quantified using the ddCT method. The primer sequences are listed in
Table 1.

The gScript™ microRNA Quantification System (Quanta BioSciences, Inc.) was used for
miR expression using cDNA generated by the gScript™ microRNA cDNA Synthesis Kit. 50
pg of initial RNA/PCR reaction was used on a CFX Connect™ gPCR Detection System
(Bio-rad, Hercules, CA). SNORDA48 was used as a reference gene to normalize miR
expression.

Protein isolation and western blot

Proteins were extracted using Tissue-PE LB Kit (Geno technology, MO). Membranes were
probed with anti-pH2AX Ser139 rabbit mAb (Cell Signaling, Danvers, MA) and anti-
IKBKB rabbit polyclonal antibody (Sigma-Aldrich, St. Louis, MO). Membranes were
incubated with their appropriate horseradish peroxidase-conjugated secondary antibodies
(Cell Signaling) and developed using an enhanced chemoluminescence detection system
(Amersham Biosciences, Arlington Heights, IL). Anti-ARPC2 antibody was used as a
loading control (Santa Cruz, Dallas, TX) and quantified with Image lab software (Bio-Rad).

Immunofluorescence and immunohistochemistry

5-7 um thick formalin-fixed, paraffin-embedded tissue sections were deparaffinized with
xylene (EMD, Gibbstown, NJ), rehydrated, and H&E stained or processed for
immunostaining as previously described (Ramirez et al., 2015). Anti MSH2 (H-300) rabbit
polyclonal antibody (Santa-Cruz) was used at 4°C, overnight or anti K6 rabbit polyclonal
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antibody (gift from Dr. P. Coulombe, Johns Hopkins University) (Hutton et al., 1998). Signal
was visualized using Alexa-Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA) and
mounted with media containing 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA) to visualize cell nuclei.

5-7 um thick frozen tissue sections were fixed in cold acetone (-20°C) for 10 min washed in
TBS (Tris-buffered saline) and incubated with 3% H,05 in methanol for 10 min. Staining
was performed as previously described (Ramirez et al., 2015), using anti-pH2AX Ser139
rabbit mAb (Cell Signaling, Danvers, MA) diluted 1:100 in 3% BSA in TBS with 0.3%
triton X-100, Rabbit-on-Farma HRP-Polymer (Biocare Medical) and developed using
Betazoid DAB chromogen kit (Biocare Medical). Nikon Eclipse EB00 microscope/NIS
Elements BR 3.2 software was used for collection of digital images.

Laser capture microdissection (LCM) and miR expression analysis

LCM was performed as previously described (Ramirez et al., 2015). Briefly, formalin-fixed
paraffin embedded tissue blocks from DFU, were sliced into 16 to 20 sections (8-10um
thick), collected on Arcturus PEN-membrane glass slides (Life Technologies, Carlsbad, CA)
and dried at 37°C for 1-2 hours. LCM was carried out on an Arcturus Veritas laser capture
microdissection instrument and the epidermis was captured on CapSure® Macro LCM Caps
(Life Technologies). Caps were then transferred into a tube containing 60pl of
deparaffinization buffer (QIAGEN Inc., Valencia, CA) and total RNA, including the miR
fraction, was extracted using the FFPE miRNeasy kit (QIAGEN Inc.) according to the
manufacturer’s instructions.

The RNA concentration of the samples was measured using a NanoDrop 2000 (NanoDrop
products, Wilmington, DE). MiR profiles of epidermis of 6 DFUs were generated using the
miR Ready-to-Use PCR panels V2 (Exiqon) following the manufacturer’s specifications.
miR-15b-5p expression was calculated using the AACT method with SNORD49 as
reference, and comparing the CTs of DFUs and previously published FS (NFS and DFS)
array data (Ramirez et al., 2015).

Cell culture and transfection

The human keratinocyte cell line, HaCaT, (AddexBio, San Diego, CA) was cultured in
calcium-free DMEM (Gibco, Life technologies, Carlsbad, CA), supplemented FBS, 10% v/v
(GE Hyclone Laboratories, Logan, UT) and penicillin-streptomycin with L-glutamine
(Gibco). Cells were seeded in 24-well plates for 24h before transfection. Attractene reagent
(QIAGEN) and 50nM of miR-15b-5p mimic or mimic negative control #1 (GE Dharmacon,
Lafayette, CO) was used for transfection. Cells were harvested after 48h for RNA extraction.

The 3’UTRs of the WEE1 and IKBKB human genes were amplified by PCR from human
genomic DNA with primers containing restriction sites for Sacl and Xbal (Table 1) and
cloned into the pmirGLO Dual-Luciferase miRNA Target expression vector (Promega
Corporation, Madison, WI). 100ng of vector containing the UTRs and 25nM of miR-15b-5p
mimic or mimic negative control #1 was used for transfections. Luciferase reporter assay
was done using the Dual-Glo® Luciferase Assay system (Promega Corporation) 48h after
transfection using manufacturer’s protocol.
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Bacterial strains and growth conditions

Methicillin-resistant S. aureus (MRSA) USA300-0114 (Pastar et al., 2013), USA300 JE2
(Fey et al., 2013), and S. aureus isolate from the DFU were used. Todd-Hewitt broth
supplemented with 0.2% yeast extract (THY) served as growth medium; oxacillin resistance
screening agar base (OXOID, Carlsbad, CA) was used as selective media for MRSA colony
forming units (CFU) quantification. P, aeruginosa 09-010 (Pastar et al., 2013) was grown in
tryptic soy broth (TSB), while Pseudomonas Agar with CN supplement (Oxoid) was used as
selective media for plate-counting.

Human ex vivo wound infection model

Healthy human skin samples were used to generate acute wounds. Wounded skin specimens
were maintained at the air-liquid interface (Pastar et al., 2012, Pastar et al., 2010,
Stojadinovic and Tomic-Canic, 2013). S. aureis isolate from DFU or MRSA USA300 JE2
were grown overnight in THY medium at 37 °C, then harvested by centrifugation, washed
and re-suspended in DMEM. The bacterial density was adjusted to an OD600 of 0.1,
corresponding to 0.8-1.2x108 colony-forming units (CFU)/ml. 10 pl of 106 CFU/mL
bacterial stock solution was used for the wound inoculation. Infected and non-infected
(control) skin samples were incubated at 37°C, 5% CO, for four days and CFUs were
quantified. Tissues were either used for CFU determination, fixed in 4% paraformaldehyde
(Sigma-Aldrich) for H&E and histo-morphometric analyses (Pastar et al., 2012, Stojadinovic
and Tomic-Canic, 2013), or preserved in RNAlater (Ambion) for RNA isolation.

Porcine wound infection model and RNA extraction from FFPE tissue samples

Wounding and infection of the animals was carried out as described previously (Pastar et al.,
2013). Briefly, the back of the animals were prepped on the day of the experiment. They
were anesthetized and wounded (partial thickness wounds 10 mmx7 mm) on the
paravertebral area using a modified electrokeratome set at 0.5 mm deep (Pechter et al.,
2012). The wounds were separated from each other by approximately 5 cm. Infection was
performed by inoculating 25 pl of 108 CFU/mL of MRSA USA300 or £, aerugionsa 09-010
immediately after wounding. Wounds were covered with a polyurethane film dressing
(Tegaderm; 3 M Health Care, St. Paul, MN) and secured in place by wrapping the animals
with self-adherent bandages (Petflex; Andover, Salisbury, MA). Incisional biopsies from
three infected and three non-infected wounds from 2 animals were obtained by creating a
3mm thick section cut through the central part of the wound, including 5mm of adjacent
uninjured skin on both sides, at day 2 post-wounding. The biopsies were fixed and processed
for paraffin embedding. Total RNA, including the microRNA fraction, was extracted from
six 10um sections using the FFPE miRNeasy kit (QIAGEN) according to the manufacturer’s
instructions.

Statistical analyses

Data were analyzed using the software Prism (Graphpad, La Jolla, CA). Statistical
significance between groups was determined using Student’s t-test or Mann-Whitney U-test.
A difference between groups was considered significant at p-value < 0.05.
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Figure 1. S. aureus infection of acute wounds induces miR-15b-5p.
a. Histology shows acute wounds 4 days post-wounding and infection of acute ex-vivo

human wound model. Black arrows indicate initial site of wounding, ET = epithelial tongue;
red arrows indicate bacterial aggregates. Separation of epidermis from dermis was observed
in S. aureus infected wounds (red dashed line). b. Immuno-localization of K6 (red) at the
wound edge and epithelial tongue upon infection with S. aureusisolate from DFU in the
human skin ex-vivo model demarcates epithelialization. Nuclei are visualized with DAPI
(blue). White dashed lines indicate DAPI stained bacterial aggregates. Scale bars: 50um. c.
gPCR showing up-regulation of miR-15b-5p a in S. aureus infected human (hsa, Homo
sapiens) ex-vivowounds in comparison to control wounds 4 days post infection and MRSA
USAZ300 infected pig (ssc, Sus scrofa) wounds /n vivo 2 days post infection. Paired and
unpaired t-test were used respectively to determine statistical significance (n=3 independent
experiments, * = p-value<0.05). d. gPCR showing suppression of miR-15b-5p in human
uninfected acute wound model. Data is normalized to the Oh time point at which wounds
were created (n=3 independent experiments) e. Agarose gel showing the amplification of the
nuc gene in DFU samples. AW= human acute ex-vivowound (negative control), AW + S. a.
= human acute ex-vivowound infected with S. aureus (positive control). f. gPCR showing
up-regulation of miR-15b-5p in DFU (n=12 per group, FS = foot skin, Mann-Whitney U-test
was used to determine statistical significance, ** = p-value<0.01).
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Figure 2. Microarray analysis of differentially expressed genes in DFUs vs. FS and functional

enrichment analysis.

a. Heatmap of differentially expressed genes in DFUs vs. FS. The majority of DFU
regulated genes were suppressed (75%). b. Top enriched functions from IPA functional
enrichment analysis performed on DFU regulated genes identifies DNA repair mechanisms
as the top regulated. Z-scores (activation score) represent the predicted directionality of the
enriched function (Z-scores = 2 are considered as induced and < -2 are considered as
suppressed). c. Functional assessment of DNA repair suppression was perform by

guantification of pH2AX using western blot. pH2AX confirms th

e presence of DNA double

strand breaks in DFUs, but not control FSs. Quantification of all samples shown in bar graph
(n=5 per group) d. gPCR showing IL1A, a pro-inflammatory cytokine that can be induced
by DNA damage, is induced in DFUs (n=5 per group, Mann-Whitney U-test was used to

determine statistical significance, * = p-value<0.05, ** = p-value
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Figure. 3. Network analysis and validation of DFU de-regulated genes.
a. Network analysis of the genes deregulated in DFUs was built using IPA focusing on genes

with known regulatory functions (blue=suppression; red=induction). b. gPCR validation of
microarray data. IKBKB, WEE1, MSH2, RAD50, FGF2, and KIT showed significant down-
regulation in DFU compared to FS. IGF1 showed a trend of down-regulation but it did not
reach statistical significance. c. Western blot confirming suppression of IKBKB in DFU
compared to FS; graph represents quantification of all samples (n=5 per group). d. Immuno-
fluorescence staining showing decreased expression of MSH2 in DFUs compared to FS.
E=epidermis; D=Dermis; 100X Scale bars: 100 um, 400X Scale bars: 50 um, (n=10 per
group, Mann-Whitney U test was used to determine statistical significance, * = p-
value<0.05, ** = p-value < 0.01, *** = p-value < 0.001).
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Figure 4. miR-15b-5p, predicted to be induced in DFUs, and suppression of its targets, DNA
repair and inflammatory regulatory genes.

a. IPA identified miR-15b-5p as the top enriched miR predicted to target DFU regulated
genes from microarrays. b. miR-15b-5p predicted targets comprise regulators of the
inflammatory response and genes involved in DNA repair. c. IKBKB and WEEL, are down-
regulated in HaCaT cells transfected with mimic miR-15b-5p. MSH2 and RAD50 showed a
trend of down-regulation but did not reach statistical significance. ctrl = mimic negative
control #1. d. IKBKB and WEEL are down-regulated in S. aureus infected human ex-vivo
wounds in comparison to control un-infected wounds. (n=3 independent experiments, paired
t-test was used to determine statistical significance, * = p-value<0.05, ** = p-value < 0.01).
e. Luciferase reporter assay showing miR-15b-5p directly targets the 3’UTRs of IKBKB and
WEEL. ctrl = mimic negative control #1. (n=3, unpaired t-test was used to determine
statistical significance, ** = p-value < 0.01, *** = p-value < 0.001).
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Figure. 5. Diagram summarizing how miR-15b-5p orchestrates processes involved in
pathophysiology of DFUs.

Persistent S. aureus colonization in DFUs leads to over-expression of miR-15b-5p resulting
in increased DNA damage through suppression of WEE1 and chronic sub-optimal
inflammation by targeting IKBKB. DNA repair mechanisms are further inhibited by down-
regulation of multiple genes in DFUs including MSH2, RAD50, KIT, FGF2 and TP53. DNA
damage feeds into a positive feedback loop by causing the release of IL-1A.
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List of primers and primer sequences used for gPCR.

Table 1.

Gene Symbol

Forward primer sequence (5" -> 3')

Reverse primer sequence (5' -> 3")

IKBKB 3" UTR
WEE1 3" UTR
IKBKB

ATF2

FGF2

IGF1

IL1A

MSH2

WEE1
RAD50

TP53

KIT

ARCP2

AAAGAGCTCAGTGCTTGGAGTACGGTTTG
AAAGAGCTCCCTGAACACTGTGACAAGA

CTGGCCTTTGAGTGCATCAC
CTGGCCTTTGAGTGCATCAC
AGTGTGTGCTAACCGTTACCT
GCTCTTCAGTTCGTGTGTGGA

AGATGCCTGAGATACCCAAAACC

AGTCAGAGCCCTTAACCTTTTTC
AACAAGGATCTCCAGTCCACA
TACTGGAGATTTCCCTCCTGG
GAGGTTGGCTCTGACTGTACC
CGTTCTGCTCCTACTGCTTCG
TCCGGGACTACCTGCACTAC

CCCTCTAGACACACACAATCAGCAGGAG
CCCTCTAGAAGTCAAAGACAAGTGCAAACA

CGCTAACAACAATGTCCACCT
CGCTAACAACAATGTCCACCT
ACTGCCCAGTTCGTTTCAGTG
GCCTCCTTAGATCACAGCTCC
CCAAGCACACCCAGTAGTCT
GAGAGGCTGCTTAATCCACTG
GGGCAAGCGCAAAAATATCTG
AGACTGACCTTTTCACCATGC
TCCGTCCCAGTAGATTACCAC
CCCACGCGGACTATTAAGTCT
GGTTCAGCACCTTGAGGAAG
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