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Diabetic skin ulcers represent a challenging clinical
problem with mechanisms not fully understood. In this
study, we investigated the role and mechanism for the
primary unfolded protein response (UPR) transducer
inositol-requiring enzyme 1 (IRE1q) in diabetic wound
healing. Bone marrow-derived progenitor cells (BMPCs)
were isolated from adult male type 2 diabetic and their
littermate control mice. In diabetic BMPCs, IRE1a pro-
tein expression and phosphorylation were repressed.
The impaired diabetic BMPC angiogenic function was
rescued by adenovirus-mediated expression of IRE1a
but not by the RNase-inactive IRE1a or the activated
X-box binding protein 1 (XBP1), the canonical IRE1« tar-
get. In fact, IRE1a RNase processes a subset of micro-
RNAs (miRs), including miR-466 and miR-200 families,
through which IRE1a plays an important role in main-
taining BMPC function under the diabetic condition.
IRE1a attenuated maturation of miR-466 and miR-200
family members at precursor miR levels through the
regulated IRE1«-dependent decay (RIDD) independent
of XBP1. IRE1« deficiency in diabetes resulted in a burst
of functional miRs from miR-466 and miR-200 families,
which directly target and repress the mRNA encoding
the angiogenic factor angiopoietin 1 (ANGPT1), leading
to decreased ANGPT1 expression and disrupted
angiogenesis. Importantly, cell therapies using IRE1a-
expressing BMPCs or direct IRE1« gene transfer signif-
icantly accelerated cutaneous wound healing in diabetic
mice through facilitating angiogenesis. In conclusion,
our studies revealed a novel mechanistic basis for

rescuing angiogenesis and tissue repair in diabetic wound
treatments.

Diabetic skin ulcers represent a challenging clinical problem
that often results in amputation (1). Neovascularization is
one of the rate-limiting steps of wound healing, but it is
found aberrant in wound beds in patients with diabetes with
unclear mechanisms (2). Bone marrow-derived progenitor
cells (BMPCs) are an important endogenous repair reservoir
for neovascularization (3). It is believed that therapies of
stem/progenitor cells targeting angiogenesis are hopeful so-
lutions for refractory tissue repair. However, the dysfunc-
tion of patient-derived progenitor cells has been implicated
in diabetes, which represents a major obstacle to the even-
tual success of autologous cell therapies in the clinic (4,5).
Metabolic stress associated with diabetes, for example,
hyperglycemia, hyperlipidemia, and inflammatory cytokines
(6,7), imposes cellular stress on the endoplasmic reticulum
(ER) and may cause accumulation of unfolded or misfolded
proteins in the ER lumen. These conditions can trigger the
unfolded protein response (UPR), leading to activation of
three major ER transmembrane sensors, including inositol-
requiring enzyme 1 (IREla), protein kinase RNA-like ER
kinase (PERK), and activating transcription factor 6 (ATF6)
(8). Among others, IREla is a primary UPR transducer
that, when activated by autophosphorylation, functions as
an RNase and executes an unconventional splicing of the
mRNA encoding a potent transcription factor X-box binding
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protein 1 (XBP1), which activates expression of the genes
primarily involved in the UPR signaling. In addition to pro-
cessing the XBP1 mRNA, IREla can process select mRNAs or
microRNAs (miRs) and subsequently lead to their degrada-
tion, a process known as regulated IRE1a-dependent decay
(RIDD) (9-11). Upon activation of the RIDD pathway, IREla
recognizes unique G/C sites within the stem-loop structures
of select pre-miRs and initiates unconventional cleavage of
the substrates. This action counteracts the cleavage and pro-
cessing by the RNase Dicer, causing the pre-miRs to be de-
graded. Recent research suggested that IREla-mediated
cleavage of XBP1 and RIDD of mRNAs or miRs are separable
activities that are associated with distinct IREla conforma-
tional changes and affinities to the substrates (12). A unique
role has been speculated for IREla in diabetes-related com-
plications because of the observation that IREla activities
are attenuated during persistent ER stress (13,14). However,
the exact downstream targets of IREla and the mechanisms
of IREla-mediated UPR in diabetes-associated wound heal-
ing disorders are poorly characterized.

miRs are small noncoding RNAs that act as key post-
transcriptional regulators of gene expression by base
pairing to the 3’ untranslated region (3'-UTR) of their
target mRNAs, thereby mediating mRNA translational re-
pression or cleavage (15). miRs have been shown to be
involved in a wide range of biological processes with highly
tissue-specific expression and distinct temporal expression
patterns (15). Our previous reports demonstrate that miRs
are important gene regulators in angiogenesis mediated by
BMPCs in type 2 diabetes (16,17). Whereas most of the
current research efforts are focused on identifying the
downstream targets of miRs, the upstream mechanisms
through which miRs are regulated remain largely unknown.
It was not until recently that the importance of miRs in ER
stress—induced pathogenesis has been recognized (18,19).
However, it is unclear whether IREla plays a role in reg-
ulating miR expression in type 2 diabetes.

In this study, we reported an important biological func-
tion of IREla beyond its canonical role in mediating ER
stress response in diabetes. Attenuation of IREla RNase
activity resulted in an increase of a subset of miRs in diabe-
tes, leading to impaired BMPC angiogenic functions, which
cannot be reversed by restoring IREla’s canonical down-
stream target XBP1. We further uncovered that the IREla-
mediated miR repression occurred at the pre-miR level and
led to increased functional miRs that exerted the transla-
tional block on expression of the proangiogenic factor angio-
poietin 1 (ANGPT1). The findings from this study not only
advance our understanding of the cause of impaired angio-
genesis in diabetes but also provide a novel therapeutic strat-
egy for diabetic wound healing by enhancing IRE1a activity.

RESEARCH DESIGN AND METHODS

Animals

Male type 2 diabetic mice (BKS.Cg-m** Lepr®/J, db/db,
age 10-12 weeks, plasma glucose 362.23 + 41.12 mg/dL)
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and their age- and sex-matched nondiabetic healthy litter-
mates (BKS.Cg-m /™ Lepdb/— lean, db/+, plasma glucose
160.77 = 22.25 mg/dL) were purchased from The Jackson
Laboratory (Bar Harbor, ME). IRE1a¥/8°% (C57BL/6 back-
ground) mice were generated as we described previously
(20). All animal procedures were performed according to
Wayne State University Institutional Animal Care and Use
Committee guidelines.

BMPC In Vitro Culture and Adenovirus Infection

In vitro expansion of BMPCs was performed as described
in our previous reports (17,21). Bone marrow mononu-
clear cells from the tibias and femurs of mice were plated
on a culture flask coated with rat plasma vitronectin
(Sigma-Aldrich) and maintained in endothelial growth
media (EGM-2; Lonza) in 37°C, 5% CO,. For in vitro and
in vivo experiments, we used the first passage cells that
were cultured for 7 days and ~80% confluent. The fol-
lowing characterization tests have been performed: 1)
cell morphology; 2) Ulex-lectin binding and Dil-ac-LDL
uptake fluorescent staining; 3) flow cytometry for cell
surface markers Sca-1, CD34, Flk-1, Sca-1/Flk-1, VE-
cadherin (CD144), CD11b, and CD45; and 4) Western
blot analyses for typical endothelial functional protein ex-
pressions including VE-cadherin, von Willebrand factor
(vVWE), and endothelial nitric oxide synthase (eNOS). To
generate IREla™’~ BMPCs, BMPCs from IRE1q/¥/fx
mice were infected with adenovirus (Ad)-Cre in order to
delete the floxed Irela exons as we described previously
(20). Adenoviral vectors for expression of flag-tagged hu-
man [REla (Ad-IREla) were provided by Dr. Yong Liu
(Institute for Nutritional Sciences, Shanghai, China). Ade-
novirus expressing spliced XBP1 was provided by
Dr. Umut Ozcan (Harvard University, Cambridge, MA) (22).
Adenovirus expressing human ANGPT1 and (-Gal were
purchased from Vector Biolabs. For transfection of cells
with adenovirus, cells were seeded in six-well plates. After
24 h, cells were transfected with Ad-IREla, Ad-spliced
XBP1 (XBP1s), or Ad-GFP at a multiplicity of infection
(MOI) of 500 for 48 h as described previously (20).

Transfection of Pre-miR-Expressing Plasmids, Small
Interfering RNA, and miR Mimic

Plasmids expressing pre-miR-200 or pre-miR-466 were
constructed by inserting human pre-miR-200 and pre-
miR-466 sequence into pCMV-miR vector between the
Sgfl and Mlul site (Origene). The empty plasmid served
as control. BMPCs were transfected with either 100 ng
of the pre-miR-expressing plasmid or the empty plasmid
using Lipofectamine 2000 (Life Technologies). Cells were
collected simultaneously at 24 h after transfection for
further analyses. Small interfering RNA (siRNA) du-
plexes or miR mimics were transfected into BMPCs
with DharmaFECT 1 transfection reagent (Dharmacon)
according to the manufacturer’s instruction. In each ex-
periment, nonrelated scramble oligo was used as a nega-
tive control. After 60 h, the cells were harvested for the
experiments.



diabetes.diabetesjournals.org

Quantitative Real-Time PCR Analyses

Total RNA from BMPCs was isolated by miRNeasy Mini Kit
(Qiagen). For mRNA expression analysis, quantitative real-
time PCR (qRT-PCR) was performed using miR primers
synthesized by Exiqon. Amplification and detection of
specific miR products were performed with the ABI PRISM
7500 Sequence Detection System, using U6 as an internal
control. The C, value was normalized by subtracting the U6
C, value, which gave the AC, value. The relative expression
levels of each target between groups were then calculated

using the following equation: relative gene expression =
27(ACt_treatments — ACt_controls)

Western Blot Analyses and Detection of IRE1a
Phosphorylation by Phos-tag SDS-PAGE

Total cell lysates were prepared from cultured BMPCs.
Denatured proteins were separated by SDS-PAGE on 10%
Tris-glycine polyacrylamide gels and transferred to a
0.45-mm polyvinylidene fluoride membrane (GE Health-
care). Levels of B-actin were determined as loading con-
trols. For the detection of phosphorylated IRE1a, 30 pg of
cell lysates were loaded in 5% Phos-tag SDS-PAGE (Wako
Chemicals) according to the manufacturer’s instructions
(23). Tunicamycin-treated liver lysate was used as positive
control. The membrane was incubated with the primary
antibodies and horseradish peroxidase-conjugated second-
ary antibodies. Membrane-bound antibodies were detected
by an enhanced chemiluminescence detection reagent (GE
Healthcare). The signal intensities were determined by
Quantity One 4.4.0 (Bio-Rad, Hercules, CA).

BMPC Functional Assays

In tube formation assay, BMPCs in EBM-2 were plated in
a 48-well cell culture plate (5 X 10* cells per well) pre-
coated with 150 pL of growth factor-reduced Matrigel-
Matrix (BD Biosciences), as we described previously (17).
The migration assay was performed using in vitro scratch
assay as described previously (17). Cell proliferation was
evaluated using CellTiter 96 AQueous one solution cell
proliferation assay kit (Promega).

miR Array Analysis

Total RNA was extracted from db/db BMPCs and db/+
BMPCs and subjected to mouse genome-wide miR micro-
array analysis using pwParaflo Biochip Technology (LC Sci-
ences) based on the latest version of the miRBase database
(Sanger miRBase version 21, released 21 July 2014). The
array covered all the 1,915 mature sequences of mouse
miRs in the miR library. The detailed information of the
microarray analysis can be found at the GEO repository
(access number GSE72616).

In Vitro IRE1«-Mediated Pre-miR Cleavage Assay

In vitro cleavage of pre-miR-200 and pre-miR-34 by
bioactive, recombinant IREla protein was performed as
described previously with modifications (11). In brief, plas-
mids carrying either human pre-miR-200 sequence or hu-
man pre-miR-34 sequence (both from Origene) were used
as template for PCR amplification of the linearized DNAs
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containing T7 promoter region and pre-miR-200 or pre-
miR-34 sequences. The DNA Clean & Concentrator kit
(Promega) was used to recover ultrapure DNA from the
PCR products. Transcription of large-scale RNAs of pre-
miR-200 or pre-miR-34 was performed using the T7 RiboMax
Express RNA Production System (Promega). In vitro—
transcribed RNA (1 pg) was incubated with or without
1 g bioactive recombinant human IREla protein
(SignalChem) in a kinase reaction buffer provided by
SignalChem. The cleavage reactions were initiated by add-
ing ATP (2 mmol/L final concentration). Reaction without
ATP was used as a control for each sample. After incuba-
tion at 37°C for 30 min, the reaction products were re-
solved on 1.2% denaturing agarose gels and visualized by
ethidium bromide staining.

Luciferase 3'-UTR Reporter Assays

The miR-target luciferase reporter assay was performed as
previously described (24). Synthetic oligonucleotides of
human ANGPT1 mRNA 3'-UTR was cloned into a lucifer-
ase reporter vector system (SwitchGear). HEK 293T cells
were cotransfected with 100 ng ANGPT1 3’- reporter and
0.1 nmol miR mimics (Exiqon) or 100 ng pre-miR plas-
mids. After 48 h, luciferase activity was measured, and the
relative reporter activity was normalized to that of scram-
ble oligo cotransfection. A reduced firefly luciferase ex-
pression indicates the direct binding of miRs to the
cloned target sequence.

BMPC Cell Therapy and Gene Therapy for Wound
Healing In Vivo

Wounds were created on the dorsal skin of the mouse as
previously described (17). Full-thickness skins were re-
moved using a 6-mm punch biopsy without hurting the
underlying muscle. For BMPC therapy, immediately after
punch, 1 X 10° BMPCs with different gene manipulation
in 40 pL PBS were topically placed onto the wound area.
The grouping was as follows: 1) db/+ wound with PBS, 2)
db/db wound with PBS, 3) db/db wound with db/+ BMPCs
infected with Ad-GFP, 4) db/db wound with db/db BMPCs
infected with Ad-GFP, and 5) db/db wound with db/db
BMPCs transfected with Ad-IRE1la. For IREla gene trans-
fer, 10% particle forming units (pfu) of Ad-IREla or
Ad-GFP was preloaded in 40 pL PBS at 4°C. The adeno-
virus suspension was injected onto the wound edge in the
panniculus carnosus layer immediately after wounding,
using a Hamilton syringe and 301/2 gauge needle as de-
scribed previously (25). The grouping was as following: 1)
db/+ wound with Ad-GFP, 2) db/db wound with Ad-GFP,
and 3) db/db wound with Ad-IREla. Wounds were cov-
ered with transparent oxygen-permeable wound dressing
(Bioclusive; Johnson & Johnson). The dressings were
changed every other day. Wound closure rates were mea-
sured by tracing the wound area onto acetate paper. The
tracings were digitized, and the areas were calculated with
a computerized algorithm and converted to percent
wound closure (ImageJ). Wound closure rates were calcu-
lated as percentage closed (y%) = [(area on day, — open
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area on day,)/area on dayy] X 100, as we described pre-
viously (17). On day 6 after wounding, wounds and the
adjacent skin were collected for CD31 immunochemistry
staining.

Statistics

All values were expressed as mean * SEM. The statistical
significance of differences between the 2 two groups was
determined with Mann-Whitney U nonparametric test.
When more than two treatment groups were compared,
one-way ANOVA followed by least significant difference
post hoc testing was used (26). For the in vivo wound
closure data, two-way repeated-measures ANOVA fol-
lowed by Bonferroni post hoc testing was used to compare
both differences between treatments and time courses. In
all tests, P < 0.05 was considered statistically significant.

RESULTS

Reduced IRE1a Activity in Diabetic BMPCs Is
Associated With Impaired BMPC Functions

Bone marrow mononuclear cells were cultured in vitro for
7 days and were characterized as endothelial progenitor
cell-enriched population (17,27). The BMPCs we cultured
possessed spindle-shaped and cobblestone-like appear-
ances, as well as Ulex-lectin binding and Dil-ac-LDL uptake
double-positive phenotype (Fig. 1A). These are typical
characteristics of endothelial lineage. Moreover, these
cells displayed increased percentages of Sca-1, CD34,
Flk-1, VE-cadherin (CD144), and Sca-1/Flk-1 double
staining but decreased percentage of CD11b and un-
changed CD45 (Fig. 1B). Western blot analyses indicated
that these cells expressed typical functional proteins pro-
duced by endothelial cells, such as VE-cadherin, vWF, and
eNOS (Fig. 1C). These data confirmed that the cells used
in this study were an endothelial progenitor cell-enriched
population. To evaluate the involvement of UPR in dia-
betic BMPCs, we examined the activity of the primary
UPR transducer IREla in BMPCs isolated from db/db
and db/+ mice. Western blot analyses revealed that the
levels of IREla total protein and its phosphorylated form
(p-IRE1a*""**) were significantly decreased in db/db
BMPCs compared with that in the control db/+ BMPCs
(Fig. 1D and E). The reduced levels of the phosphorylated
IREla in db/db BMPCs were further confirmed by a Phos-
tag acrylamide gel that can separate phosphorylated pro-
tein from unphosphorylated (Fig. 1F). In comparison, the
levels of the other ER stress sensors and mediators, in-
cluding PERK and ATF6, the chaperone protein BiP
(Bip/Grp78), and the ER stress—induced proapoptotic fac-
tor CHOP, in db/db BMPCs were comparable to those in
the db/+ BMPCs (Fig. 1D and E). We also detected major
transcripts in canonical UPR pathways using real-time
PCRs (Supplementary Fig. 1). Our data suggested that
that the canonical UPR pathways in db/db type 2 diabetic
BMPCs were not activated. The deficiency in IRE1a RNase
activity in diabetes does not alter the UPR signaling me-
diated through XBP1. To test whether IREla deficiency
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leads to BMPC dysfunction, adenoviral vectors expressing
flag-tagged full-length human IREla protein (Ad-IRE1lw), its
RNase mutant form (Ad-K907A), or its kinase mutant form
(Ad-K599A) were used to manipulate IRE1a RNase activity
(20) (Fig. 2A). Meanwhile, the adenovirus expressing the
activated form of XBP1 (XBP1ls) was used to evaluate
the effect of the canonical IRE1a/XBP1 axis in BMPC func-
tion. IREla RNase activity, as indicated by spliced
XBP1 mRNA levels, was significantly increased in BMPCs
upon the infection of Ad-IREla, but not by Ad-K907A
or Ad-K599A (Fig. 2B). Importantly, IREla overexpression
increased the formation of vessel-like tube networks (Fig. 2C
and D) and augmented BMPC migration (Fig. 2E) without
affecting cell proliferation (Fig. 2F). In contrast, Ad-K907A
or Ad-K599A did not induce any of these changes (Fig. 2C-
F), suggesting that IREla was critical for BMPC angiogen-
esis and that the defect in IRE1a RNase activity contributed
to BMPC dysfunction in diabetes. On the other hand, over-
expression of the activated form of XBP1 modestly im-
proved cell proliferation (Fig. 2F) with no effect on tube
formation or migration (Fig. 2C-E). This evidence suggests
that IREla regulates BMPC function independent of acti-
vating XBP1. In db/+ BMPCs, when XBP1 expression was
knocked down by siRNA (Fig. 2G), the tube formation of
BMPCs was only slightly impaired (Fig. 2H and I).

IRE1a Deletion Results in the Elevation of a Subset

of miRs

To gain mechanistic insights into the role of IREla in the
regulation of miRs in diabetic BMPCs, we did a miR micro-
array in db/db and db/+ BMPCs and identified a subset of
miRs that were upregulated in diabetes (db/db). The miR
microarray analysis revealed that among 44 significantly
altered miRs in db/db BMPCs, 31 of them were upregu-
lated, including the miR-466 family members (Fig. 34,
framed in red). In addition, qRT-PCR analyses confirmed
that the elevation of miR-466 family members and many
other miRs that have been implicated in oxidative stress
and inflammatory response in diabetes (28), including miR-
200 family members (miR-200a/b/c, miR-141, and miR-
429), miR-223, miR-155, and miR-34a, in diabetic BMPCs
(Fig. 3B). IREla/~ BMPCs were generated by infecting
IRE1a*/f°* BMPCs with adenovirus expressing CRE re-
combinase (Fig. 3C). qRT-PCR analyses indicated that de-
letion of IREla led to a decrease in spliced XBP1 mRNA
but significant increases of many similar miRs that were
elevated in diabetic BMPCs, including the miR-466 family,
the miR-200 family, miR-155, miR-34a, and miR-223 (Fig.
3D and E). Notably, the miR-466 family has one mature
miR member, miR-466 in human, and several mature miR
members in mouse, including miR-466s, miR-467s, miR-
669s, and miR-297s. The miR-200 family has five mature
miR members in both human and mouse, including miR-
200a/b/c, miR-141, and miR-429. Examination of the pre-
miR sequence of these miRs revealed that they possess
G/C splicing sites within the stem loop of the secondary
structures, matching the defined cleavage motif sequence
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Figure 1— Deficient IRE1a activity in BMPCs in diabetes. BMPCs from type 2 diabetic db/db mice and the healthy control db/+ mice were cultured
in vitro for 7 days. A: Fluorescent immunocytochemical staining of Ulex-lectin binding and Dil-ac-LDL. B: Flow cytometry analysis of Sca-1, CD34,
Flk-1, VE-cadherin (CD144), and Sca-1/Flk-1 cell surface markers of BMPCs cultured for 7 days. Bar = 100 wm. C: Westemn blot analysis of protein
levels of VE-cadherin, vVWF, and eNOS in BMPCs cultured for 7 days. D: ER stress response—related protein expressions in db/db vs. db/+ BMPCs.
n=6."P < 0.05 vs. db/+. E: Representative protein bands in db/+ and db/db BMPCs, revealed by Western blot analysis. F: Phosphorylated IRE1«
(P-IRE1a) and unphosphorylated IRE1a in db/db and db/+ BMPCs separated in Phos-tag gel. n = 6. *P < 0.05 vs. db/+. Representative bands
were shown beneath bar graph. Tunicamycin (TM)-treated liver tissue lysate served as a positive control for IRE1a phosphorylation.

of IRE1 RNase activity (29) (Fig. 3F). In fact, expression of
pre-miR-466 or pre-miR-200 in IRE1a~/~ BMPCs yielded
much higher levels of mature miRs than that in the control
BMPCs, compared with that in IRE1la™* BMPCs (Fig. 3G

and H). Expression of pre-miR-466 or pre-miR-200 in the
IREla~’~ BMPCs infected with Ad-K907A (RNase mutant
form of IREla) still yielded higher levels of mature miRs,
suggesting that IRE1la RNase activity is required to
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Figure 2—Augmentation of IRE1a« RNase activity boosts BMPC function in diabetes. BMPCs were isolated from individual mice and
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Proliferation of db/db BMPCs infected with Ad-IRE1a, Ad-K907A, Ad-XBP1s, or Ad-GFP as evaluated by CellTiter 96 AQeous Cell
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transfected with XBP1 siRNA or scramble oligo. Bar = 500 um. Wt, wild type.
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Figure 3—IRE1« deletion results in the elevation of a subset of miRs. Total RNA was extracted from db/db and db/+ BMPCs for miR
microarray analysis. A: Heat map of miR microarray analysis in db/+ and db/db BMPCs. n = 3 per group. B: qRT-PCR analysis of mature
miRs of miR-466 and miR-200 families as well as miR-223, miR-155, and miR-34a in db/+ and db/db BMPCs. n = 7 per group. *P < 0.05 vs.
db/+. IRE1a™'~ BMPCs were generated by infecting IRE1a™"°* BMPCs with Ad-CMV-Cre (100 MOI, Ad-B-Gal infection as control IRE1*/*
BMPCs). IRE1a protein expression was determined by Western blot analyses. C: IRE1« protein expression in IRE1 */* and IRE1~/~ BMPCs.
n = 6 per group. D: gRT-PCR analysis of XBP1 mRNA splicing in IRE1a~’~ and IRE1a*"* BMPCs. n = 6 per group. *P < 0.05 vs. IRE1a™*
BMPCs. E: gRT-PCR analysis of mature miRs in IRE1 ~/~ and IRE1*"* BMPCs. n = 6 per group. The elevation of all the miRs listed in this
panel was statistically significant compared to IRE1a*"* BMPCs (P < 0.05). F: Upper left illustration of IRE1a-mediated miR decay by
destroying pre-miR stem-loop structure. Upper right sequence motif and stem-loop structure for the IRE1a cleavage sites within human
XBP1 mRNA, pre-miR-466, and pre-miR-200. Lower pictures show the predicted miR secondary structures for miR-466 and miR-200 with
their potential IRE1a cleavage sites (G/C sites marked with red arrows). G: Mature miR expression after pre-miR-466 transfection in either
IRE1a*”* BMPCs, IRE1~/~ BMPCs, or IRE1a’~ BMPCs infected with Ad-K907A. Plasmid expressing pre-miR-466 or empty plasmid was
transfected into either IRE1a™’~ or IRE1a*’* BMPCs via TurboFECT at the concentration of 100 ng/10° cells. miR-466h was detected using
real-time PCRs. n = 6 per group. H: Mature miR expression after pre-miR-466 transfection in IRE1a ~/~ BMPCs. Plasmid carrying pre-miR-
200 or empty plasmid was transfected into either IRE1a ** BMPCs, IRE1a '~ BMPCs, or IRE1a ™/~ BMPCs infected with Ad-K907A, via
TurboFECT at the concentration of 100 ng/10° cells. Levels of miR-200b were analyzed using qRT-PCR. n = 6 per group. /: In vitro IRE1a-
mediated pre-miR cleavage assay. In vitro—transcribed pre-miR-200 or pre-miR-466 RNA was incubated with or without recombinant
IRE1a protein in the presence or absence of ATP in the reaction buffer. The cleavage reaction products were resolved on an agarose gel.
The reaction without ATP initiation serves as a control for each sample. VH, vehicle buffer that did not contain IRE1« protein.

assay indicated a direct splicing activity of IREla on pre-
miR-466 and pre-miR-200, as pre-miR-466 and pre-miR-
200 incubated with the recombinant IREla protein were
partially degraded (Fig. 3I). Together, this evidence supports

suppress mature miR-466 and miR-200. Furthermore, we
performed in vitro IREla-mediated RNA cleavage assay
by incubating pre-miR-466 or pre-miR-200 with bioactive
recombinant human IREla protein. The in vitro cleavage
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Figure 4—IRE1a-induced suppression on miR expression is independent of XBP1. BMPCs were isolated from db/db mice and transfected
with adenovirus carrying IRE1a, XBP1s, or GFP at 500 MOI for 48 h. qRT-PCR was used to determine miR expressions. A: Levels of miR-
466 and miR-200 family members in db/db BMPCs infected with adenovirus carrying IRE1a, XBP1s, or GFP. U6 serves as internal control.
n =5 mice per group. *P < 0.05 vs. Ad-GFP. BMPCs were isolated from individual IRE1a™" mice and transfected with Ad-CMV-Cre to
delete IRE1a protein expression; IRE1a™" BMPCs transfected with Ad-GFP served as IRE1a** control. IRE1a™’~ BMPCs were then
transfected with Ad-XBP1s or Ad-GFP at 500 MOI for 48 h. B: Levels of miR-466 and miR-200 family members in IRE1a~/~ BMPCs
infected with adenovirus carrying either XBP1s or GFP. n = 5 mice per group. *P < 0.05 vs. IRE1a*'*.

that IREla suppresses production of mature miR-466
and miR-200 family members by targeting their pre-miRs
through the RIDD pathway.

IRE1a-Mediated Suppression of miR Expression Is
Independent of XBP1

To verify whether the repression of miR expression by
IREla is associated with activation of XBP1, exogenous
IREla or the active form of XBP1 was expressed in db/db
BMPCs using an adenoviral-based overexpression sys-
tem. Overexpression of IREla significantly repressed
the levels of miR-466 and miR-200 family members in
db/db BMPCs, whereas expression of the activated XBP1
failed to do so (Fig. 4A). Furthermore, we overexpressed
the active form of XBP1 in IREla /"~ BMPCs to test
whether XBP1 can reverse the expressions of miR-466
and miR-200 family miRs induced by IREla deletion. As
shown in Fig. 4B, overexpression of the activated XBP1
did not lower the high expression levels of miR-466 or
miR-200 in IRE1la/~ BMPCs, suggesting that IREla-
mediated miR repression is independent of the IREla-
mediated canonical signaling pathway through activating
XBP1.

IRE1a Promotes BMPC Tube Formation by Repressing
miR-466 and miR-200

To determine the functional involvement of IREla-
mediated suppression of miR-466 and miR-200, pre-miR-466

or pre-miR-200 was transferred into IREla-expressing
db/db BMPCs to test whether overexpression of one of
these two miR families can compromise IREla-induced
augmentation of diabetic BMPC function. As shown in
Fig. 5A and B, expression of IREa stimulated angiogene-
sis, as indicated by vessel-like tube formation in db/db
BMPCs. However, this improvement in angiogenesis was
suppressed by overexpression of pre-miR-466, pre-miR-
200, or coexpression of pre-miR-466 and pre-miR-200
(Fig. 5A and B), indicating that the role of IREla in pre-
serving angiogenesis and BMPC function is at least par-
tially through repression of miR-466 and miR-200.

Expression of IRE1a Can Rescue the Defect of
ANGPT1, a Direct Target of Both miR-466 and miR-200
Family miRs, in Diabetic BMPCs

Next, we determined the genes targeted by miR-466 and
miR-200 under the regulation of IREla in BMPCs. A com-
puter algorithm in PicTar and microRNA.org database indi-
cates that miR members from the miR-466 and miR-200
families, incdluding miR-466, miR-200b, miR-200c, and miR-
429, all target the mRNA encoding an important proan-
giogenic factor, ANGPT1 (Fig. 6A). ANGPT1 is a secreted
glycoprotein that activates endothelial cell-specific tyro-
sine-protein kinase (TEK/TIE2) receptor. ANGPT1 is known
to be a key regulator that promotes normal angiogene-
sis during embryogenesis (30) and restores microvascular
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Figure 5—Expression of pre-miR-466 and pre-miR-200 abolish the augmentation of BMPC tube formation induced by IRE1« overexpres-
sion. BMPCs were isolated from type 2 diabetic db/db mice and transfected with Ad-GFP or Ad-IRE1a at 500 MOI for 48 h. Pre-miR-466 or
pre-miR-200 or both pre-miR-466 and pre-miR-200 were transfected into IRE1a-expressing db/db BMPCs. BMPC function was evaluated
by tube formation on Matrigel. A: Representative pictures showing tube formation in IRE1a-expressing db/db BMPCs transfected with
empty plasmid (control), pre-miR-466, pre-miR-200, or both pre-miR-466 and pre-miR-200. Bar = 500 pwm. B: Bar graph of tube formation
quantification. n = 6. *P < 0.05 vs. db/db BMPCs infected with Ad-GFP + control; #P < 0.05 vs. db/db BMPCs infected with Ad-IRE1 +

control.

function in diabetes (31-33). To verify whether these
miRs directly bind to the 3’-UTR of ANGPTI mRNA,
the complete 3'-UTR sequence of human ANGPTI1
mRNA was introduced into a luciferase reporter system
followed by transfection of either pre-miRs or individual
mature miRs. The reporter analysis confirmed that
ANGPT1 was the genuine target of miR-466 and miR-
200 family miRs, including miR-466, miR-200b/c, and
miR-429 (Fig. 6B). Interestingly, whereas each mature
miR can modestly suppress the ANGPTI mRNA, coe-
xpression of pre-miR-466 and pre-miR-200 exerted
much greater repression, implicating the synergetic ef-
fects of miRs of the same pre-miR family on the trans-
lational control of ANFPT1 expression. To determine
whether IREla regulates ANGPT1 through the miR
pathway, we examined expression of ANGPT1 mRNA
and protein in IREla-expressing db/db BMPCs upon
transfection with the plasmid vectors expressing pre-
miR-266 and pre-miR-200. The qRT-PCR results indicated
that upregulation of the ANGPT1 mRNA, induced by
overexpression of IREla, was reversed by expression of
pre-miR-466 and/or pre-miR-200 (Fig. 6C). Consistently,
Western blot analysis indicated that both pre-miR-466
and pre-miR-200 inhibited expression of ANGPT1 protein
induced by IREla (Fig. 6D). These observations confirm
that ANGPT1 expression is indeed regulated by IREla
via suppressing miRs. In fact, db/db BMPCs only produced
~50% of ANGPT1, compared with db/+ BMPCs (Fig. 6E).
When ANGPT1 protein was downregulated by ~60% by
ANGPT1 siRNA in db/+ BMPCs, tube formation by BMPCs
was severely impaired (Fig. 6F-H). Conversely, when
ANGPT1 was overexpressed in db/db BMPCs (Fig. €I), the
tube formation was restored (Fig. 6J-K). Furthermore,
overexpression of IREla significantly augmented ANGPT1
protein expression in db/db BMPCs by ~2.5-fold (Fig. 6L).
This evidence supports the essentiality of ANGPT1 in
maintaining BMPC functions in diabetes and indicates

that the ANGPT1 defect in diabetic BMPCs is largely attrib-
uted to the impaired IRElo-miR regulatory axis.

Cell Therapy Using Diabetic BMPCs With IRE1a
Overexpression Improves Diabetic Wound Healing

In Vivo

Progenitor cells are considered hopeful candidates for cell
therapies in regenerative medicine (34,35). Therefore, the
efficacy of genetically engineered BMPC therapy was tested
in an excisional wound model as we previously established
(17). Since our in vitro data showed that overexpression of
IREla facilitates angiogenesis and upregulation of ANGPT1
in diabetic BMPCs, augmenting BMPC-mediated angiogen-
esis via correcting the IRE1a deficiency may improve wound
healing in diabetic animals. To test this possibility, we in-
fected db/db BMPCs with adenovirus expressing IRElo for
48 h prior to cell therapies on diabetic wounds. Equal num-
bers of db/+ BMPCs or db/db BMPCs (10°) infected with
Ad-GFP served as normal and diabetic control cell therapies.
Expression of total and phosphorylated IREla as well as
ANGPT1 proteins in the infected BMPCs was confirmed by
Western blot analysis (Fig. 7A). As shown in Fig. 7B and C,
from day 4 and throughout the healing course, diabetic
wounds treated with IREla-expressing db/db BMPCs
showed significantly faster closure than those treated with
GFP-expressing db/db BMPCs, with concomitant augmenta-
tion of capillary formation as shown by the functional en-
dothelial cell surface marker CD31 staining (day 8 samples)
(Fig. 7D, arrows indicate capillary-like structure). Notably,
wounds that received IREla-expressing db/db BMPCs were
healed with a slightly keratinized epithelial layer, whereas
wounds that received GFP-expressing db/db BMPCs still
had large open wound areas (Fig. 7C). The healing curve
of IREla-expressing db/db BMPC therapy was similar to
that of the db/+ BMPC therapy. This suggests that IREla
gene transfer significantly enhances the therapeutic poten-
tial of diabetic BMPCs, achieving efficacy comparable to
healthy BMPCs.
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Figure 6—IRE1a overexpression can rescue the defect of ANGPT1, the direct target of miR-200 and miR-466 members, and impaired
angiogenesis in diabetes. Luciferase vector carrying human ANGPT7 mRNA 3'-UTR sequence was cotransfected with pre-miR-466 or its
mature miRs, pre-miR-200 or its mature miRs, or scramble oligo as controls. After 24 h, the cells were collected for detection of luciferase
activity. A reduction in luciferase activity indicates direct binding. A: The putative binding sequences of miR-466 and miR-200 in the 3'-UTR
of the ANGPT1 mRNA. The red text indicates the putative binding base pairs between the miRNA and the 3'-UTR of the mRNA based on a
computer algorithm. B: Luciferase activities in T293 cells cotransfected with the plasmid vectors expressing the ANGPT mRNA 3'-UTR
reporter; pre-miR-466; pre-miR-200; individual miRs including miR-466h, miR-200a/b/c/, miR-141, and miR-429; or scramble oligo. n = 6.
*P < 0.05 vs. scramble transfection; **P < 0.01 vs. scramble transfection. C: gRT-PCR analysis of ANGPT7 mRNA expression in IRE1a-
overexpressing BMPCs transfected with the plasmid vector expressing pre-miR-466 or pre-miR-200 transfection. n = 6 mice per group.
*P < 0.05 vs. GFP-Ctrl; #P < 0.05 vs. Ad-IRE1a-Ctrl. D: Western blot analysis of ANGPT1 protein in IRE1a-overexpressing BMPCs
transfected with the plasmid vectors expressing pre-miR-466 and pre-miR-200. n = 6 mice per group. *P < 0.05 vs. GFP-Ctrl; #P <
0.05 vs. Ad-IRE1a-Ctrl. BMPCs were isolated from individual db/db or db/+ mice. ANGPT1 mRNA levels were determined by qRT-PCR.
ANGPT1 protein expressions were determined by Western blot analysis. The db/db BMPCs were transfected with Ad-GFP or Ad-IRE1a at
500 MOl for 48 h. Pre-miR-466 and pre-miR-200 were transfected into IRE1a-expressing db/db BMPCs. ANGPT1 mRNA and protein levels
were determined by gRT-PCRs and Western blot analyses, respectively. E: ANGPT1 protein expression in db/db vs. db/+ BMPCs.
n =5 mice per group. *P < 0.05 vs. db/+. F: ANGPT1 protein expression in db/+ BMPCs transfected with ANGPT1 siRNA (si) or scramble
oligo. n = 5 mice per group. *P < 0.05 vs. scramble oligo. G: Tube formation in db/+ BMPCs infected with ANGPT1 siRNA or scramble
oligo. n = 5 mice per group. *P < 0.05 vs. db/+ BMPC scramble. H: Representative pictures of tube formation in db/+ BMPCs transfected
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Direct Gene Transfer of IRE1« Partially Recovers
Diabetic Wound Healing In Vivo

Furthermore, we sought to test whether direct IREla gene
transfer to the wound bed can achieve the same success of
IREla gene-engineered cell therapies. Immediately after
the wounds were created on db/db mice, Ad-IREla or
Ad-GFP was injected into the wound edge in the panniculus
carnosus layer. Our results indicated that Ad-IRElo-treat-
ed db/db wounds displayed accelerated wound closure from
day 2, compared with Ad-GFP-treated db/db wounds
(Fig. 7F and G). The wound capillary formation was
also improved by the IREla gene transfer (Fig. 7H). By
the end of the experiment, Ad-IRE1a—treated db/db wounds
were healed by ~70%, whereas Ad-GFP-treated db/db
wounds were only healed by ~50%, suggesting that
IREla gene transfer is beneficial to diabetic wound heal-
ing. However, the effectiveness of IRE1« gene transfer is
modest, since the Ad-IREla-treated db/db wounds were
healed slower than the Ad-GFP-treated db/+ wounds
(~100% closure on day 16). Apparently, the IREla
gene transfer in BMPC cell therapy showed much higher
efficacy than the IREI gene transfer in local tissue (Fig.
7B and C). These results support the notion that IREla-
induced acceleration of the wound healing process is
through boosting angiogenic cell activities in diabetic
bed sores where the direct IRE1a gene transfer failed to
fully exert the effect due to dysfunctional tissues/cells.

DISCUSSION

In this study, we have discovered that IREla promotes
the angiogenic potential of diabetic BMPCs through mod-
ulating miR biogenesis, which is distinct from its role in
mediating canonical UPR. Deficient IRE1oc RNase activity
is an important cause of the elevation of a subset of miRs
in diabetes, including the miR-466 and miR-200 families,
which contributes to the functional impairment of BMPCs.
The suppression of miR expression by IREla occurs at the
pre-miR level through the RIDD pathway and is not asso-
ciated with XBP1 activation. The proangiogenic factor
ANGPT1 is significantly attenuated in diabetic BMPCs,
but the ANGPT1 defect can be rescued by IREla over-
expression through repressing miR-466 and miR-200
family miRs. Diabetic BMPC therapies with IREla gene
transfer resulted in improved wound capillary forma-
tion and fully recovered wound closure in diabetic mice
in vivo. In aggregates, our study has demonstrated that
deficient IREla RNase activity in diabetes bursts se-
lect miR expression, which leads to the suppression of
ANGPT1 expression and subsequent disruption of an-
giogenesis, contributing to an impaired wound healing
process (Fig. 8).
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It has been suggested that ER stress represents an
important aspect of metabolic insults in diabetes (36).
Chronic hyperglycemia and hyperlipidemia, two major caus-
ative factors of type 2 diabetes, disrupts ER homeostasis
and produces excessive unfolded/misfolded proteins in the
ER lumen (37). However, differential activation of ER stress
sensors may rely on specific stimuli and timing of the ER
stress, exerting differential UPR programs. In the context
of diabetes-related skin ulcers, the roles of UPR and angio-
genesis have been addressed as separate events (38,39), yet
little is known about the functional interplay between these
two events. In our study, BMPCs from type 2 diabetic db/db
mice display deficiencies in IRE1a protein expression, with
no change in other ER sensors or canonical UPR signaling
pathways, suggesting that the unique change of IREla may
be related to the impaired function of BMPCs under the
diabetic condition. Current reports suggest that metabolic
tissues or cell types, such as liver (hepatocytes), adipose
tissue (adipocytes), and pancreas (B-cells), are respond-
ing to metabolic stress through canonical UPR pathways
(37,40,41). To date, little is known regarding how angio-
genic cells, for example, BMPCs, are responding to meta-
bolic stress in diabetes. Our studies demonstrated that
metabolic stress regulates ER function in BMPCs through
noncanonical UPR pathways, as the IREa-XBP1 pathway
was repressed while other ER stress sensors or downstream
pathways remained unchanged (Fig. 1E). Our supplemental
data confirmed that the canonical UPR pathways in db/db
type 2 diabetic BMPCs were not activated (Supplementary
Fig. 1). The mechanism by which the IRE1a-XBP1 pathway
is repressed under the diabetic condition is an interesting
question. Many pathological changes in both type 1 and
type 2 diabetes, such as hyperglycemia, elevated levels of
advanced glycation end products (AGEs), oxidative stress,
and chronic inflammation, are associated with ER stress
response and expression of the ER stress sensor IREla. A
recent study showed that obesity-associated chronic inflam-
mation, an inflammatory stress condition found in both
type 1 and type 2 diabetes animal models, can repress
IREla activity by S-nitrosylation of IREla (42). This may
partially explain why type 1 and type 2 diabetes lead to the
similar change in IREla expression and activity. In addition
to splicing the XBP1 mRNA, IREla can process select
mRNAs or pre-miRs, leading to their degradation through
the RIDD pathway (9-11). Recent studies suggested that
IREloe undergoes dynamic conformational changes and
switches its functions depending on the duration and types
of ER stress (12,13). Under acute ER stress, IREla forms
oligomeric clusters to process XBP1 mRNA splicing during
the acute phase. However, under physiological ER stress,
IRElw’s functional specificity as an RNase shifts to cleaving

with ANGPT1 siRNA or scramble oligo. Bar = 500 pm. /: ANGPT1 protein expression in db/db BMPCs transfected with either Ad-B-Gal or
Ad-ANGPT1 at 100 MOI for 48 h. n = 5 mice per group. *P < 0.05 vs. Ad-B-Gal. J: Tube formation in db/db BMPCs transfected with either
Ad-B-Gal or Ad-ANGPT1. n = 5 per group. *P < 0.05 vs. Ad-B-Gal. K: Representative pictures of tube formation in db/db BMPCs
transfected with either Ad-p-Gal or Ad-ANGPT1. Bar = 500 pm. L: ANGPT1 protein expression in db/db BMPCs infected with either
Ad-GFP or Ad-IRE1a at 500 MOI for 48 h. n = 5 per group. *P < 0.05 vs. Ad-GFP.
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Figure 7—Diabetic cell therapy with IRE1a overexpression or local gene transfer of IRE1a improves diabetic wound healing in vivo. Full
thickness excisional wound (6 mm) was created on the back of each mouse. For cell therapies, db/db BMPCs were infected with Ad-IRE1«
or Ad-GFP at 500 MOI for 48 h. Immediately after wounding, 1 X 108 Ad-IRE1a- or Ad-GFP-infected BMPCs were transplanted onto db/db
wounds. For local gene transfer, db/db wounds were injected with 1 X 102 particle forming units Ad-IRE1a or Ad-GFP in 40 uL PBS
solution. Wounds were covered with oxygen-permeable wound dressing (3M). Wound edge was traced and digitalized for percentage
calculation. A: Western blot analysis of protein expressions of IRE1a, phosphorylated (p) form of IRE1a, and ANGPT1 in BMPCs that were
used for cell therapies. Representative protein bands were shown on the right side. n = 5 per group. *P < 0.05 vs. db/+ + Ad-GFP; #P <
0.05 vs. db/db + Ad-IRE1a. B: Wound closure curves in db/db mice that received BMPC therapies. n = 5 mice per group. *P < 0.05 vs.
db/db BMPC + Ad-GFP. C: Representative pictures of diabetic wounds after the cell therapy. D: Capillary formation as evaluated by CD31
staining (brown) in wounds that received cell therapies. The arrowheads indicated a capillary-like structure at wound edge. Bar = 100 pm. E:
Western blot analysis of protein expressions of IRE1«, phosphorylated form of IRE1a, and ANGPT1 in wound tissues transfected with either
Ad-GFP or Ad-IRE1«. Representative protein bands were shown on the right side. n = 5 per group. *P < 0.05 vs. db/+ + Ad-GFP; #P < 0.05
vs. db/db + Ad-IRE1a. F: Wound curves of local gene transfer. n = 5 mice per group. *P < 0.05 vs. db/db + Ad-GFP; #P < 0.05 vs. db/+
Ad-GFP. G: Representative pictures of diabetic wounds after the gene therapies. H: Capillary formation as evaluated by CD31 staining
(brown) in wounds that received gene therapies. The arrowheads indicate a capillary-like structure at wound edge. Bar = 100 pm.

primarily ER-targeted mRNAs or miRs via the RIDD path- membranes (45). Therefore, there might be circumstances
way (9,11,43,44). Additionally, a recent study suggested the in which XBP1 mRNA splicing is not solely dependent
existence of mechanisms regulating XBP1 mRNA splicing on IREla RNase activity. However, when IREla is ex-
through modulating recruitment of XBPI mRNA to ER ogenously overexpressed in mammal cells, for example,
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adenovirus-mediated gene transfer, what we have ob-
served is that overexpressed IREla functions to splice
both XBP1 mRNA and precursor miRs. Bhatta et al. (46)
reported that ER stress markers were elevated in bone
marrow endothelial outgrowth cells in db/db mice at the
age of 15 months, which were considered as aged mice
(the life span of db/db mice is ~18-20 months). Aging is a
significant factor associated with ER stress and the UPR.
Along with advanced aging, there is a shift in the balance
between the protective adaptive response of the UPR and
proapoptotic signaling where the protective arm is signif-
icantly reduced and the apoptotic arm is more robust
(47). The discrepancy between observation of Bhatta

et al. and ours reflects the dynamic changes in the balance
of protective versus detrimental ER stress response in
aging or the progression of diabetes.

Another important finding in this study is that the
regulation of IREla on BMPC function or miR biogenesis
in diabetes is independent of its canonical UPR pathway
through activating XBP1. XBP1 is a well-known RNA sub-
strate of IREla under ER stress (48). However, in diabetic
BMPCs, in which IRE1a RNase activity is impaired, XBP1
mRNA splicing is not altered (Fig. 1D and E). Further-
more, the impaired angiogenesis in diabetic BMPCs can
be rescued by overexpression of IREla, but not the acti-
vated XBP1 (Fig. 2C and D), thus confirming that XBP1
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Figure 8—Schema of hypothesis. Under the diabetic condition,
IRE1a RNase activity degrades miR precursors, including pre-
miR-466 and pre-miR-200. These two miR families repress ANGPT1
mRNA translation, leading to downregulation of ANGPT1. Activity
of IRE1a is suppressed in diabetic BMPCs. As a result, the down-
regulated ANGPT1 by increased miR-466 and miR-200 activities
contributes to decreased angiogenesis and ineffective wound tis-
sue repair under the diabetic conditions.

does not play a dominant role in IREla-regulated BMPC
angiogenesis in diabetes. XBP1 knockdown did not induce
significant impairment of BMPC function either (Fig. 2G-I).
Importantly, our data show that neither miR expression
nor upregulation of miRs caused by IREla deletion can
be affected by activation of XBP1, suggesting that XBP1
does not function congruously with IREla on miR bio-
genesis. As a matter of fact, XBP1 has been reported to
induce miR expression under certain circumstances
(49,50), probably due to its role in the activation of
gene expression as a transcription factor. Although the
mechanism by which IREla selectively processes RNA
substrates (miRs or XBP1 mRNA) remains to be eluci-
dated, our study suggested that the IREla-regulated
BMPC functional change and miR biogenesis in diabetes
are independent of XBP1, a scenario distinct from the
canonical IRE1a-UPR signaling pathway under the phar-
macological or acute ER stress conditions.

Recent studies have uncovered a new dimension in
which miRs regulate cellular behavior in response to phys-
iological and pathophysiological stress (51). In this study,
through miR microarray, we identified 44 significantly
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altered miRs in diabetic BMPCs, 31 of which were ele-
vated (Fig. 3A). Previously, we found out that expression
of Dicer, the rate-limiting enzyme that produces func-
tional miRs, was decreased in diabetic BMPCs (17). On
the basis of this, it was predicted that the majority of
miRs in diabetic BMPCs are supposed to decrease. How-
ever, in this study, we have identified a subset of stress
miRs that are controlled by IRE1la RNase activity and are
actively participating in regulating BMPC function.
IREla deletion results in a group of significantly upre-
gulated miRs, many of which were similarly elevated in
diabetic BMPCs (Fig. 3B and E). On the other hand,
overexpression of IREla suppresses the expression of
these miRs (Fig. 4A). This unveils the possibility that
IREla may interfere with miR biogenesis and that im-
paired IREla RNase activity leads to the elevation of
mature miRs in diabetes. Furthermore, pre-miR-466
and pre-miR-200 in IREla /" BMPCs yielded signifi-
cantly higher levels of mature miR-466 and miR-200s
than that in the control BMPCs, indicating that IREla-
induced reduction of miR biogenesis happened at the
pre-miR level. Pre-miR-466 and pre-miR-200 are pro-
cessed by IREla RNase because these two precursor
miRs possess G/C sites at the stem-loop structure that
match the IREla RNase target motif (Fig. 3F) (29). The
IREla-mediated miR cleave assay indicated that pre-
miR-466 and pre-miR-200 were indeed the RNA sub-
strates of IR1la RNase activity (Fig. 3I). Importantly,
augmentation of diabetic BMPC angiogenic function by
restoring IREla activities was compromised by overex-
pression of pre-miR-466 and pre-miR-200 (Fig. 5A and
B), indicating that the downregulation of miR-466 and
miR-200 by IREla is critical to maintain effective angio-
genesis in diabetes. In addition, we overexpressed Dicer
in db/db BMPCs using adenovirus-mediated gene trans-
fer and observed BMPC tube formation (Supplementary
Fig. 2A). Our results indicated that overexpression of
Dicer improved BMPC tube formation (Supplementary
Fig. 2B and (), compared with their diabetic control.
The previous report and ours indicated that Dicer con-
trols a subset of miRs that improve angiogenesis (proan-
giogenic miRs) (17,52,53). Therefore, even though both
Dicer and IREla improve angiogenesis and regulate miR
biogenesis, Dicer and IRE1la improve angiogenesis and reg-
ulate miR biogenesis through distinct mechanisms.

Our study also provides the first evidence that miR-466
and miR-200 function in the same direction to regulate
angiogenesis by targeting the same gene under the diabetic
condition. Although previous reports have found that each
of the miR-466 and miR-200 family miRs targets different
genes in diverse types of cells (54-56), our study has con-
firmed that ANGPT1 is the direct target of miR-466 and
miR-200 family miRs in BMPCs, as indicated by mRNA 3'-
UTR binding assay and the gene and protein expression
analysis (Fig. 6A-D). As a matter of fact, these two miR
families have been reported to similarly respond to detri-
mental cellular stress and share comment target genes, for
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example, Nfat5 in immune cells and Dcx and Patah1bl in
neural stem cells (57,58). Our study delineated an impor-
tant regulatory mechanism of miR-466 and miR-200
against the diabetic environment, in which the UPR trans-
ducer IREla functions as the upstream regulator and the
proangiogenic factor ANGPT1 acts as an effector. There-
fore, IREla-mediated miR decay represents a noncanonical
UPR signaling that exerts an important role in promoting
BMPC angiogenesis by protecting ANGPT1 from the miR
attack under the diabetic condition.

The importance of IREla in angiogenesis has been fur-
ther investigated in diabetic wound healing through the
cell- or direct gene transfer-based therapeutic approach.
IREla-expressing diabetic BMPCs demonstrated equal
efficacy in promoting wound healing as normal BMPCs
did, suggesting the effect of IREla gene transfer on re-
storing diabetic BMPC function, which was consistent
with our in vitro findings. One of the important mech-
anisms contributing to the acceleration of diabetic wound
healing by IRE1a expression was through promoting an-
giogenesis, as demonstrated by increased capillary den-
sity in wound beds (Fig. 7D). Additionally, wounds that
received IREla-expressing BMPCs were covered by a
slightly keratinized epidermis layer upon wound closure
(Fig. 7C and D), suggesting that IREla-expressing BMPC
therapy may facilitate wound re-epithelialization. This
newly formed epidermis layer may be due to accelerated
keratinocyte migration from the wound edge or may be
constituted by the transformation of transplanted BMPCs,
an interesting question to be elucidated in the future. The
direct gene transfer of IREla to the diabetic wounds, how-
ever, did not prove as effective as the cell therapies. This
may be due to the disrupted cellular components within
the diabetic wound bed, which comprised the overall im-
provement of healing in the direct gene transfer approach.
Additionally, we should clarify that there are paradoxical
changes in angiogenesis coexisting in different tissues in
diabetes. Diabetes possesses the phenotype of excessive
formation of premature blood vessels in retina and a defect
in the formation of small blood vessels in peripheral tis-
sues, such as the skin. Our findings could be specific for
peripheral angiogenesis but not diabetic retinopathy. In
summary, our studies provide a novel concept that the
IREla-mediated noncanonical UPR pathway plays an im-
portant role in promoting angiogenesis in diabetes. The
related findings have important implications in tissue re-
pair and regeneration associated with diabetic wounds.
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