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ABSTRACT:Angiogenesis is a criticalprocess in repairof tissue injury that is regulatedbyadelicatebalancebetweenpro-
and antiangiogenic factors. In disease states associated with impaired angiogenesis, we identified that miR-135a-3p is
rapidly inducedandservesasanantiangiogenicmicroRNA(miRNA)by targetingendothelial cell (EC)p38 signaling in
vitro and in vivo. MiR-135a-3p overexpression significantly inhibited EC proliferation, migration, and network tube
formation in matrigel, whereas miR-135-3p neutralization had the opposite effects. Mechanistic studies using tran-
scriptomic profiling, bioinformatics, 39-UTR reporter and miRNA ribonucleoprotein complex -immunoprecipitation
assays, andsmall interferingRNAdependencystudies revealed thatmiR-135a-3p inhibits thep38 signalingpathway in
ECsby targetinghuntingtin-interactingprotein1 (HIP1).LocaldeliveryofmiR-135a-3p inhibitors towoundsofdiabetic
db/db mice markedly increased angiogenesis, granulation tissue thickness, and wound closure rates, whereas local
delivery of miR-135a-3p mimics impaired these effects. Finally, through gain- and loss-of-function studies in human
skin organoids as a model of tissue injury, we demonstrated that miR-135a-3p potently modulated p38 signaling and
angiogenesis in response to VEGF stimulation by targeting HIP1. These findings establish miR-135a-3p as a pivotal
regulator of pathophysiological angiogenesis and tissue repair by targeting a VEGF-HIP1-p38K signaling axis, pro-
viding new targets for angiogenic therapy to promote tissue repair.—Icli, B.,Wu,W.,Ozdemir,D., Li,H.,Haemmig, S.,
Liu, X., Giatsidis, G., Cheng,H. S., Avci, S. N., Kurt,M., Lee, N., Guimaraes, R. B.,Manica, A.,Marchini, J. F., Rynning,
S. E.,Risnes, I.,Hollan, I., Croce,K.,Orgill,D. P., Feinberg,M.W.MicroRNA-135a-3p regulates angiogenesis and tissue
repair by targeting p38 signaling in endothelial cells. FASEB J. 33, 5599–5614 (2019). www.fasebj.org
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Angiogenesis, or the formation of new blood vessels from
preexisting ones, is a critical component of the dynamic
process of tissue repair in ischemic cardiovascular events

and in disease states associated with impaired microvas-
cular disease such as diabetes mellitus (DM) (1–3). In re-
sponse to tissue injury, proangiogenic growth factors
stimulate the activation of endothelial cells (ECs) to pro-
liferate, migrate, and generate new primary capillaries
from existing ones. Impairment of such processes can re-
sult in maladaptive tissue repair in a wide array of clini-
cally relevant disease states such as diabetic wound
healing, myocardial infarction (MI), or peripheral artery
disease (4). In this context, a better understanding of the
angiogenic signaling pathways associated with impaired
tissue repair may offer novel therapeutic approaches to
improve clinical outcomes.

Growing insight into the role of angiogenic dys-
function associated with poor tissue repair has incited ef-
forts to promote therapeutic angiogenesis to improve
cardiovascular outcomes. Over the years, preclinical
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investigations have demonstrated the capacity of proan-
giogenic growth factors to generate potent angiogenic re-
sponses accompanied by functional recovery in various
animal models, such as hindlimb and myocardial ische-
mia. Therefore, numerous phase I and phase II clinical
trials have endeavored to administer proangiogenic
growth factors including VEGF, fibroblast growth factor
(FGF),hepatocytegrowth factor (HGF),hypoxia-inducible
factor-1a (HIF-1a), and developmental endothelial locus-1
(Del-1) to patients with peripheral arterial disease or re-
fractory angina in efforts to augment angiogenesis in these
subjects (5–8). However, these trials largely failed to
demonstrate significant beneficial effects of these inter-
ventions (9), and this has been ascribed to a variety of
factors including heterogeneity of patient selection, chal-
lenges with dosing and delivery, and more stringent di-
abetic environments. Thus, therapeutic angiogenesis has
not been implemented in clinical practice to date (10).

Emerging studies suggest that failures in therapeutic
angiogenesis may not be due to a deficiency of these an-
giogenic growth factors. Indeed, several investigations
havedemonstrated that levels of circulating growth factors
such as VEGF, basic FGF (bFGF), Tie2, and angiopoietin-2
are elevated in patients and animal models of MI and pe-
ripheral arterial disease, underscoring that growth factor
deficiency is likely not the primary cause of defective an-
giogenesis in states of ischemia (11–15). Rather, impair-
ment of downstream signaling may be the predominant
mechanism governing poor neovascularization in ische-
mic cardiovascular disease or tissue injury in DM. Ca-
nonically, growth factors such as VEGF activate a broad
range of pathways including Akt (protein kinase B), en-
dothelial nitric oxide synthase (eNOS), and p38MAPK to
promote EC functions that are necessary for successful
angiogenesis. In particular, p38 phosphorylation and sig-
naling have been shown to promote angiogenesis in re-
sponse to myocardial damage, cardiac remodeling, and
peripheral tissue ischemia (16, 17). Collectively, these
data suggest that correction of pathways downstreamof
growth factor activation can rescue proangiogenic re-
sponses and improve therapeutic angiogenesis.

MicroRNAs (miRNAs) are evolutionarily conserved,
small, single-stranded, noncoding RNAs that are capable
of suppressing target gene expression and have emerged
as important regulators of the angiogenic response in a
variety of pathophysiological processes (18–20). For ex-
ample, miRNAs such as miR-17-92, -217, -34, and -26a are
able to confer antiangiogenic effects, whereas miRNAs
such as miR-7-5p, -18a, -31, -155, -201, and -424 can gen-
erate proangiogenic responses (21–29). Thus, the identifi-
cationof relevantmiRNAsandtheir targetgenesmayhold
promise in rescuing the impaired angiogenic signaling
that characterizes pathologic tissue repair and ischemic
disease states.

In this report, we identify miR-135a-3p as a novel,
antiangiogenic regulator of VEGF-p38 signaling in ECs by
targeting huntingtin-interacting protein 1 (HIP1). Neu-
tralization of miR-135a-3p rapidly induced angiogenesis
and improveddiabeticwoundhealing inmice andhuman
skin organoids, whereas miR-135a overexpression im-
paired these effects. Together, these findings reveal a novel

therapeutic strategy to overcome impaired angiogenic
signaling and for rapidly stimulating angiogenesis that
may be applicable formaladaptive tissue reparative states
such as diabetes or ischemic cardiovascular disease.

MATERIALS AND METHODS

Cell culture and transfection

HUVECs were passaged,5 times and were used for all experi-
ments. For transfection studies,HUVECswere cultured overnight
before being transfected with Lipofectamine 2000 Transfection
Reagent (Thermo Fisher Scientific, Waltham, MA, USA). For re-
porter studies, HUVECs were transfected with 400 ng of the in-
dicated reporter constructs and 200 ngb-galactosidase expression
plasmids.Each readingof luciferaseactivitywasnormalized to the
b-galactosidase activity or total protein read for the same lysate.

Real-time quantitative PCR

HUVECs[stimulatedin thepresenceorabsenceofVEGF(25ng/ml),
bFGF (25 ng/ml), thrombospondin (TSP)1 (0.1, 1, 10 mg/ml),
TSP2 (0.1, 1, 10mg/ml), orMC1568 (10 ng/ml)], mouse tissues,
and human organoids were suspended in Trizol reagent
(Thermo Fisher Scientific) and total RNA and miRNA were
isolated per manufacturers’ instructions. Human skin and
plasma were isolated using the Total RNA Purification Kit
(Norgen Biotek, Thorold, ON, Canada) per manufacturers’
instructions. Reverse transcriptions were performed by using
miScript Reverse TranscriptionKit fromQiagen (Germantown,
MD,USA) (218061). EitherQuantiTect SYBRGreenRT-PCRKit
(204243) ormiScript SYBRGreenPCRKit (218073) fromQiagen
wasused for real-time quantitativePCR (qPCR) analysiswith the
AriaMxRT-PCR System (Agilent Technologies, Santa Clara, CA,
USA) following the manufacturer’s instructions. Gene-specific
primers were used to detect human and mouse HIP1. Samples
were normalized to endogenous human and mouse glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). To amplifymature
miRNA sequences, miScript primer assays for Hs_miR-135a-3p_
1 (MS00042259) from Qiagen were utilized. The samples were
normalized to endogenous 5S RNA. The fold changes were cal-
culated by DDCt method. Significance was determined by a 2-
tailed Student’s t test, P , 0.05. The primer sequences for HIP1
were 59-CGAGCAGTTCGACAAGACCC-39 (forward) and 59-
GTGTGCCCAGAATGATGCG-39 (reverse).

Western blot analysis

HUVECs transfected with miR-135a-3p mimic, miR-135a-3p in-
hibitor, nonspecific (NS)miRNA controls, HIP1 small interfering
RNA (siRNA), or control siRNA were cultured for 72 h. Mouse
tissue was harvested per experimental protocol and homoge-
nized at 30/s for 5 min using Tissuelyser II (Qiagen). Human
organoids transfected with miR-135a-3p mimic, miR-135a-3p
inhibitor, or NS miRNA controls were cultured for 72 h, treated
withVEGF (50ng/ml) accordingly, andhomogenizedat 30/s for
5min. Total cellular proteinwas isolated by RIPAbuffer (50mM
Tris-HCL pH 7.4, 150 mMNaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) supplemented with protease inhibitors
(Roche, Basel, Switzerland). Cell or tissue debris was removed
by centrifugation at 12,500 rpm for 15 min. Protein quantifica-
tion was performed using a BCA kit (Thermo Fisher Scientific).
Lysates were separated using 5–14%Mini-Protean TGX Precast
Gels (Bio-Rad, Hercules, CA, USA), transferred to PVDF
membranes, and subjected toWestern blotting using antibodies
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against HIP1 from Proteintech; and P-Akt, Pan Akt, P-p44/42
MAPK, P44/42 MAPK, P-eNOS, eNOS, P-p38 MAPK, p38
MAPK, GADPH, and b-actin from Cell Signaling Technology
(Danvers, MA, USA). Horseradish peroxidase-conjugated goat
anti-rabbit or mouse antibody (Santa Cruz Biotechnology,
Dallas, TX, USA) was used at 1:2000 dilution. ECL assay was
performed per manufacturers’ instructions (RPN2132; GE
Healthcare, Waukesha, WI, USA). Three or more biologic rep-
licates were performed for each experiment. Significance was
determined by a 2-tailed Student’s t test, P, 0.05.

Tube-like network formation on matrigel (in vitro)

Matrigel (BD Biosciences, San Jose, CA, USA) basement mem-
brane matrix was added to 96-well culture plates and incubated
at 37°C until gelation occurred. Matrigel was not supplemented
with additional growth factors. Network tube formation was
assessed 6–10 h postplating and quantitated by counting the
number of tubes formed per high power field as previously de-
scribed (29–31).

Chemotaxis assays

Migration assay was performed using ChemTX Multiwell Sys-
tem (NeuroProbe, Gaithersburg,MD,USA). The number of cells
migrating to the lower chamber (EC growth medium supple-
mentedwith 50 ng/mlVEGF or bFGF as indicated)was counted
using a hemocytometer after 6–8 h (32).

Bromodeoxyuridine assay

HUVECs transfected with miR-135-3p mimic, miR-135-3p in-
hibitor, or NS negative controls were cultured for 5 d. Cell pro-
liferation was measured using the bromodeoxyuridine (BrdU)
ELISA assay (Roche) as described by the manufacturer.

MicroRNA ribonucleoprotein
complex immunoprecipitation

MiRNA ribonucleoprotein complex (miRNP) -immunoprecipi-
tation (MiRNP-IP) was performed as previously described (33).
Briefly, Myc-tagged Ago-2 (a kind gift from G. Hannon, Cold
SpringHarbor,NY,USA)was cotransfectedwith eithermiR-615-
5p ormiRNAnegative control inHUVECs.Cellswerewashed in
ice cold PBS, released by scraping, and lysed in buffer (10 mM
Tris-HCl pH 7.5, 10 mMNaCl, 2 mM EDTA, 0.5% Triton X-100,
100 U/ml of RNasin Plus (Promega, Madison, WI, USA) sup-
plemented with 1 time protease inhibitor (Roche). The lysed cell
solution was adjusted to a final NaCl concentration of 150 mM
prior to centrifugation.One-twentieth of the supernatant volume
wascollected inTrizol foruseasanextract control. The remaining
portion of the supernatant was precleared with Protein A/G
UltraLink Resin (Pierce, Rockford, IL, USA), to which 2 mg anti-
c-myc antibody was added and the mixture was allowed to
incubate overnight at 4°C; the following day Protein A/G
UltraLink Resin was added. After 4 h of mechanical rotation at
4°C, the agarosebeadswerepelleted andwashed4 times inwash
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Triton
X-100). Finally, 1ml of Trizolwas added into the beads andRNA
was isolated. Total RNA was reverse transcribed into cDNA for
real-time qPCR analysis.

Scratch assay for EC migration

Woundhealing assayswas performedusingCulture-Insert 2-Well
35-mm m-Dishes (Ibidi). HUVECs transfected with miR-135a-3p

mimic, miR-135a-3p inhibitor, NS miRNA controls, HIP1 siRNA,
or control siRNAwerecultured for60h in12-wellplatesandplated
at 21 K cells per well into the m-Dishes. Inserts were lifted at 72 h
after transfection,andcellswere imagedusinganEclipseTE2000-U
inverted microscope (Nikon, Tokyo, Japan) at 2 and 4 times over
time to assess for wound closure. Three technical replicates were
performed per condition.

In vivo miR-135a-3p inhibition or overexpression
and mouse experiments

Animalprotocolswere approvedby theLaboratoryAnimalCare
at HarvardMedical School and Brigham andWomen’s Hospital
(BWH). For mouse dermal wound studies, male, 8–10 wk old,
db/db mice (The Jackson Laboratory, Bar Harbor, ME, USA)
were used for local intradermal injections of either scrambled
control LNA-anti-miR or LNA-anti-miR-135-3p (Exiqon, Seoul,
South Korea) at 0.63mg/kg 48 and 24 h prior to surgery. On d 0,
dorsal full-thickness skin wounds (1 cm2) were generated and
covered with semiocclusive dressing (Tegaderm). Images of the
woundswere immediatelyacquiredafter surgery (d0) andond9
following the removal of the Tegaderm dressing. Mice were eu-
thanized 9 d after surgery and the 1 3 1-cm2 sections of skin
surrounding thewoundwereexciseddownto fascia.Angiogenesis
in wounds was analyzed by mouse CD31 staining (DIA-310; Dia-
nova, Pine Bush, NY, USA) and DAPI (H21492; Thermo Fisher
Scientific) of the paraffin-embedded wound sections. Goat Anti-
Mouse IgG H&L (Alexa Fluor 488; 150113; Abcam, Cambridge,
MA, USA) was used as secondary antibody. Relative CD31 ex-
pression was measured in the wound edge and quantified using
ImageJ (Bethesda,MD,USA) (28).Granulation tissue thicknesswas
measured on d 9 using hematoxylin and eosin–stained sections
obtained from the center of the wound. Granulation tissue thick-
ness isdefinedas thedistanceof intact tissue fromthebottomof the
epidermis to the top of the subcutaneous fat layer and will be
quantified using ImageJ. Fluorescent images were acquired by the
Olympus Fluoview FV1000 confocal microscope.

Human plasma and skin samples

BWH cohort

We examined EDTA plasma samples from prospectively en-
rolled patients that underwent cardiac catheterization at BWH.
Plasma was isolated from whole blood. Control patients were
defined as without clinically significant coronary atherosclerosis
(,20% stenosis in any epicardial coronary artery determined by
angiography) and had no elevation of cardiac biomarkers. Pa-
tientswithacute coronarysyndrome (ACS)weredefinedasacute
atherothrombotic coronary artery occlusion resulting in either a
non-ST-elevation MI (with .70% occlusion of an epicardial ar-
tery) or an ST-elevation MI (complete occlusion of an epicardial
coronary artery determined by angiography) with elevation of
cardiac biomarkers. The studywas approved by the Institutional
Review Board–approved protocol at BWH. Written informed
consent was obtained from participants or their appropriate
surrogates. Anonymized plasma samples were generated from
blood collected in EDTA-containing tubes at the time of the
procedure and stored at 280°C. Total RNA was isolated from
plasmausing the Total RNAPurificationKit fromNorgenBiotek
and reverse transcription and real-time qPCR was performed as
previously described.

Fering Heart Biopsy Study 2

We examined EDTA plasma and skin specimens (taken from
thoracic surgical incisions) from nondiabetic and diabetic
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patients included in the Fering Heart Biopsy Study 2 biobank.
Fering Heart Biopsy Study 2 enrolled prospectively consecutive
patientsundergoingcoronaryarterybypass surgery in theFering
Heart Clinic in Norway between 2011 and 2017. Diabetes was
defined as diabetes diagnosis registered in medical records. The
study was approved by the Regional Ethics Committee in Nor-
way. Written informed consent was obtained from participants
or their appropriate surrogates. Skin samples were preserved in
Allprotect tissue reagent (Qiagen) and stored at 280°C. Later,
they were homogenized for real-time qPCR analyses. Plasma
samples were generated from fasting blood collected in EDTA-
containing containers before coronary artery bypass grafting,
and stored at small aliquots at 280°C. No thawing of the spec-
imens was allowed prior to the actual RNA analyses.

Generation of human skin organoids

Full-thickness circular (6-mm) human skin organoidswere taken
from surgical skin samples, and 3-mm full-thickness wounds
were created as previously described (34). Briefly, human skin
organoids were then embedded in collagen I matrix and main-
tained in DMEM (Thermo Fisher Scientific) supplemented with
10-mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
50mg/mlascorbic acid, 100mmadenine, 0.5mmhydrocortisone,
0.1 nm cholera toxin, 100 mU/ml penicillin, and 10 mg/ml strep-
tomycin (MilliporeSigma,Burlington,MA,USA).The exvivoorgan
cultures were cultured at the air-liquid interface and maintained
in the cell culture incubator at 37°Cwith 5%CO2. Themediawere
changed every other day. The viability of cultured explants was
validated by histologic evaluation. Human skin organoids were
transfected at the indicated time points using 30 nMmiR-135a-3p
mimics (miR-135-3pm) or NS controls or 100 nM miR-135a-3p
inhibitors (miR-135-3pi) or NS controls. Neovascularization was
measuredatd3and7 todeterminemiR-135a-3peffectsonwound
healing. Angiogenesis in humanparaffin embedded sectionswas
analyzed by CD31 staining (28364; Abcam) and DAPI (H21492;
Thermo Fisher Scientific). Alexa 647 conjugated donkey anti-
rabbit antibody was used for secondary antibody (711-605-152;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
RelativeCD31expressionwasmeasured in theentire cross section
of the human organoid and quantified using ImageJ (28).

Statistical analysis

Data are presented as means 6 SEM. All in vitro and in vivo ex-
periments are representative of 3 independent experiments un-
less indicated otherwise. Sample sizes for mouse and human
organoid studieswere chosen baseduponpilot studies or similar
well-characterized studies in the literature. There were no in-
clusion or exclusion criteria used. Data were subjected to an un-
paired, 2-sidedStudent’s t test or1-wayANOVAwithBonferroni
correction for multiple comparisons, and P , 0.05 was consid-
ered statistically significant.

RESULTS

We undertook an miRNA microarray profiling study to
identifymiRNAs that regulate angiogenesis in response to
tissue injury. Using plasma from human subjects with
ACS with coronary angiograms bearing .70% stenotic
lesions compared with non-ACS human subjects with
coronary angiograms with lesions ,20% stenosis, we
identified an miRNA, miR-135a-3p, with significantly in-
creasedexpressioncompared tocontrols (datanot shown).
Furthermore, miR-135-3p was highly expressed in ECs

compared to several other miRNAs identified from this
sample set (Supplemental Fig. S1A), prompting further
investigation of thismiRNA. In response to proangiogenic
stimuli VEGF and bFGF, miR-135a-3p expression was
significantly reduced by VEGF (25 ng/ml) and bFGF
(25 ng/ml) over 24 h (Fig. 1A), whereas antiangiogenic
stimuli suchasTSP1andTSP2significantly increasedmiR-
135-3p expression (Supplemental Fig. S1B). Costimulation
of ECs with VEGF and TSP1 resulted in the loss of VEGF-
mediated suppression of miR-135-3p expression (Supple-
mental Fig. S1C). VEGF is known to repress target genes
via a histone deacetylase (HDAC) class IIamechanism (35,
36). PretreatmentofECswith theHDACClass IIa inhibitor
MC-1568 blocked the VEGF repression of miR-135-3p,
suggesting that VEGF-mediated repression ofmiR-135-3p
was mediated in part by HDAC Class IIa (Supplemental
Fig. S1D). Using a larger cohort of human subjects with
ACS and coronary angiograms bearing.70% stenotic le-
sions compared to non-ACS human subjects with coro-
nary angiograms with lesions,20% stenosis, we verified
that expression of miR-135a-3p was increased by 2.4 fold
(Fig. 1B). In addition, circulating levels of miR-135a-3p
were increased by 2.8-fold in the skin of patients with DM
(Fig. 1C). We also examined miR-135a-3p expression in
response to tissue injury from dermal wounds generated
by punch biopsy of diabetic db/db mice. MiR-135a-3p
expression increased up to 3.8-fold higher in db/db mice
compared to wild-type mice over the course of 9 d post-
wounding (Fig. 1D). Together, these data suggest that
miR-135a-3p expression is differentially regulated by pro-
and antiangiogenic stimuli in ECs andmaladaptive tissue
reparative states such as diabetes or ischemic cardio-
vascular disease, thereby providing the rationale that
targeting this miRNA may facilitate the induction of
angiogenesis.

To gain insights into the significance ofmiR-135a-3p on
endothelial angiogenic functions, we performed gain- and
loss-of-function experiments. As shown in Fig. 1E, over-
expression of miR-135-3pm in HUVECs inhibited cell
growth by 54%, whereas miR-135-3pi (complementary
antagonist) increased EC growth by 17%. Expression of
miR-135-3p in ECs in response to miR-135-3p over-
expression or inhibition was verified by RT-qPCR (Sup-
plemental Fig. S1E, F). In addition, vascular network
formation assays in matrigel showed that overexpression
ofmiR-135a-3p inhibitednetwork tube formation (Fig. 2A,
top) by 68%,whereasmiR-135a-3p inhibition significantly
increased tube formation in matrigel in vitro by 40% (Fig.
2A, bottom). Similarly, overexpression of miR-135a-3p
decreased EC migration in response to the proangiogenic
stimulus VEGF (50 ng/ml) by 38%, compared to the NS
control, whereas miR-135a-3p inhibition potently in-
creasedmigration by 69% in response to VEGF compared
to the NS control (Fig. 2B). Interestingly, whereas bFGF
(50ng/ml)onlymodestly increasedECmigrationby;10%,
overexpression of miR-135-3p significantly inhibited the
bFGF-induced EC migration (Supplemental Fig. S1G). Fi-
nally, similar to its regulationof ECgrowthandmigration,
overexpression of miR-135a-3p decreased wound closure
in EC scratch assays, whereas inhibition of miR-135a-3p
promoted wound closure compared to the NS control
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(Fig. 2D). Taken together, these data indicate that miR-
135a-3p inhibited EC angiogenic functions in vitro.

To identify potential target signaling pathways of miR-
135a-3p, we performed a microarray gene chip profiling
approach from HUVECs overexpressing miR-135a-3p
followed by gene ontology (GO) analyses. Interestingly,
cellular growth and proliferation was predicted to be
within the top 10 biologic pathways to be regulated by
miR-135a-3p (Fig. 3), supporting our findings in EC an-
giogenic functional assays (Figs. 1Eand2). Inaddition,p38
was identified as the top regulated signaling pathway by
miR-135a-3p in ECs (Tables 1 and 2). Because of the rela-
tively modest effects of bFGF compared to VEGF in EC
functional assays (Supplemental Fig. S1G), we usedVEGF
as the prototypical treatment for subsequent EC signaling
pathways. In alignment with the GO analyses, miR-135a-
3p overexpression potently reduced p38 phosphorylation

by 40 and 62% in response to 15 and 30 min, respectively,
of VEGF (50 ng/ml) treatment in HUVECs (Fig. 4A),
whereas miR-135a-3p inhibition increased p38 phos-
phorylation by 40% under basal conditions and up to 2.2
fold in response to 15, 30, and 60min of VEGF (50 ng/ml)
stimulation (Fig. 4B). Furthermore, this miR-135a-3p reg-
ulation was specific to p38 signaling and not other sig-
naling pathways including Akt and ERK1/2 (Fig. 4;
Supplemental Fig. S1).

Using a step-wise approach involving a combination of
bioinformatics and prediction algorithms (e.g., miRWalk,
Micro T4, miRNAMAP, RNAhybrid, and TargetScan),
transcriptomic profiling, 39-UTR reporter assays, and
miRNP-IP studies,wesought to identifyandvalidatemiR-
135a-3p target genes (Fig. 5A). Of the 53 potential target
genes thatwere reducedonmicroarrayprofilingbyat least
2-fold andalso contained at least onepotential binding site

Figure 1. MiR-135a-3p is regulated by proangiogenic stimuli and inhibits EC growth. A) Real-time qPCR analysis of miR-135-3p
expression in response to VEGF (25 ng/ml) and bFGF (25 ng/ml) in HUVECs. *P , 0.01 compared to control (Ctrl). B)
Circulating miR-135a-3p levels are increased in plasma from human subjects with ACS (n = 20) compared to subjects with normal
coronary angiograms (NCA) (n = 40). *P , 0.05 compared to normal coronary angiogram. C) MiR-135a-3p expression is
increased in skin of patients with diabetes (n = 13) compared to nondiabetic controls (n = 10). *P , 0.05 compared to controls.
D) Wild-type (WT) and db/db mice underwent punch-biopsy wounding of the dorsal skin, and wounds were collected for qPCR
analyses for miR-135a-3p on the indicated days after wounding. E) HUVECs transfected with NSm, miR-135a-3pm, miR inhibitor
negative control (NSi), or miR-135a-3p inhibitor (miR-135a-3pi) were subjected to BrdU cell proliferation assay. Ns,
nonsignificant. All data represent means 6 SEM. *P , 0.05 compared to controls.
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in the 39-UTR, 46 genes showed significantly decreased
mRNA expression in HUVECs overexpressingmiR-135a-
3p (Fig. 5A). Seven genes could not be detected by
RT-qPCR (data not shown). Of these, overexpression of
miR-135a-3p in HUVECs subsequently decreased the
mRNA and protein expression (Fig. 5B, C) and 39-UTR ac-
tivity (Fig. 5D) of 1 gene – HIP1. In addition, deletion of the
miR-135a-3p binding site on the HIP1 39UTR blocked the
ability of miR-135-3p to repress the activity of this 39UTR
reporter (Supplemental Fig. S2). Next, we performed
Argonaute2 (AGO2) miRNP-IP studies to assess whether
HIP1mRNAis enriched in theRNA-inducedsilencingcom-
plex following miR-135a-3p overexpression in HUVECs.
An ;8-fold enrichment of HIP1 mRNA was observed
after AGO2 miRNP-IP in the presence of miR-135a-3p,
as compared with the miRNA negative control. AGO2

miRNP-IP did not enrich the mRNA for SMAD1, a gene
that was not predicted to be a miR-135a-3p target (Fig. 5E).

To further investigate the functionality of these 2 target
genes in ECs, we undertook an siRNA silencing approach
of HIP1 (Fig. 6A). HIP1 siRNA-mediated knockdown
successfully “phenocopied” the effects of miR-135a-3p
overexpression on p38 phosphorylation (Fig. 6B) and on
ECmigrationusingmodifiedBoydenmigration chambers
(Supplemental Fig. S3A) and EC scratch assays (Supple-
mental Fig. S3B). To explore whether the miR-135a-3p-
mediated inhibitory effects on EC proliferation were
dependent on HIP1, we performed siRNA knockdown
studies using EC scratch assays in the presence and ab-
sence of miR-135-3pm and quantified EC wound closure.
In the absence of HIP1, miR-135a-3p overexpression had
markedly impaired ability to inhibit EC wound closure

Figure 2. MiR-135a-3p inhibits
proangiogenic functions in ECs
in vitro. HUVECs transfected
with NSm, miR-135a-3pm, miR
inhibitor negative control (NSi),
or miR-135a-3p inhibitor (miR-
135a-3pi) were subjected to
tube-like network formation in
matrigel (A); EC migration in
transwell Boyden chambers (B);
scratch assay (C); n = 6/group.
All data represent means 6 SEM.

Scale bars: 150 mm (A); 100 mm
(C). *P , 0.05 compared to NS,
**P , 0.001 compared to NS.
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[Fig. 6C: miR-135-3pm+ control siRNAgroup vs.miR-135-
3pm + HIP1siRNA group at 6 h (2- vs. 1.6-fold, re-
spectively); at 12 h (3.82- vs. 1.57-fold, respectively); and at
18 h (67- vs. 10-fold, respectively)]. Because the siRNA-
mediated knockdown of the target gene HIP1 is sig-
nificantly more efficient (Fig. 6A, ;85% knockdown)
compared to miRNA-135-3p mimic overexpression (Fig.
5C, ;30%), we would anticipate that the miR negative
control (NSm) + HIP1 siRNA group would have higher
open wound areas compared to the NSm + control siRNA
group—and indeed this is the case as quantified: [NSm +
HIP1 siRNA group vs.NSm + control siRNA group at 6 h
(41 vs. 28%, respectively), 12 h (32 vs. 13%, respectively),
and 18 h (11 vs. 4%, respectively)]. Thus, these data high-
light that themiR-135a-3p-mediated effects are dependent
in part onHIP1 for ECwound closure in scratch assays. To

investigate for miR-135-3p dependency upon HIP1 in
other EC functional assays, we explored EC proliferation
(BrdU) and migration studies. As demonstrated in Fig. 6D,
the ability of miR-135-3pm to inhibit EC proliferation as
quantified by BrdU was significantly impaired (NSm+con-
trol siRNAgroup vs.miR-135-3pm +HIP1 siRNAgroup: 34
vs. 1.1%, respectively). Similarly, the ability of miR-135-3pm
to inhibit EC migration as quantified by transwell Boyden
chamber assays was also significantly impaired (Fig. 6E:
NSm+control siRNA group vs.miR-135-3pm +HIP1 siRNA
group: 48 vs. 2%, respectively). These studies highlight, the
functional importance of this target. Moreover, to assess for
miR-135a-3p dependent effects on p38K signaling, we also
performed siRNA knockdown studies for p38K in EC
scratch assays. As shown in Fig. 6F, compared to siRNA
control, the ability of miR-135a-3p to inhibit wound closure

Figure 3. Bioinformatics and miR-135a-3p gene profiling predicts p38 as a targeted signaling pathway. Gene ontology and GSEA
predicted p38 MAPK signaling pathway to be the top regulated signaling network regulated by miR-135a-3p.
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was significantly attenuated in the presence of p38K siRNA
knockdown (miR-135-3pm+ control siRNA group vs. miR-
135-3pm + p38 siRNA group at 6 h (1.9- vs. 1.4-fold, re-
spectively); at 12 h (2.6- vs. 1.7-fold, respectively); and at 18 h
(5.9- vs. 2.4-fold, respectively). Collectively, these data in-
dicate thatHIP1 isadirect targetofmiR-135-3p inECswhere
increased levels of miR-135a-3p facilitates reduced HIP1
expression and p38K signaling, an effect restraining EC
growth and angiogenesis.

Diabetes is a complex disease and impairs multiple
components of wound healing including inflammation,
matrix deposition, and angiogenesis (28, 37). Impaired
angiogenesis is a hallmark in the pathogenesis of such
wounds associated with significant complications such as
limb amputations (38–41). MiR-135a-3p inhibition pro-
moted various aspects of EC angiogenesis in vitro (Figs. 1E
and 2). Therefore,we explored the effect of inhibitingmiR-
135a-3p on angiogenesis in a diabetic db/db model of
dermal wound healing generated by punch biopsy of the
skin on the dorsal suface of the mice (Fig. 7A). Local de-
livery of LNA-anti-miR-135a-3p (MiR-135a-3pi) not only
significantly improved wound closure (Fig. 7B) but also
increased granulation tissue thickness (GTT) by 1.6-fold
(Fig. 7C) and robustly induced angiogenesis as measured
by CD31 by 3-fold (Fig. 7D) compared to scrambled NS
control anti-miRs (NSi). In contrast, overexpression of
miR-135a-3p significantly delayed wound closure by 61%

(Fig. 7E), decreased GTT by 32% (Fig. 7F), and reduced
angiogenesis in wounds by 37% compared to mice that
received local intradermal delivery of control LNA-anti-
miRs (Fig. 7G). Thus, targeting miR-135a-3p induced an-
giogenesis and wound healing under diabetic conditions.

In order to evaluate whether neutralization of miR-
135a-3p regulates angiogenesis in response to tissue injury
in human tissues, we developed a modified human skin
organoid assay. The model system consists of a 6-mm
circular full-thickness punch biopsy where in the mid-
dle of each biopsy a 3-mm full-thickness wound is cre-
ated using a 3-mm punch biopsy. The human skin
organoid can bemaintained at the air-liquid interface in
culture for several days (Fig. 8A) (34). We used an NS-
Cy3 miRNA control and verified transduction of hu-
man skin organoids (data not shown). To study the
ability of miR-135a-3p to regulate angiogenesis in hu-
man skin organoids, we transduced human skin orga-
noids with LNA-anti-miR-135a-3p (MiR-135a-3pi) or
scrambled NS control anti-miRs (NSi) or MiR-135a-3pm
or scrambled NS control anti-miRs (NSm) (Fig. 8A). In
accordance with our in-vivo findings in mice, inhibition
of miR-135a-3p induced angiogenesis as measured by
CD31 by ;33% (Fig. 8B) in human skin organoids,
whereas overexpression of miR-135a-3p reduced an-
giogenesis by ;57% (Fig. 8C). Additionally, inhibition
of miR-135a-3p showed a nonsignificant increased
trend (P = 0.09) in p38 phosphorylation in response to
15 mins of VEGF (50 ng/ml) stimulation by ;1.7 fold
(Fig. 8D). In contrast, overexpression of miR-135a-3p
significantly decreased p38 phosphorylation in re-
sponse to 15 mins of VEGF stimulation by 47% in hu-
man skin organoids (Fig. 8E).

Finally, we investigated the effects of miR-135a-3p
inhibition or overexpression on HIP1 in human skin
organoids. Similar to our in-vitro findings in ECs, over-
expression of miR-135a-3p in human skin organoids po-
tently decreased HIP1 mRNA (Supplemental Fig. S4A,
left) and protein expression (Supplemental Fig. S4B, left),
whereas the miR-135a-3p inhibitor increased both HIP1
mRNA and protein expression (Supplemental Fig. S4A, B
right). In summary, our in-vitro and in-vivo findings in-
dicate that increased miR-135a-3p expression adversely
affects angiogenesis in response to tissue injury, and its
neutralization can potently promote angiogenesis inmice
and human tissues.

TABLE 2. The p38 MAPK signaling pathway is predicted to be the top
regulated signaling network regulated by miR-135a-3p from gene set
enrichment analyses

Signaling network Score Gene (n)

p38 MAPK 42 34
FAK signaling 42 34
GRK2 42 34
VEGF 37 32
Pdi 37 32
NF-кB 35 31
JNK 35 31
GRB2 35 31
Smad1/5/8 35 31
PDGF 35 31

FAK, focal adhesion kinase; GRB2, growth factor receptor-bound
protein 2; GRK2, G protein-coupled receptor kinase; Pdi, protein
disulfide isomerase; PDGF, platelet-derived growth factor.

TABLE 1. Gene ontology analysis of 1687 genes repressed by miR-135a-3p overexpression in endothelial
cells identified from transcriptomic profiling

GO ID Molecular and cellular function P Gene (n)

GO:000628194 DNA replication and repair 3.06E205 94
GO:0007049 Cell cycle 2.03E204 186
GO:0008219 Cell death and survival 3.13E204 262
GO:0008219 Cellular development 3.54E204 21
GO:0009986 Cell surface 6.33E204 183
GO:0008283 Cellular growth and proliferation 1.34E203 16
GO:0048869 Molecular transport 1.38E203 74
GO:0007267 Cell-to-cell signaling interaction 2.21E203 42
GO:0016043 Cellular assembly and organization 3.17E203 76
GO:0006928 Cellular movement 3.17E203 24
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DISCUSSION

Angiogenesis is a critical step after tissue injury. Indeed,
impaired angiogenesis can lead to maladaptive tissue re-
pair in a range of disease states such as diabetic wound
healing and ischemic cardiovascular disease. Among EC
functional properties contributing to ineffective angio-
genesis, reduced cell proliferation and migration may
significantly impact therapeutic angiogenesis (4, 42–46).
Interestingly, initial treatment strategies that mostly fo-
cused on delivery of recombinant growth factors such as
VEGF, bFGF, HGF, HIF-1a, Del-1, among others, have
shown outright failure or at best limited efficacy (6, 7,
47–51). One possibility for the lack of robust angiogenic
responsiveness to these growth factors therapeutically is
the concept of “angiogenic resistance,” which is due to
impaired growth factor signaling. Accumulating studies
support this hypothesis, including the findings that these

angiogenic growth factors are actually increased (not de-
ficient) in subjects with diabetes or ischemic cardiovascu-
lar disease states (11, 14). For example, compared to
human subjects with intermittent limb claudication, sub-
jects with critical limb ischemia have higher levels of
VEGF-A, angiopoietin-1, and Tie-2. Furthermore, in-
termittent claudicants had higher levels of these factors
than controls, suggesting that higher ischemic burden
is associated with higher circulating levels of proangio-
genic growth factors (15).Moreover, experimental rodent
models show that despite sufficiency of proangiogenic
growth factors (e.g., VEGF) in diabetic limbs, there is
markedly reduced activation of downstream signaling
(52). Therefore, mechanisms that may underlie “angio-
genic resistance” because of impaired angiogenic signal-
ing may provide a more direct strategy to improve
therapeutic angiogenesis.

Figure 4. MiR-135a-3p regulates the expression of downstream P38 signaling in ECs. HUVECs transfected with NSm or miR-135a-
3pm (A) or miR inhibitor negative control (NSi) or miR-135a-3p inhibitor (miR-135a-3pi) (B), and stimulated with VEGF (50 ng/ml)
at the given time points were subjected to Western analysis using antibodies to p-p38, p38, p-ERK1/2, ERK1/2, p-Akt, Akt, and
b-actin (n = 3–5 experiments). Ns, nonsignificant. All data represent means 6 SEM. Differences among groups were analyzed by
using 1-way ANOVA. *P , 0.05, **P , 0.005, ***P , 0.001 compared to controls.
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MicroRNAs can regulate signaling pathways via mul-
tiple targets.Not only are theyhighly expressed inECsbut
also their expression and targets may vary in different
disease settings or in response to pathophysiological
stimuli making them potentially attractive candidates
with therapeutic interest (46, 53). MiRNAs can regulate
key downstream regulators of angiogenic signaling
pathways. For instance, we previously identified that the
expression of miR-26a, an antiangiogenic miRNA, was
increased under acute MI in mice and in human subjects
with ACS (29) as well as in skin wounds of db/db mice
(28). We also identified that its neutralization could effec-
tively promote angiogenesis by targeting Smad1, an effect
promoting downstream effects of the bone morphogenic
protein signaling pathway (28).

In this study, we identified a new miRNA, miR-135a-
3p, acting as a negative modulator of angiogenesis under
pathologic conditions such asdiabetes andwoundhealing
by regulating the p38 MAPK signaling pathway (schema;
Supplemental Fig. S5). In addition, we identified a
previously unknown target of miR-135-3p—HIP1. Gain-
and loss-of-function studies in ECs demonstrate that
miR-135a-3p serves as an antiangiogenic miRNA. MiR-
135a-3p overexpression significantly impaired EC an-
giogenic functions such as EC growth, migration, and
matrigel network tube formation, whereas its inhibition
had theopposite effects.DeliveryofmiR-135a-3p locally to
skin wounds of db/db mice not only improved diabetic
wound healing in mice but also significantly promoted
angiogenesis. In human skin organoids, inhibition of

Figure 5. HIP1 is a bona fide target of miR-135a-3p in ECs. A) Discovery and validation of miR-135a-3p target genes. HUVECs
transfected with NSm and miR-135a-3pm were subjected to microarray gene profiling. Potential gene targets were further
narrowed down by sequential use of bioinformatics and prediction algorithms, real-time qPCR, Western blot analyses, 39-UTR
reporter studies, and miRNP-IP analysis. B, C) HUVECs transfected with NSm or miR-135a-3pm were subjected to real-time qPCR
for HIP1 expression (B) or Western blot analyses using antibodies to HIP1 and GAPDH (n = 3 experiments) (C). D) Luciferase
activity of HIP1 39-UTR normalized to total protein was quantified in HUVECs transfected with NSm or miR-135a-3pm (n = 3
experiments). E) MiRNP-IP analysis of enrichment of HIP1 mRNA in HUVECs transfected with NSm or miR-135a-3pm. RT-qPCR
was performed to detect HIP1 or SMAD1. *P, 0.01. ns, nonsignificant. Results are representative of n = 3 replicates/group and 2
independent experiments. All data represent means 6 SEM.
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miR-135a-3p significantly increased angiogenesis and p38
phosphorylation. Overexpression of miR-135a-3p had the
opposite effects in both diabetic wounds in mice and in
human skin organoids. Interestingly, using a combination
of transcriptomic profiling and gene set enrichment anal-
yses (GSEA), we found that the top pathway targeted
by miR-135a-3p was p38 MAPK signaling. In support,
miR-135a-3p selectively regulates p38 MAPK signaling

pathway in response to VEGF stimulation and not the
ERK1/2 orAkt pathways (Fig. 4 and Supplemental Fig. S1).

Activation of the ECp38MAPK signaling pathway has
been implicated in critical components of angiogenesis
including EC migration and proliferation. For example,
p38-regulated/activated kinase can induce p38 MAPK
signaling to promote EC migration (54). Another study
showed that p38MAPK signaling pathwayparticipates in

Figure 6. SiRNA-mediated knockdown of HIP1 recapitulates miR-135-3p functional effects in ECs. A, B) HUVECs were
transfected with siRNA to HIP1 or scrambled control (Ctrl) siRNA. Protein expression was determined by Western analysis under
baseline conditions (A) or in response to VEGF (50 ng/ml) treatment (B) using antibodies to HIP1, p-P38, P38, and GAPDH (n =
2 experiments). *P , 0.05, **P , 0.001. C–E) HUVECs were transfected with siRNA to HIP1 or scrambled Ctrl siRNA in the
presence of NSm or miR-135a-3pm. EC functional angiogenic assays were performed for scratch assay (C), Boyden transwell
migration (D), or proliferation by BrdU assay (E). *P , 0.01. F) HUVECs were transfected with siRNA to p38K or siRNA control
in the presence of NSm or miR-135a-3pm and EC scratch assays were performed. Ns, nonsignificant. Results are representative of
n = 3 replicates/group. All data represent means 6 SEM. Differences among groups were analyzed by using 1-way ANOVA. *P ,
0.01.
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EC migration by regulating urokinase plasminogen acti-
vator expression (55). Sheer stress-induced activation
of p38 MAPK through the VEGF receptor 2 promoted
angiogenesis in rat skeletal muscle (56). Interestingly,
inhibition of bFGF-mediated activation of p38 MAPK

signaling was shown to increase endothelial growth in
chick chorioallantoic membrane assays, but the vessels
displayed abnormal features of hyperplasia, suggesting
a duality in the involvement of p38 in angiogenesis (57).
We focused on the p38 MAPK signaling pathway as it

Figure 7. Local delivery of LNA-anti-miR-135a-3p promotes wound healing in db/db mice. A) After 2 local injections in mice of
LNA-anti-miR-135a-3p (MiR-135a-3pi) or scrambled NS control LNA-anti-miRs (NSi) (n = 11–12/group), mice underwent dorsal
skin wounding. B–D) Wound analyses included: wound closure areas (B), GTT (C), and confocal immunofluorescence staining
for CD31 (D). E–G) After 2 local injections in mice of MiR-135a-3 PM or scrambled NS control miRs (NSm) (n = 10/group), mice
underwent dorsal skin wounding. Wound analyses included: wound closure areas (E), GTT (F), and confocal immunofluores-
cence staining (G) for CD31. All data represent means 6 SEM. Scale bars: 5 mm (B, E); 500 mm (C, F); 50 mm (D, G). *P , 0.05.
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emerged as a top pathway regulated by miR-135-3p from
GSEA and the known contribution of this pathway in
VEGF signaling and in wound healing (56, 58). Although

the role of miR-135-3p on other top signaling pathways
identified from GSEA, such as focal adhesion kinase sig-
naling, has not been explored, our data strongly indicate

Figure 8. Inhibition of miR-135a-3p promotes angiogenesis in human skin organoids. A) Punch biopsies of human skin were
embedded into a collagen matrix, transfected with miR inhibitor negative control (NSi), miR-135a-3p inhibitor (miR-135a-5pi),
NSm, or miR-135a-3pm, and cultured for indicated number of days. B, C) Human skin organoids were transduced with the
indicated miRNAs and cultured for 9 d followed by confocal immunofluorescence staining for CD31. D, E) Human skin
organoids (n = 3–6) were transduced with the indicated miRNAs and cultured for 3 d. Human skin organoids were treated with
VEGF (50 ng/ml) followed by Western blot analyses for p-p38, p38, and b-actin at the indicated times. All data represent means 6
SEM. Scale bars: 50 mm (B); 25 mm (C). *P , 0.05 (1-way ANOVA).
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that miR-135-3p regulates VEGF signaling in a p38K
MAPK-dependent manner. Our findings that miR-135a-3p
overexpression inhibits EC p38 MAPK phosphorylation,
migration, and proliferation, whereasmiR-135a-3p has the
opposite effects, support the notion that p38 MAPK acti-
vationpromotesproangiogenic functions inECs (Figs. 2and
4). Moreover, miR-135a-3p’s effects on EC wound closure
were markedly impaired with siRNA-mediated knock-
down of p38K. Furthermore, siRNA-mediated knockdown
of HIP1 (Fig. 6B) phenocopied miR-135a-3p’s inhibitory ef-
fect on p38MAPK signaling pathway in response to VEGF
further supporting thenotion thatp38MAPKcanpositively
regulate the angiogenic functionality of ECs.

HIP1, a cofactor in clathrin-mediatedvesicle trafficking,
is a novel target of miR-135a-3p that we identified in this
study. Interestingly, HIP1 is expressed in tumor cells of
epithelial, colon, andprostate cancerand isassociatedwith
cell survival (59). Its expression is considered a marker of
relapse in patients with prostate cancer (59). Over-
expression of HIP1 promotes tumor formation and alters
receptor trafficking of EGF and transferrin (60). Further-
more,HIP1was shown tobeoverexpressedandphysically
associatedwith EGFR in glial brain tumors (61). Our study
established a previously unknown role of HIP1 in ECs.
MiR-135a-3p through binding to the 39UTR of HIP1 can
regulate HIP1 expression, EC proliferation, and migration
(Figs. 5 and 6, and Supplemental Fig. S3). In addition,miR-
135a-3p’s ability to modulate EC wound closure (Fig. 6C),
EC migration (Fig. 6D), and proliferation (Fig. 6E) was
significantly blocked in the absence of HIP1. The mecha-
nismbywhichHIP1 regulatesp38Kphosphorylation is not
completely understood. However, the target of rapamycin
complex1 signalingpathway ispositively regulatedbyp38
signaling (62). Another study conducted in budding yeast
showed target of rapamycin promoted the activity ofHIP1
(63).HIP1also regulatesRac1 signaling in rats in the setting
of rheumatoid arthritis; HIP1 knockdown reduced Rac1
activation (64). Rac1 is known to mediate p38 MAPK sig-
naling in NIH 3T3 cells whereby Ras- and Rac1-mediated
p38 and JNK signals are required for Stat3 transcriptional
activity induced by the Src oncoprotein (65). Collectively,
these reports provide potential links forHIP1 regulation of
p38 MAPK phosphorylation. Further studies will be re-
quired to understand this relationship.

Despite optimal medical therapy, management of di-
abetic wound healing remains relatively stagnant in hu-
man subjects. Impaired angiogenesis is amajor contributor
to the pathologic remodeling. Manipulation of miRNAs,
for example using LNA-anti-miR-135-3p, to improve an-
giogenesis provides new opportunities for therapeutic
intervention. Given the growing number of miRNAs im-
plicated ineitherangiogenesisordiabeticwoundhealing, it
will be of future interest to explore whether targeting a
combination of miRNAs involved in divergent angiogenic
signaling pathways using LNA-anti-miR-based therapeu-
tics provides amore effective means to achieve prohealing
properties. Because LNA-anti-miRs can be locally injected,
this type of therapeutic intervention may facilitate wound
healing in different phases of wound healing without sys-
temic effects. Future investigation on the role of miRNAs
using innovative gain- and loss-of-function studies by local

intradermal delivery in both diabetic mouse models of
wound healing and in human skin organoid preparations
may help to close the preclinical gap in translating these
findings closer to the clinic.

In summary, our study highlights miR-135a-3p as an
antiangiogenic miRNA that is dynamically regulated in
response to proangiogenic stimuli in vitro and in vivo.
These findings establishmiR-135-3pas anew linkbetween
VEGF-mediated activation of p38 MAPK signaling path-
wayby targetingHIP1. InhibitionofmiR-135-3p increased
angiogenesis under diabetic conditions in animal tissue
injurymodels and in response to injury using human skin
organoids. Because the expression of miR-135-5p is in-
creased in disease states associated with impaired angio-
genic responses, these findings provide the rationale for
therapeutic neutralization of miR-135-3p to overcome
“angiogenic resistance” and promote tissue repair in
conditions such as diabetic wound healing or ischemic
cardiovascular disease.
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21. Suárez, Y., Fernández-Hernando, C., Yu, J., Gerber, S. A., Harrison,
K.D., Pober, J. S., Iruela-Arispe,M. L.,Merkenschlager,M., and Sessa,
W. C. (2008) Dicer-dependent endothelial microRNAs are necessary
forpostnatal angiogenesis.Proc. Natl. Acad. Sci. USA 105, 14082–14087

22. Ghosh, G., Subramanian, I. V., Adhikari, N., Zhang, X., Joshi, H. P.,
Basi, D., Chandrashekhar, Y. S., Hall, J. L., Roy, S., Zeng, Y., and
Ramakrishnan, S. (2010) Hypoxia-induced microRNA-424 expres-
sion in human endothelial cells regulates HIF-a isoforms and pro-
motes angiogenesis. J. Clin. Invest. 120, 4141–4154

23. Bernardo, B. C., Gao, X. M., Winbanks, C. E., Boey, E. J., Tham, Y. K.,
Kiriazis, H., Gregorevic, P., Obad, S., Kauppinen, S., Du, X. J., Lin,
R. C., andMcMullen, J. R. (2012) Therapeutic inhibition of the miR-
34 family attenuates pathological cardiac remodeling and improves
heart function. Proc. Natl. Acad. Sci. USA 109, 17615–17620

24. Fasanaro, P., D’Alessandra, Y., Di Stefano, V., Melchionna, R.,
Romani, S., Pompilio, G., Capogrossi, M. C., and Martelli, F. (2008)
MicroRNA-210 modulates endothelial cell response to hypoxia and
inhibits the receptor tyrosine kinase ligand Ephrin-A3. J. Biol. Chem.
283, 15878–15883

25. Menghini, R., Casagrande, V., Cardellini, M., Martelli, E., Terrinoni,
A., Amati, F., Vasa-Nicotera, M., Ippoliti, A., Novelli, G., Melino, G.,
Lauro, R., and Federici, M. (2009) MicroRNA 217 modulates
endothelial cell senescence via silent information regulator 1.
Circulation 120, 1524–1532

26. Doebele, C., Bonauer, A., Fischer, A., Scholz, A., Reiss, Y., Urbich, C.,
Hofmann,W. K., Zeiher, A.M., andDimmeler, S. (2010)Members of
the microRNA-17-92 cluster exhibit a cell-intrinsic antiangiogenic
function in endothelial cells. Blood 115, 4944–4950

27. Nicoli, S., Standley, C., Walker, P., Hurlstone, A., Fogarty, K. E., and
Lawson, N. D. (2010) MicroRNA-mediated integration of haemody-
namics and Vegf signalling during angiogenesis. Nature 464,
1196–1200; erratum: 467, 356

28. Icli, B., Nabzdyk, C. S., Lujan-Hernandez, J., Cahill, M., Auster, M. E.,
Wara, A. K., Sun, X., Ozdemir, D., Giatsidis, G., Orgill, D. P., and
Feinberg, M. W. (2016) Regulation of impaired angiogenesis in
diabetic dermal wound healing bymicroRNA-26a. J. Mol. Cell. Cardiol.
91, 151–159

29. Icli, B.,Wara,A.K.,Moslehi, J., Sun,X.,Plovie,E.,Cahill,M.,Marchini,
J. F., Schissler, A., Padera, R. F., Shi, J., Cheng, H. W., Raghuram, S.,
Arany, Z., Liao, R., Croce, K.,MacRae, C., and Feinberg,M.W. (2013)
MicroRNA-26a regulates pathological and physiological angiogenesis
by targeting BMP/SMAD1 signaling. Circ. Res. 113, 1231–1241

30. Melero-Martin, J. M., and Bischoff, J. (2008) Chapter 13. An in vivo
experimental model for postnatal vasculogenesis. Methods Enzymol.
445, 303–329

31. Wara, A. K., Croce, K., Foo, S., Sun, X., Icli, B., Tesmenitsky, Y., Esen,
F., Rosenzweig, A., and Feinberg,M.W. (2011)Bonemarrow-derived
CMPs and GMPs represent highly functional proangiogenic cells:
implications for ischemic cardiovascular disease. Blood 118,
6461–6464

32. Wara, A. K., Foo, S., Croce, K., Sun, X., Icli, B., Tesmenitsky, Y., Esen,
F., Lee, J. S., Subramaniam, M., Spelsberg, T. C., Lev, E. I.,
Leshem-Lev, D., Pande, R. L., Creager, M. A., Rosenzweig, A., and
Feinberg, M. W. (2011) TGF-b1 signaling and Krüppel-like factor 10
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