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Cutaneous Epithelial to Mesenchymal Transition Activator
ZEB1 Regulates Wound Angiogenesis and Closure in
a Glycemic Status-Dependent Manner
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Epithelial to mesenchymal transition (EMT) and wound
vascularization are two critical interrelated processes that
enable cutaneous wound healing. Zinc finger E-box binding
homeobox 1 (ZEB1), primarily studied in the context of
tumor biology, is a potent EMT activator. ZEB1 is also
known to contribute to endothelial cell survival as well as
stimulate tumor angiogenesis. The role of ZEB1 in cutane-
ous wounds was assessed using Zeb1*/~ mice, as Zeb1™/~
mice are not viable. Quantitative stable isotope labeling
by amino acids in cell culture (SILAC) proteomics was used to
elucidate the effect of elevated ZEB1, as noted during hy-
perglycemia. Under different glycemic conditions, ZEB1 bind-
ing to E-cadherin promoter was investigated using chromatin
immunoprecipitation. Cutaneous wounding resulted in loss
of epithelial marker E-cadherin with concomitant gain of
ZEB1. The dominant proteins downregulated after ZEB1
overexpression functionally represented adherens junction
pathway. Zeb1*/~ mice exhibited compromised wound clo-
sure complicated by defective EMT and poor wound angio-
genesis. Under hyperglycemic conditions, ZEB1 lost its ability
to bind E-cadherin promoter. Keratinocyte E-cadherin, thus
upregulated, resisted EMT required for wound healing. Di-
abetic wound healing was improved in ZEB*/~ as well as in
db/db mice subjected to ZEB1 knockdown. This work rec-
ognizes ZEB1 as a key regulator of cutaneous wound healing
thatis of particular relevance to diabetic wound complication.

Diabetes complicates cutaneous wound closure, as evident
by stalled wound reepithelialization and compromised

angiogenesis (1,2). These rate-limiting events in wound
healing require a tight interplay between factors governing
epithelial to mesenchymal transition (EMT) and wound
vascularization (3,4). A transient process, reminiscent of
EMT, is required during the early phase of cutaneous
wound healing to restore the epidermal homeostasis. In-
duced by injury, this process activates and mobilizes
stationary keratinocytes in the skin toward the wound
bed, enabling reepithelialization (3). Concurrently, sprout-
ing of angiogenic capillaries and their organization in
microvascular network are essential to support the ele-
vated metabolic demands of the repairing tissue (5).
Primarily studied in tumor biology, ZEB1 is a potent
EMT activator (6-8). In the skin, Zebl is known to be
localized to dermal fibroblasts, melanocytes, and Langer-
hans cells (9-11). In response to injury, Zeb1 is induced in
epithelial cells and macrophages (12,13). Cutaneous ZEB1
is a transcriptional repressor of epithelial genes like
E-cadherin (14). Such loss of E-cadherin is known to cause
EMT (15,16). Furthermore, ZEB1 stimulates angiogenesis
via induction of vascular endothelial growth factor
(VEGF)-A (17) and acting as an endothelial cell survival
factor (18). It was therefore of interest to test the signif-
icance of ZEB1 in cutaneous wound healing. As part of that
pursuit, diabetic wounds were studied to test ZEB1 and its
potential role in compromised healing. This effort led to
a striking observation recognizing that under hyperglyce-
mic conditions, as noted in db/db mice, ZEB1 is induced
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by two orders of magnitude in the skin. Furthermore,
under such conditions ZEB1 loses its ability to bind the
E-cadherin promoter. Such loss of negative regulation of
E-cadherin expression results in elevated E-cadherin, which
in turn is known to resist EMT, a process required for
wound healing (19,20). Under diabetic conditions, extraor-
dinarily high ZEB1 also compromises wound angiogenesis.
Diabetic wound healing is improved in Zeb ™/~ mice, which
identifies ZEB1 as a novel therapeutic target.

In this work, we sought to test the hypothesis that low
ZEB1 expression compromises cutaneous wound healing
because of inadequate transient wound EMT and angio-
genesis. Quantitative triple-labeling stable isotope labeling
by amino acids in cell culture (SILAC) analysis revealed
the ripple effect of ZEB1 overexpression on the epithelial
cell proteome. Chromatin immunoprecipitation (ChIP) fol-
lowed by immunoprecipitation—mass spectrometry identi-
fied the differential binding activity of ZEB1 to E-cadherin
promoter and other proteins under normoglycemic and
hyperglycemic conditions. Of outstanding interest was
the observation that hyperglycemic culture of endothelial
cells markedly decreased the binding of ZEB1 to the
promoter of E-cadherin and other specific inflammatory
proteins such as a-enolase (ENO1) and S100A8/A9. De-
ficiency of ZEB1 rescued diabetic wound angiogene-
sis. This work recognizes ZEB1 as a critical determinant
of wound angiogenesis under physiological and diabetic
conditions.

RESEARCH DESIGN AND METHODS

Reagents and Antibodies

Tissue culture materials were procured from Thermo
Fisher Scientific (Waltham, MA). ON-TARGETplus
Nontargeting siRNA control (cat. no. D-001810-01-05)
and ZEB1 siRNA SMARTpool (L-006564-01-0005) were
bought from GE Dharmacon (Lafayette, CO). For in vivo
Zeb1 knockdown studies, siRNA vector against mice Zebl
(piLenti-si-Zeb1-GFP) or scrambled siRNA vector (cat. no.
LVP015-G) was procured from Applied Biological Materials
(Richmond, BC). For ZEB1 overexpression studies, ZEB1
Lentiviral Vector, human (cat. no. LV362464), was pur-
chased from Applied Biological Materials. As controls, we
used pLenti-III-Blank Vector without the insert synthe-
sized by Applied Biological Materials (cat. no. LV587).
Antibodies against VE-cadherin (ab33168), anti-FSP-1
(ab27957), anti—p-catenin (ab16051), VEGF (ab46154),
anti-collagen IV (ab19808), vWF (ab6994), and smooth
muscle acton (SMA) (ab5694) were purchased from Abcam
(Cambridge, MA). E-cadherin antibody (13-1900) and
ChIP-grade anti-ZEB1 antibody (cat. no. PA528221) were
purchased from Thermo Fisher Scientific. Rat anti-mouse
CD31 (cat. no. 550274) was purchased from BD Pharmingen,
San Jose, CA. Anti-human CD31-APC antibody (clone:
WMS59, cat. no. 303115) was bought from BioLegend
(San Diego, CA). F4/80 antibody (cat. no. MCA497) was
bought from Bio-Rad (Hercules, CA). Corning Matrigel
Matrix (cat. no. 354234) was obtained from Corning Inc.
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(Corning, NY), and agarose bead-based SimpleChIP Plus
Enzymatic Chromatin IP Kit (9004) was purchased from
Cell Signaling Technology (Danvers, MA).

Cell Culture

Human dermal microvascular endothelial cells (HMECs)
were maintained in MCDB-131 medium (cat. no. 10372-
019; Thermo Fisher Scientific) (5.5 mmol/L p-glucose). Im-
mortalized human keratinocytes (HaCaTs) were grown in
low-glucose DMEM medium (NG) (5.5 mmol/L p-glucose)
(Life Technologies, Gaithersburg, MD). The cells were
maintained in a standard culture incubator with humid-
ified air containing 5% CO, at 37°C. For induction of
hyperglycemia, MCDB-131 or DMEM medium was
added with additional 25 mmol/L p-glucose (HG). Cells
cultured in L-glucose (LG) (25 mmol/L) and D-mannitol
(mannitol) (20 mmol/L) were used as osmolality control (21).

ZEB1 siRNA Transfection

HMECs were seeded (0.1 X 10° cells) per well in a 12-well
plate in antibiotic-free medium. Transfection was per-
formed at 70% confluency using DharmaFECT reagent
(GE Dharmacon) and OptiMEM (Thermo Fisher Scientific)
using siRNA smart pool for human ZEB1 (50 nmol/L) or
control scrambled siRNA. mRNA analysis or functional
assays were done with cells collected 72 h posttransfection.

LDL Uptake Assay

DyLight 550-labeled human LDL (10 pg/mL) was added to
HMECs transfected with either control or ZEB1 followed
by incubation at 37°C for 4 h. Cells were then washed with
PBS. Acetylated LDL uptake was then analyzed by fluo-
rescence microscopy, and quantification was done using
ZEN 2 software.

In Vitro Angiogenesis Assay

Tube formation on Matrigel was assessed as a determinant
of in vitro angiogenesis (22,23). Briefly, HMECs were
transfected with control or ZEB1 siRNA or overexpression
plasmid. Following 3 days of transfection, seeding was
done at seeding density of 5 X 10? cells/well in a Matrigel-
coated fourwell plate. In vitro angiogenesis was assessed by
calculating the tube length post-6 h of seeding using
fluorescence microscopy (24).

Immunocytochemistry, Immunohistochemistry, and
Confocal Microscopy

For immunocytochemistry, HMECs or HaCaT cells (3 X
10* cells/well) were seeded on cover slip. After treatment,
cells were fixed using immunocytochemistry fixation
buffer (cat. no. 550010; BD Biosciences). It was followed
by blocking with 10% normal goat serum and then in-
cubation overnight with primary antibody against
E-cadherin (1:400), FSP-1 (1:200), VEGF (1:200), and
VE-cadherin (1:250). Visualization of signal was performed
using specific secondary fluorescence-tagged antibody
(1:250 dilution) and counterstained using DAPI. Imag-
ing was done using an inverted fluorescence/confocal
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microscope (Olympus FV1000). Image analysis was per-
formed as described previously (25). The quantification of
images were done using ImageJ (National Institutes
of Health). For immunohistochemistry, tissue sections
were incubated with specific primary antibodies against
E-cadherin (1:400), ZEB1 (1:100), CD31 (1:250), SMA
(1:400), collagen IV (1:400), B-catenin (1:400), F4/80
(1:200) and keratin-14 (1:1,000). This was followed
by addition of fluorescent secondary antibodies (1:250
dilution).

Angiogenesis Protein Array

Cell lysates obtained from wound edge tissue of Zeb1 "/~
or wild-type mice were subjected to proteome profiler array
(ARY015; R&D Systems) according to the manufacturer’s
instructions. Data presented as pixel density normalized to
the reference spots. CD31 and vWF proteins were not
present in the array and, hence, were validated through
immunohistochemistry separately.

RNA Isolation and Quantitative Real-time PCR

RNA extraction was done from wound tissue samples or
cultured cells using the miRVana kit (cat. no. AM1560;
Ambion). cDNA preparation was done from mRNA using
gScript SuperMix (cat. no. 101414; Quanta Biosciences).
Quantitative real-time PCR was done using SYBR green-
based chemistry and primers specific for selected genes
(Supplementary Table 4). Gene expression was quantified
using the AACt relative quantization method using 18S,
B-actin alone, or their average as a normalization control.

Laser Capture Microdissection

Laser capture microdissection (LCM) was performed as
reported previously by our group (26). Endothelial cell or
epithelial cell-rich regions under 10X lens were captured
based on the fluorescence and hematoxylin staining, re-
spectively, into 25 pL cell direct buffer (Invitrogen).

Ultrasound Data Acquisition and Analysis

Ultrasound imaging for the calculation of wound area and
blood flow rate was done using the Vevo 2100 system as
previously described (27,28).

Human Samples

Wound biopsy samples were obtained from patients with
chronic wounds who were clinically diagnosed with di-
abetes or who did not have diabetes. The Declaration of
Helsinki protocols were followed. Patients provided writ-
ten informed consent under an institutional review board
(The Ohio State University). The patients with diabetes
(n = 5: 1 male, 4 female, 4 Caucasian, 1 African American)
had mean age of 48.6 = 6.8 years (mean * SD) with mean
wound area of 8.2 * 3.8 cm? (mean * SEM). The group
without diabetes (n = 5: 3 male, 2 female, 4 Caucasian,
1 African American) had mean age of 50.4 = 7.3 years
(mean * SD) with mean wound area of 45.4 = 31.9 cm?
(mean = SEM).
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Animal Studies and Lentiviral Delivery

db/db (BKS.Cg-m+/ +Leprdb/ ) mice were purchased (stock
no, 000642; The Jackson Laboratory, Bar Harbor, ME).
Zeb1 heterozygous mice were a kind gift from Dr. Douglas
Dean at University of Louisville, Louisville, KY. Zeb1t/*
and Zeb1*’~ mice (8-10 weeks) were injected with strep-
tozotocin (STZ) in the intraperitoneal region (50 mg/kg; 5
days) or citrate buffer (vehicle control [sodium citrate, 0.05
mol/L, 4.5 pH]). Mice were fasted for 6 h at the time of
STZ injection with free access to water (29). One week
after STZ injection, blood samples were collected by tail
venopuncture of the mice and used for the estimation of
blood glucose levels. Blood glucose levels were assessed
using Accu-Chek glucometer (Roche, Basel, Switzerland).
Animals with fasting (6 h) blood glucose levels for two
consecutive readings of >250 mg/dL (~14 mmol) were
considered diabetic (30). Wounding was performed after
4 weeks of STZ injection. The actual values of blood glucose
levels before wounding were 25.5 *= 3.5 mmol/L for
Zeb1*’" and 26.2 = 2.0 mmol/L for Zeb1"’™ animals
(n = 5, all males; P value = 1, Mann-Whitney U test).
Animal studies were conducted in accordance with approved
protocols by the Laboratory Animal Care and Use Commit-
tee (The Ohio State University and Indiana University). The
animals were tagged and grouped randomly. Delivery of
siRNA lentivirus (Lv) particles was achieved by intradermal
injection. Animal fur on the area of interest was trimmed
prior to the transfection. The siRNA smart for mouse Zebl
in lentiviral vector and scrambled siRNA control Lv particles
were intradermally injected into the wound edge skin 2 days
before wounding (d —2) at titer 1 X 108 cfu/mL (50 pL).
The same process of injection was repeated on wounding
day (dO) and at day 3 postwounding (d3).

Wound Models

Excisional wounds (6 mm in diameter) were created on the
dorsal skin of Zebl wild-type and Zebl™ ™ animals as
previously described by our group (31). For db/db mice,
four excisional wounds were generated using 8-mm di-
ameter biopsy punch (32). Every wound was subjected to
digital photography and perfusion analysis using PeriCam
PSI HR laser speckle (PeriMed, Jarfilla, Sweden) every
alternate day till study completion. The analyses of wound
area were done using ImageJ software. The animals were
subjected to euthanasia at their respective time points, and
the wound edges were stored in optimal cutting temper-
ature compound (OCT) for further analyses. For wound-
edge harvest, 1-1.5 mm of the tissue from the leading edge
of the wounded skin was excised around the entire wound
(33). Furthermore, when specific cell type was of interest,
LCM was employed.

ChIP Assay

ChIP assay was performed to evaluate ZEB1 binding to
E-cadherin promoter in NG (low glucose: 5.5 mmol/L)
and HG (MCDB-131 media with additional 25 mmol/L
D-glucose) conditions (SimpleChIP Plus Enzymatic
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Chromatin IP Kit). Briefly, NG- or HG-exposed HMECs
were fixed for 10 mins at room temperature (1% formal-
dehyde) followed by addition of glycine. The cells were
processed for nuclei preparation and pelleted nuclei in-
cubated with micrococcal nuclease (cat. no. 10011; Cell
Signaling Technology) for generating chromatin samples
of fragment sizes averaging 150-900 base pairs. It was
then followed by the addition of EDTA (0.5 mol/L) to stop
the enzymatic reaction. Samples were then sonicated and
centrifuged for 10 min at 10,000 RPM (4°C). ZEB1 anti-
body, anti-histone H3 antibody, or control normal rabbit
IgG was added and incubated overnight at 4°C with
rotation. Protein G-agarose beads were used to pellet
down the antibody-chromatin complexes. The DNA immu-
noprecipitated after this step was then eluted followed by
purification. PCR using specific primers flanking the pro-
moter region of E-cadherin gene was then performed
(Supplementary Table 4). Results were examined as per-
centage of input.

Coimmunoprecipitation Mass Spectrometry
Immunoprecipitation was performed using Dynabeads Co-
Immunoprecipitation Kit (cat. no. 14321D; Thermo Fisher
Scientific) as per the manufacturer’s instruction. The bead-
bound protein complex was subjected to in-solution digestion
in Last Wash Buffer (LWB) (Dynabeads Co-Immunopre-
cipitation Kit) for direct mass spectrometry analysis.

Western Blot

Cells or homogenized tissues were harvested using cell lysis
buffer (cat. no. 9803; Cell Signaling Technology), sonicated
on ice (three pulses for 3 s), and centrifuged (14,000g for
20 min at 4°C). The protein estimation in the clear lysates
was done using bicinchoninic acid assay. Proteins (25-
30 mg) were separated on 4-12% Bis-Tris Gel/MOPS
running buffer (NuPAGE, cat. nos. NP0321BOX and
NPO001) (45 min at 200 V) using the NuPAGE electro-
phoresis system (Invitrogen). Proteins were transferred to
polyvinylidene difluoride membranes (2.15 h at 30 V).
Membranes were blocked with 5% skim milk in Tris-
buffered saline with 0.1% Tween 20 for 1 h at room
temperature and incubated with the respective primary
antibodies overnight at 4°C. The following day the mem-
branes were washed and incubated with the corresponding
horseradish peroxidase-conjugated secondary antibody
for 1h at room temperature. The membranes were washed
and the images were acquired using HyGLO chemilumi-
nescent detection reagent (cat. no. E-2500; Thomas Sci-
entific, Swedesboro, NJ) and Azure c600 Gel Imaging
System by Azure Biosystems. B-Actin and a-tubulin
were used as loading control. Image J (National Insti-
tutes of Health) software was used for quantification
of bands by densitometry analysis. For Western blot,
polyvinylidene difluoride membranes were incubated
with specific primary antibodies against ZEB1 (cat. no.
PA5-28221, 1:500; Invitrogen), FSP-1 (cat. no. ab27957,
1:500; Abcam), E-cadherin (cat. no. 13-1700, 1:2,000;
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Invitrogen), B-actin (cat. no. 5441, 1:2,500; Sigma-
Aldrich), and o-tubulin (cat. no. abl8251, 1:2,500;
Abcam).

SILAC Labeling

Triple SILAC labeling of the HaCaT cells was done
according to our previous report with slight modifi-
cation (32). Cells were grown for six passages in L-
arginine- and L-lysine-deficient SILAC DMEM media (cat.
no. 88420; Thermo Fisher Sdientific). Labeling was done
using different light or heavy L-lysine or L-arginine at
a concentration of 50 mg/L (all from Thermo Fisher
Scientific) added with 10% FBS (dialyzed). For light
media, L-lysine-2HCI (cat. no. 88429) and L-arginine-
HCl (cat. no. 88427) were added. For heavy media,
addition of r-lysine-2HCI, 13C6, 15N2 (cat. no. 88209),
and L-arginine-HCl, 13, °N, (cat. no.89990), was
done. For medium media, 13C6 L-arginine (cat. no.
88210) and L-lysine-2HCI, 4,4,5,5-D4 (cat no. 88437),
were added. The incorporation levels of medium and
heavy isotopes were tested using mass spectrometry
based on shift in the mass as compared with light
isotope. After confirmation of >95% labeling, the
experiments were performed. HaCaT cells were trans-
fected with either 0.5 pg ZEB1 overexpression plasmid
in cells grown in heavy media or 2 pg ZEB1 overexpres-
sion plasmid in cells grown in medium media. HaCaT
cells transfected with control plasmid and cultured in
light media were used for profiling basal protein levels.
Differential protein ratios were calculated using unique
peptide intensity between medium, heavy, and light
isotope-labeled peptides using two-dimensional liquid
chromatography-tandem mass spectrometry as described
previously (34). Data were searched on Proteome Discov-
erer using SEQUEST against human UniProt database
(Thermo Fisher Scientific) as per our previous report
(34). Protein-protein interaction of significant proteins
among the groups was searched using Search Tool for the
Retrieval of INteracting Genes/proteins (STRING) (ver-
sion 10.0) (http://string-db.org/) using a high-confidence
cutoff (0.9). Additionally, Ingenuity pathway analysis
(IPA) (Ingenuity Systems) was used to explore the bi-
ological functions affected due to ZEB1 overexpression
or silencing during NG or HG conditions as described
previously (35,36).

Statistical Analysis

Normality of distribution among data was assessed using
the Kolmogorov-Smirnov test. Student ¢ test (two-tailed)
or ANOVA was used to test the significant differences
among groups where data were found to be normally
distributed (P value >0.05, Kolmogorov-Smirnov test).
In case of ANOVA, Tukey honestly significant difference
(HSD) post hoc test was applied. In the pairwise compar-
ison where normality check was not possible, we have used
Mann-Whitney U test or Kruskal-Wallis test. A P value
of <0.05 was considered significant.
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Data and Resource Availability

The data that support the findings of this study are
available from the corresponding authors upon reasonable
request.

RESULTS

E-Cadherin/ZEB1 Causes Injury-Induced Transient
EMT

In mice, cutaneous wounding resulted in loss of epithe-
lial marker E-cadherin with concomitant gain of mesen-
chymal markers B-catenin, collagen type I (Collal), and
fibroblast-specific protein FSP-1 (Fig. 1A-D). At the
wound edge, such loss of E-cadherin was also associated
with increased levels of its EMT-inducing transcrip-
tional repressors, Zebl and Zeb2 (Fig. 1E and F and
Supplementary Fig. 1A and B). In BL6 mice, this inverse
expressional levels of Zebl and E-cadherin was more
prominent at day 5 postwounding. To understand the
significance of ZEB1 signaling in transient wound EMT,
we studied Zeb1 heterozygous (Zeb1™ ™) mice, as Zeb1-
null (Zeb1™’”) mice are not viable (37). Cutaneous
wound-edge tissue of Zeb1 "/~ mice showed lower levels
of Zeb1 compared with their wild-type (Zeb1™'") litter-
mates (Supplementary Fig. 1C). Increased levels of
E-cadherin in day 7 wound-edge epithelium of Zebl™~
mice pointed toward the notion of a defective wound
EMT process (Fig. 1G-J). In further support, wound
edge of these Zebl™™ mice showed lower levels of
vimentin (Vim), FSP-1, and B-catenin expression (Fig.
1K and L and Supplementary Fig. 1D-F). Taken together,
these parameters established that EMT was defective in
the wound edge of Zeb1™ ™ mice. To test a direct cause-
and-effect relationship between ZEB1 and wound-edge
EMT, we conducted gene manipulations in vitro. siRNA-
mediated depletion of ZEBI in human keratinocytes
bolstered epithelial characteristics as manifested by
elevated levels of E-cadherin (Supplementary Fig. 1G-
J). Concurrent compromise in mesenchymal charac-
teristics, as represented by lower FSP-1, was noted
(Supplementary Fig. 1K and L). Additionally, SILAC
proteomic analysis identified that graded overexpres-
sion of ZEB1 attenuated cell-cell adhesion, a known
hallmark of EMT (Supplementary Fig. 2A-F). Elevated
ZEB1 caused such wound-edge EMT by downregulating
proteins involved in cytoskeletal, cell junction, and
adherens junction networks (Supplementary Tables 1

and 2).

Low Wound Edge ZEB1 Compromised Injury-Induced
Angiogenesis

ZEB1 knockdown caused dysfunction of HMECs as man-
ifested by attenuated Matrigel tube formation as well as
lower uptake of acetylated LDL (Supplementary Fig. 3A-
D). Consistently, moderate ZEBI overexpression (~50- to
200-fold) enhanced angiogenic functions of HMECs (Sup-
plementary Fig. 3E and F). However, extreme overexpres-
sion of ZEB1 (~600-fold) displayed detrimental effects
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including loss of endothelial function and cytotoxicity
(Supplementary Fig. 3F-I). Such dichotomy in ZEB1
function, hitherto unknown, informed follow-up
in vivo studies and related data interpretation. Under
conditions of ZEB1 deficiency as in Zeb1'’™ mice,
wound-edge angiogenic markers were lower compared
with their wild-type littermates (Fig. 2A and B and Sup-
plementary Fig. 3J). Such endothelial dysfunction in re-
sponse to low ZEB1 was further characterized using
an angiogenesis-related protein array. Of 53 angiogenesis-
related proteins screened, the expression levels of
10 were downregulated in Zeb1®’~ animals compared
with wild-type animals. Candidates lower in Zebl™’~
mice were angiogenin, coagulation factor III, CD26, colla-
gen XVIII, matrix metalloproteinase (MMP-3), MMP-9,
osteopontin, CXCL12, serpin E1, and serpin F1 (Fig. 2C
and D). In general, these proteins account for endothelial
cell proliferation, migration, basement membrane inva-
sion, and maintenance of vascular integrity in vivo. The
ability of wound-edge CD31" endothelial cells to make
blood vessels was tested through colocalization with dif-
ferent functional markers, vWF and SMA (Fig. 2E-H).
Lower prevalence of CD31"/vWF' and CD31"/SMA™
vasculature was observed in wound-edge tissue of
Zeb1™'~ mice compared with wild-type mice (Fig. 2F
and H).

ZEB1 Deficiency Delayed Cutaneous Wound Closure
and Angiogenesis

Zeb1"’™ mice were wounded, and their wound vascular-
ization and reepithelization rates were compared with
outcomes from corresponding wild-type mice. Wound
tissue of Zebl™ ™ mice suffered from poor perfusion
as assessed by a quantitative high-resolution laser speckle
imaging system (Fig. 3A and B). At the wound site, arterial
pulse pressure as measured using high-resolution color
Doppler was also lower in Zeb1™ ™ mice (Fig. 3C and D
and Supplementary Video 14). For addressing the poten-
tial role of residual ZEB1 in these heterozygous mice,
lentiviral knockdown of ZEB1 was achieved at the wound
site of Zeb1™’~ mice. Interestingly, such further lowering
of ZEB1 at the wound site caused additional attenuation
of wound tissue perfusion, adding credence to the notion
that ZEB1 plays a major role in enabling vascularization
of the cutaneous wound tissue (Supplementary Fig. 4A-
D). However, we did observe some variability in wound
perfusion outcome in the lentiviral intervention group on
days 9 and 11 postwounding. Such variability is not
uncommon in response to viral vector delivery (38).
Wound closure was compromised in Zeb1 '/~ mice (Fig.
3E). When the wounds of control wild-type mice ap-
proached full closure, wounds in mice deficient in ZEB1
remained roughly open by a third of its initial area
(Fig. 3F-I and Supplementary Video 1B). Comparable
impairment of healing was evident in independent stud-
ies on Zeb1 ™" and Zeb1™ ™ mice subjected to Lv knock-
down of wound site ZEB1 (Supplementary Fig. 4E-J).
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Figure 1—E-cadherin/ZEB1 causes injury-induced transient EMT. Quantitative RT-PCR analyses of E-cadherin (A), B-catenin (B), Col1at (C),
FSP-1 (D), Zeb1 (E), and Zeb2 (F) expression in cutaneous wounds of BL6 mice at different time points postwounding. Data are represented
as the mean = SEM (n = 7-11). *P < 0.05 (one-way ANOVA, followed by Tukey HSD post hoc test). G: Representative figure shows the
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Hyperglycemia Induces ZEB1 and Impairs Its Binding
to E-Cadherin Promoter

Hyperglycemia is widely recognized as a major factor that
contributes to impaired healing in those with diabetes
(39). LCM endothelial tissue from wound edge of diabetic
wound patients showed strikingly elevated ZEBI expres-
sion (Fig. 4A). Such massive ZEB1 elevation could be
reproduced by exposing HMECs to a hyperglycemic con-
dition, leading to loss of endothelial function (Fig. 4B and
Supplementary Fig. 5A and B). Additional studies aimed at
understanding how hyperglycemia caused such potent
induction of ZEB1 revealed that under conditions of
hyperglycemia ZEB1 turnover is high (Supplementary
Fig. 5C). ZEB1 is known to repress E-cadherin expression.
Efforts to understand the significance of elevated ZEB1
under conditions of hyperglycemia led to the investigation
of its corepressors such as COOH-terminal binding protein
(CtBP), histone deacetylase 1 (HDAC1), and BRM/SWI2-
related gene (BRG) (40-42). Interestingly, hyperglycemia-
dependent induction was specific for ZEB1, while
expression of the other corepressors remain unchanged
(Supplementary Fig. 5D-I). Follow-up studies therefore
focused on understanding the significance of hyperglycemia-
induced ZEB1 expression. ChIP assay demonstrated that
the binding of ZEB1 to E-cadherin promoter was compro-
mised under hyperglycemic conditions (Fig. 4C). Inhibi-
tion of ZEB1 rescued the tube formation ability in HMECs
challenged with hyperglycemia (Fig. 4D and E).

To gain further mechanistic insights into the differen-
tial action of ZEB1 under normoglycemic and hyperglyce-
mic conditions, we performed immunoprecipitation-mass
spectrometry (Fig. 4F and G). Here, the aim was to identify
putative proteins that physically associated with ZEB1
under normoglycemic or hyperglycemic conditions. This
effort led to the identification of 41 ZEBIl-interacting
proteins (Supplementary Table 3 and Fig. 4G). Among
them, a-enolase (ENO1), poly(U)-binding-splicing factor
(PUF60), actin cytoplasmic 1, serine/arginine-rich splic-
ing factor (SRSF)1, SRSF3, SRSE5, SRSF6, SRSES, testis-
specific protein kinase (TESK1), and RNA binding protein
kinase (RBM39) are annotated as ZEB1 interactors in the
ENCODE database (43). Only 8 (ENO1, S100A8, S100A9,
PUF60, serpin B4, Daple, trypsin-1, and tubulin-a) out of
these 41 interactors associated with ZEB1 under normo-
glycemic, but not hyperglycemic, conditions (Fig. 4G and
Supplementary Fig. 5J and K). Only one such protein
uniquely interacted with ZEB1 under hyperglycemic con-
ditions. This protein, diphosphoinositol pentakisphos-
phate kinase 2 (PPIP5K2), shares binding interaction
with CtBP1, a cooperative corepressor of ZEB1 (44). The
remaining 32 proteins interacted with Zebl agnostic of
the glycemic status.

To obtain a more global understanding of the signifi-
cance of ZEB1 in the context of EMT, we investigated the
effects of hyperglycemia on the epithelial cell proteome
using triple SILAC proteomics (Supplementary Fig. 5L and
M). The experimental design had two conditions of ZEB1
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induction: 1) moderate, as achieved by hyperglycemia
in vitro; and 2) extreme, as observed in the wound tissue
under in vivo conditions of diabetes and as can be repro-
duced by a combination of hyperglycemia and gene de-
livery in vitro. String analysis revealed that extreme
overexpression of ZEBl-upregulated proteins related to
apoptosis and negative regulation of cellular process gene
ontology clusters (Supplementary Fig. 5N). Under hyper-
glycemic conditions, ZEB1 knockdown rescued cell viabil-
ity by upregulating survival pathways and attenuating
cell death pathways. These findings recognize ZEB1 as
a hyperglycemia-inducible pathogenic mechanism. Of out-
standing interest in this context is the observation that
ZEB1 knockdown under hyperglycemic conditions caused
EMT (Fig. 4H-J).

ZEB1 Knockdown Rescued Diabetic Endothelial
Dysfunction and Improved Wound Closure

In endothelial cells, basal ZEB1 expression is low (Supple-
mentary Fig. 6A and B). However, in response to induction
of diabetes using low-dose STZ, endothelial ZEB1 was
potently induced (Supplementary Fig. 6C and D). The
significance of ZEB1 under condition of diabetes was
studied by investigating ZEB1-deficient diabetic mice. In
Zeb1™/™ mice, induction of endothelial ZEB1 in response
to diabetes was severely blunted (Supplementary Fig. 6C
and D). Such condition led to marked rescue of vascular
dysfunction and wound tissue perfusion (Fig. 5A and B).
The wound-edge tissue of diabetic Zeb1 "/~ mice displayed
higher abundance of CD31"/vWE" and CD31"/SMA™
blood vessels compared with those in diabetic mice where
endothelial ZEB1 was high (Fig. 5C and D and Supple-
mentary Fig. 6E and F). Compared with such control
diabetic mice, wound closure rate was significantly higher
in diabetic Zeb1 '/~ mice with low endothelial ZEB1 (Fig.
5E-H and Supplementary Fig. 6G). These observations led
to the notion that under conditions of diabetes, arrest of
endothelial ZEB1 has the potential to rescue vascular and
wound closure complications. In addition, hyperglycemia
also induced Zeb1 in wound macrophages (Supplementary
Fig. 6H and I).Thus, the significance of ZEB1 knockdown
was tested in another model of experimental diabetes, the
db/db mice. Consistent with observations in the low-dose
STZ diabetic mice, ZEB1 levels in the skin of db/db mice
were high (Fig. 6A). The magnitude of such difference was
far more prominent in this latter db/db model, offering the
opportunity to intervene and test the functional signifi-
cance of ZEB1 in wound vascular biology and closure.
In vivo intradermal administration of Zebl siRNA Lv to
the wound edge of diabetic (db/db) mice reduced endo-
thelial cell ZEB1 (Fig. 6B and Supplementary Fig. 7A). Such
successful depletion of ZEB1 in db/db mice caused
improvements in perfusion to the wound tissue (Fig. 6C
and D). Higher blood flow at the wound site of db/db mice
subjected to topical ZEB1 knockdown was supported by
histological studies demonstrating increased abundance of
vasculature (Fig. 6E and F and Supplementary Fig. 7B and C).
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Another relevant observation in this regard was that ZEB1
knockdown in otherwise ZEB1-rich db/db mice was asso-
ciated with improved EMT. ZEB1 knockdown resulted in
increased nuclear localization of 3-catenin in the epithelial
region (Supplementary Fig. 7D and E). Improved perfusion
and elevated EMT following topical ZEB1 knockdown in
db/db mice were associated with improved wound closure
(Fig. 6G and H and Supplementary Fig. 7F-I).

DISCUSSION

EMT, a hallmark process of embryogenesis, is implicated in
adult wound healing, fibrosis, and carcinogenesis (45,46).
Several well-defined regulators including, but not limited
to, extracellular factors (e.g., transforming growth factor-
B, Notch ligands, fibroblast growth factor, and insulin-like
growth factor), transcription factors (e.g., Twist and Zeb1),
microRNAs (e.g., miR-200b, miR-200¢, miR-9) and other
microenvironmental cues (15,47) govern EMT. ZEB1, also
known as TCF8 or DeltaEF1, is a member of the ZEB family
of transcription factors, which is composed of two zinc-
finger clusters (8). These zinc-finger clusters help ZEB1
bind to E-box DNA sequences. In addition to this, ZEB1
also contains binding domains including Smad interaction
domain, CtBP interaction domain, and p300-P/CAF bind-
ing domain (8,48-50). By recruiting cosuppressors or
coactivators using these domains, ZEB1 may either down-
regulate or upregulate gene expression (8,49). For exam-
ple, ZEB1 represses E-cadherin expression by directly
binding to the E-box located in the promoter and by
recruiting the CtBP and/or BRG1, corepressors (42,51).
During cutaneous wound healing, under the influence
of proinflammatory cytokines such as TNF-a, keratino-
cytes express mesenchyme-specific markers as exempli-
fied by VIM and FSP-1 (3). Epithelial cells present
adjacent to the wound bed are known to acquire mesen-
chymal markers in a bone morphogenetic proteins
(BMP)-2/4-dependent manner (3). Such induction of
EMT in wound-edge epithelial cells promotes wound
reepithelialization. This work presents maiden evidence
demonstrating a central role of ZEB1 in wound-edge EMT.
Such process was greatly compromised, both in vitro and
in vivo, following ZEB1 knockdown. The significance of
ZEB1 in epithelial cells was therefore of interest. Unbiased
interrogation using quantitative SILAC proteomics pro-
vided unprecedented insight into ZEB1-coregulated pro-
teins that are likely to define the molecular underpinnings
of wound EMT. Upregulation of ZEB1, as noted at the
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wound-edge epithelium, in human keratinocytes caused
downregulation of the largest subset of ZEB1-sensitive
proteins. The primary clusters of these downregulated
proteins included cytoskeletal, cell junction, and adherens
junction proteins. Calreticulin, a Ca®"-binding protein,
was lowered following ZEB1 overexpression. Calreticulin
controls cell-cell adhesion by regulating the expression of
cytoskeletal vinculin (52). Indeed, transient downregula-
tion of calreticulin weakens extracellular matrix attach-
ment and facilitates EMT (53). It is known that low
calreticulin-dependent EMT requires corepression of its
interacting partners calnexin (CANX) and heat shock pro-
tein 90 (HSP90) (54). This work demonstrates that this
entire cluster of EMT-regulating proteins was downregu-
lated following ZEB1 overexpression, identifying ZEB1 as
an upstream regulator of these molecular processes
governing EMT. Other clusters of protein with known
EMT-regulating properties that were identified as ZEB1
dependent include myosin protein classes (MYH4 and
MYL1). These proteins are responsible for maintaining
actin cytoskeleton organization (55). Thus, in the context
of cutaneous wound healing, Zebl emerges as a hub reg-
ulator of multiple molecular pathways that govern EMT.

EMT and angiogenesis are two such wound healing
related processes that are responsive to common upstream
regulators (56,57). While in the epithelial cell compart-
ment high ZEB1 enables EMT, in wound-related endothe-
lial cells elevated ZEB1 not only is a key inducer of
angiogenesis but also does so in a glycemic status-
dependent manner. This work presents direct evidence
establishing Zebl as a major regulator of wound angio-
genesis. In the ZEB1 path of wound angiogenesis, VEGF
signaling plays a central role. In ZEB1-deficient mice,
proteins involved in VEGF signaling pathway were down-
regulated. During the wound healing process, coagulation
factor III, derived from blood clot, drives the induction of
VEGF and SMA necessary for neovascularization (58).
ZEB1 deficiency compromised the level of coagulation
factor III followed by blunted VEGF signaling. In addition,
ZEB1 deficiency compromised the expression of MMP-9
known to act upstream of VEGF in the angiogenic pathway
(59). Furthermore, angiogenin, a downstream effector
molecule of VEGF signaling and a potent angiogenesis
regulator, was also low in the wound edge of ZEB1™/~
mice. Taken together, multiple lines of evidence support
that endothelial ZEB1 functions via the VEGF signaling
path in driving wound angiogenesis.

control (con) siRNA or ZEB1 siRNA. Scale bar, 100 pm. n = 6. *P < 0.05 (Student t test). Data are represented as the mean =+ SD. F: Venn
diagram of interacting partners of ZEB1 in NG and HG conditions obtained through immunoprecipitation mass spectrometric analysis in
HMEGCs. A total of 41 proteins were identified to be interacting with ZEB1 during these conditions. G: Protein-protein interaction network
of 8 proteins interacting with ZEB1 during NG but not in HG conditions using STRING, version 10.5. IP, immunoprecipitation. H: IPA of the
proteins differentially expressed after ZEB1 silencing in HG condition (HaCaT) indicates the increase in EMT process. / and J: Immuno-
fluorescence staining of B-catenin (red) and its nuclear colocalization (white) (/) and the correlation coefficient of B-catenin-DAPI
colocalization in HaCaT cells (J) after treatment with control siRNA or ZEB1 siRNA under NG/HG conditions. Scale bars, 20 pm. n =
5-7. *P < 0.05 (one-way ANOVA, followed by Tukey HSD post hoc test). Data are represented as the mean = SEM. LC-MS/MS, liquid

chromatography-tandem mass spectrometry.
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Figure 5—ZEB1 knockdown rescued diabetic endothelial dysfunction and improved wound closure. Zeb1*'~ mice and Zeb1™* mice were
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planimetry. F: Data were presented as percentage of wound area. n = 6 wounds. *P < 0.05 (Student t test). G: Representative images of wound
biopsy tissue sections (10 wm) of STZ-treated diabetic Zeb1*/~ mice vs. Zeb1™" mice (day 13) stained using hematoxylin (blue) and eosin (red).
Scale bars, 500 pm. H: In vivo wound imaging using Vevo 2100 for monitoring wound contraction and reepithelialization in STZ-treated diabetic
Zeb1™* mice (upper panels) vs. Zeb1™~ mice (lower panels). Scale bars, 1 mm. White arrows represent the region between wounds that is
not reepithelialized. The yellow lines in images outline the cavitation area visualized by this imaging. Data are represented as the mean = SD.
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Figure 6 —ZEB1 knockdown in db/db mice rescued endothelial dysfunction and improved wound closure. A: Quantitative RT-PCR analysis
of Zeb1 expression in skin of db/db diabetic mice vs. db/+ control littermates. n = 4. *P < 0.05 (Student t test). B: Schematic diagram
showing intradermal delivery of Zeb1 siRNA Lv or scrambled siRNA Lv to the dorsal skin of db/db mice. PeriMed laser speckle-assisted
wound perfusion images (C) and their analysis (D) of wounds of db/db mice injected with Zeb1 siRNA Lv or scrambled siRNA Lv. n = 4
wounds. *P < 0.05 (Student t test). Immunohistochemical analysis of CD31"/VWF* coexpression in wound edge of db/db mice injected with
Zeb1 siRNA Lv or scrambled siRNA Lv at day 21 postwounding (E) and its colocalization coefficient (F). n = 5 wounds. *P < 0.05 (Student t
test). G: Wound closure was monitored at different days postwounding in wounds of db/db mice injected with Zeb7 siRNA Lv or scrambled
siRNA Lv by digital planimetry. H: Data were presented as percentage of wound area. n = 8 wounds. *P < 0.05 (Student t test). Data are
represented as the mean + SD.
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Persistent hyperglycemia, as noted in diabetes, is widely
known to stall wound healing. In trying to understand the
significance of glycemic status in wound angiogenesis, this
work led to a striking observation that led to the notion
that both insufficient ZEB1 and excessive ZEB1 oppose
wound angiogenesis. Efforts to test the hypothesis that
hyperglycemia depletes ZEB1 and therefore dampens
wound angiogenesis resulted in the unexpected finding
that persistent hyperglycemia potently induced ZEB1. Of
relevance, such extreme induction of ZEB1 has been
reported for cells related to tumor angiogenesis (17). In
this work, ChIP studies conducted under conditions of
hyperglycemia provided insight into the mechanistic bases
of ZEB1 interaction with E-cadherin. Hyperglycemia dimin-
ished the physical association of ZEB1 with E-cadherin pro-
moter, thereby releasing E-cadherin from ZEB1-dependent
repression. Loss of control over E-cadherin repression is
known to cause microvascular endothelial dysfunction
commonly observed in people with diabetes (60). Re-
strained expression of E-cadherin is noted in the intima
of human aorta. Such restraint is lost under disease
conditions such as atherosclerosis (61). In this work,
the study of proteins that interact with ZEB1 identified
that ENO-1 bound to ZEB1 is released under conditions of
hyperglycemia. The reported presence of conserved canon-
ical E-boxes in ENO-1 may explain ZEB1-ENO1 binding
(62). Under conditions of hyperglycemia, the binding of
Sp1 to E-box is markedly induced (63,64). Considering that
the binding of E-box of ZEB1 is competitive with that of
Spl, it is plausible that under hyperglycemia, excessive Sp1
binding competitively inhibits ZEB1 binding. Free ENO-1,
unbound to ZEB1, poses an inflammatory threat in the
context of hyperglycemia (65). This work reports that
proinflammatory S100A8/A9 also binds to ZEB1. Such
binding is impaired under hyperglycemia, resulting in
higher levels of free serum S100A8/A9 in patients with
diabetes (66). In the context of our findings, it is important
to note that in vascular smooth muscle cells diabetes
causes loss of Zebl occupancy at the MCP-1 and COX-2
promoter (67). Such loss enhances binding of monocytes
to diabetic vascular smooth muscle cells. It is plausible that
alterations in cellular Zeb1 levels influence the expression
and function of inflammatory cytokines.

Taken together, this work recognizes ZEB1 as a signif-
icant mechanistic hub across epithelial and endothelial
cells on the wound tissue microenvironment. In both of
these cellular compartments, ZEB1 is responsive to the
glycemic status of the injury microenvironment. Both low
and excessive ZEB1 levels are pathogenic, pointing toward
the critical need to tune ZEB1 levels to intermediary levels
optimal for wound repair. In epithelial cells, ZEB1 induces
EMT toward wound reepithelialization. This process is
impaired under conditions of hyperglycemia. In endothe-
lial cells, ZEB1 is directly implicated in hyperglycemia-
induced dysfunction. Excessive ZEB1, under diabetic
conditions, may also contribute to the commonly noted
persistent inflammatory response. Studies on intervention
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demonstrate that ZEB1-directed therapeutic strategies
are productive in the rescue of wound-related diabetes
complications.
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