
DISCOVERY EXPRESS

Dll4 Blockade Promotes Angiogenesis
in Nonhealing Wounds of Sox7-Deficient Mice

Jee Myung Yang,1,{ Junghwa Ryu,2,{ Injune Kim,1,*
Hak Chang,3,* and Il-Kug Kim2,*
1Graduate School of Medical Science and Engineering, Korea Advanced Institute of Science and Technology, Daejeon,

Republic of Korea.
2Department of Plastic and Reconstructive Surgery, Yeungnam University College of Medicine, Daegu, Republic of Korea.
3Department of Plastic and Reconstructive Surgery, Seoul National University College of Medicine, Seoul, Republic of Korea.
{Co-first authors.

Objective: This study aimed to elucidate the role of the proangiogenic tran-
scription factors Sox7 and Sox17 in the wound healing process and investigate
the therapeutic potential of Dll4 blockade, which is an upstream regulator of
Sox17, for the treatment of nonhealing wounds.
Approach: After generating a full-thickness skin defect wound model of endo-
thelial Sox7- and/or Sox17-deficient mice, we measured the wound healing rates
and performed histological analysis. The effects of an anti-Dll4 antibody on wound
angiogenesis in Sox7-deficient mice and db/db diabetic mice were assessed.
Results: Sox7 and/or Sox17 deletion delayed wound healing. Moreover, the loss of
Sox7 and Sox17 inhibited wound angiogenesis, without affecting the expression of
the other. Of interest, after anti-Dll4 antibody treatment, Sox17 levels were in-
creased and the suppression of angiogenesis was alleviated in Sox7-deficient mice
and db/db diabetic mice. Consequently, Dll4 blockade effectively recovered the
observed delay in wound healing.
Innovation: The proangiogenic role of Sox7 and Sox17 in wound angiogenesis was
addressed and effective treatment of nonhealing wounds by Dll4 blockade was
suggested.
Conclusion: This study revealed the proangiogenic role of the transcription factors
Sox7 and Sox17 in wound angiogenesis. Furthermore, we suggest a novel method
for treating nonhealing wounds by particularly targeting the Dll4–Sox17 axis.
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INTRODUCTION
Angiogenesis is a critical process

for wound healing, as it involves the
growth of capillary sprouts to granu-
lation tissue.1–3 Impaired angiogenesis
is considered a common pathophysio-
logical mechanism underlying chronic
and nonhealing wounds in numerous
clinical conditions.2,4–6 Although pre-

vious studies on wound angiogenesis
have examined various angiogenic cy-
tokines such as vascular endothelial
growth factor (VEGF), fibroblast
growth factor, epidermal growth fac-
tor, transforming growth factor-b, and
angiopoietin, along with the relevant
signaling pathways, no method for ef-
fectively promoting angiogenesis in

Il-Kug Kim, MD, PhD

Submitted for publication May 10, 2019.

Accepted in revised form October 29, 2019.

*Correspondence: Il-Kug Kim, MD, PhD, De-

partment of Plastic and Reconstructive Surgery,

Yeungnam University College of Medicine, Dae-

gu 42415, Republic of Korea

(e-mail: curingyou@yu.ac.kr)

Hak Chang, MD, PhD

Department of Plastic and Reconstructive

Surgery, Seoul National University College of

Medicine, Seoul 03080, Republic of Korea

(e-mail: hchang@snu.ac.kr)

Injune Kim, PhD

Graduate School of Medical Science and

Engineering, Korea Advanced Institute of Science

and Technology, Daejeon 34141, Republic of

Korea (e-mail: injunek@kaist.ac.kr).

ª Jee Myung Yang, et al. 2019; Published by Mary Ann Liebert, Inc. This Open Access article is
distributed under the terms of the Creative Commons Attribution Noncommercial License (http://creative
commons.org/licenses/by-nc/4.0/) which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and the source are cited.

j 591ADVANCES IN WOUND CARE, VOLUME 9, NUMBER 11
2020 Mary Ann Liebert, Inc. DOI: 10.1089/wound.2019.1015



nonhealing wounds has yet been proposed.2,7 Thus, a
deeper understanding of angiogenic regulation dur-
ing the wound healing process is required.

Recently, studies on developmental and tumor
angiogenesis have focused on the proangiogenic
transcription factors Sox7 and Sox17 and their
related signaling pathways.8–11 Both transcrip-
tion factors display endothelial cell (EC)-specific
expression in developing and tumor vessels and
their deletion inhibits angiogenesis. Accordingly,
studies on the role of Sox7 and Sox17 in angio-
genesis will improve the understanding of the
transcriptional regulation of angiogenesis not
only in developmental or tumor vessels but also in
other types of angiogenesis. However, their ex-
pression patterns and roles in wound angiogene-
sis remain unknown, which were investigated in
this study.

To target angiogenic pathways involving Sox7
and Sox17 in wound tissues, their upstream regu-
lator must be evaluated. Dll4–Notch signaling is
induced by VEGF as a negative feedback regulator
of angiogenesis,12 negatively regulating Sox17 in
several contexts; moreover, it serves as a candidate
upstream regulator for Sox7 and Sox17 in wound
angiogenesis.9,10 Therefore, this study aimed to
investigate whether Dll4 blockade promotes an-
giogenesis and improves wound healing in non-
healing wounds of Sox7-deficient mice.

CLINICAL PROBLEM ADDRESSED

Numerous individuals worldwide have chronic
wounds. In the United States alone, $25 billion is
annually spent on treating chronic wounds. Various
treatment methods have been suggested; however,
numerous patients do not present improvement,
and advanced treatments are expensive. In treating
chronic wounds with impaired angiogenesis, two
broad clinical problems exist. First, diagnostic
markers to quantify angiogenesis are lacking. As-
sessment of the distribution of blood vessels exclu-
sively through histological analysis is not sufficient
because it is difficult to determine whether the
blood vessels mediate active angiogenesis or are
dysfunctional. This study examined the expression
of the proangiogenic transcription factors Sox7 and
Sox17 in wound tissues for their use as markers of
angiogenesis levels. Second, a stable antibody po-
tentially serving as a therapeutic agent for inducing
angiogenesis in tissues with impaired angiogenesis
is lacking. We examined the role of the Dll4–Sox17
axis in wound healing and confirmed whether anti-
Dll4 antibody induces angiogenesis in nonhealing
wounds with impaired angiogenesis.

MATERIALS AND METHODS
Mice

Cdh5(BAC)-CreERT2, Sox7mCh/+, Sox17GFP/+,
Sox7fl/fl, Sox17fl/fl, and Sox7fl/fl/Sox17fl/fl mice were
housed in a pathogen-free animal facility. To excise
Sox7, Sox17, and Sox7/Sox17 in ECs, the Cdh5
(BAC)-CreERT2 driver line was bred with Sox7fl/fl,
Sox17fl/fl, and Sox7fl/fl/Sox17fl/fl mice, respectively.
Cre-ERT2-negative but flox/flox-positive mice among
the littermates were used as the control for each
experiment. For Cre activation, 20 mg/kg tamoxi-
fen (Sigma, St. Louis, MO) was intraperitoneally
administered to mice four times with intervals of
3 days, beginning at 10 to 12 weeks of age.
Thereafter, full-thickness skin defects were gen-
erated at the flank area. Genetically diabetic mice
(db/db; BKS.Cg-Dock7m+/+Leprdb/J) 10–12 weeks
of age were purchased from Jackson Laboratory
(Bar Harbor, ME) for the diabetic wound healing
experiment. Serum glucose levels of >300 mg/dL
confirmed the diabetic phenotype in db/db mice.
We used male mice only in this study to obtain
consistent results. To block Dll4, 5 mg/kg of the
anti-Dll4 antibody (clone 26.82, US7803377 B2) or
an equal amount of control antibody was intra-
peritoneally administered to Sox7-deficient mice
at 1, 4, and 7 days after surgery. Furthermore,
5 mg/kg of the anti-Dll4 antibody was injected into
diabetic db/db mice at 7, 10, and 13 days after
surgery. Mice were anesthetized with 80 mg/kg
ketamine and 12 mg/kg xylazine, and normal skin
or wound tissue specimens were harvested for
further analyses. All animal experiments were
approved by the Animal Care Committee of Korea
Advanced Institute of Science and Technology
(KA2018-02).

Mouse wound splinting model
Mice were anesthetized and the hair on their

flank area was removed. A full-thickness skin de-
fect was induced on the back of each mouse, using a
7 mm biopsy punch (Miltex Instrument, York, PA).
Thereafter, donut-like silicone splints (inner di-
ameter = 10 mm, outer diameter = 20 mm) fabri-
cated from 0.5 mm thick silicone sheets (Grace Bio-
Labs, Bend, OR) were applied to the skin 1 mm
from the wound perimeter and affixed with eight
interrupted stitches made using 5-0 black silk su-
tures. The wounds were completely covered with
Tegaderm (3M) sterile transparent dressing and a
self-adhering elastic bandage.

Histological analyses
For immunofluorescence staining, wound tis-

sues were fixed overnight in 4% paraformaldehyde,
dehydrated in 20% sucrose solution overnight, and
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embedded in tissue-freezing medium (Leica, Wet-
zlar, Germany). Frozen blocks were cut into 20 lm
thick sections. Tissue sections were blocked in
PBST (0.2% Tween-20 in PBS) with 5% goat or
donkey serum and incubated with the following
primary antibodies: anti-CD31 (hamster, 2H8;
Millipore, Billerica, MA; or rat, MEC13.3; BD
Biosciences, Franklin Lakes, NJ), anti-Sox7 (goat;
R&D Systems, Minneapolis, MN), anti-Sox17
(goat; R&D Systems), and anti-VEGFR2 (goat;
R&D Systems) antibodies. After several washes, the
sections were incubated with the following second-
ary antibodies: Alexa Fluor 488- or Alexa Fluor 596-
conjugated anti-hamster IgG, Alexa Fluor 488- or
Alexa Fluor 596-conjugated anti-rat IgG, or Alexa
Fluor 488- or Alexa Fluor 596-conjugated anti–goat
IgG (Jackson ImmunoResearch, West Grove, PA)
antibodies. Nuclei were stained with DAPI (In-
vitrogen, Carlsbad, CA). The samples were mounted
with fluorescent mounting medium (DAKO, Glostr-
up, Denmark), and immunofluorescence images
were obtained using a confocal microscope (LSM800;
Zeiss, Jena, Germany).

Assessment of hypoxia and vascular
perfusion

To analyze the hypoxic areas of wounds, 60 mg/kg
pimonidazole hydrochloride (Natural Pharmacia
International, Burlington, MA) was intraperitone-
ally administered 60 min before the wound tissues
were harvested. Wound tissues were stained with
fluorescein isothiocyanate (FITC)-conjugated anti-
hypoxyprobe antibody. Hypoxic areas were deter-
mined as percentages of the FITC-positive area per
random 0.54 mm2 region. For vascular perfusion,
100 lL of DyLight 488-conjugated tomato lectin
(1 mg/mL, Vector laboratory) was intravenously
administered 30 min before euthanasia. The vascu-
lar perfusion area was determined as a percentage
of the lectin-positive area divided by the CD31-
positive area. Mice were anesthetized and intra-
cardially perfused with PBS to eliminate circulating
pimonidazole or lectin. To minimize local varia-
tion, two different images from each section were
obtained and mean pimonidazole or lectin levels
were measured. All signal intensities were mea-
sured using ImageJ software (National Institutes
of Health, Bethesda, MD). The threshold was fixed
in the same level.

Densitometric analyses
The vessel area was determined as the CD31-

positive area per random 0.54 mm2 region. Sox7,
Sox17, Sox7-mCherry, Sox17-GFP, and VEGFR2
expression levels were determined as percentages
of the corresponding fluorescence-positive areas

per CD31-positive blood vessel. The densities of
immunofluorescence signals were quantified using
ImageJ software. To minimize local variation, we
obtained two different images from each section
and determined the mean expression levels.

Statistical analysis
Data are presented as mean – standard devia-

tion values, unless otherwise indicated. Statistical
differences were determined by performing the
Mann–Whitney U-test for two groups or the
Kruskal–Wallis test followed by the rank-based
Tukey’s honest significant difference test for more
than two groups. Statistical analyses were per-
formed using SPSS version 22 software (SPSS, Inc.,
Chicago, IL). p < 0.05 was considered significant.

RESULTS
Sox7 and Sox17 are upregulated in ECs during
wound healing

Because Sox7 and Sox17 are upregulated in ECs
during development and tumor angiogenesis, we
investigated their expression in tissues during
normal wound healing. Normal skin and full-
thickness skin-defect wounds were harvested from
Sox7mCh/+ and Sox17GFP/+ mice at 3, 6, and 10 days
after surgery. mCherry and GFP fluorescence were
observed in Sox7mCh/+ and Sox17GFP/+ mice to
evaluate Sox7 and Sox17 expression. CD31 was
used as a marker of ECs in the normal skin and
wound tissue. Sox7-mCherry and Sox17-GFP were
downregulated in normal skin in comparison with
wound tissue. Sox7-mCherry signal intensity in
ECs gradually increased until day 6 and slightly
decreased by day 10 after surgery (Fig. 1A; day 6,
66.1 – 3.5; day 10, 61.3 – 4.2). However, no signifi-
cant difference in Sox7-mCherry signals was ob-
served between days 6 and 10. Because Sox17 is a
closely related homolog of Sox7, we also assessed
endothelial Sox17 expression in the normal skin and
wound tissues of Sox17GFP/+ mice. Sox17-GFP sig-
nals in ECs peaked on day 6 after surgery (Fig. 1B;
day 6, 61.1 – 6.4; day 10, 56.7 – 3.8). These results
indicate that ECs express Sox7 and Sox17 at high
levels during wound healing, suggesting that they
play a role in angiogenesis during this process.

Sox7 and/or Sox17 deletion delay wound
healing and inhibit angiogenesis

To investigate the role of Sox7 and Sox17 during
wound healing, we generated full-thickness skin
defects in the mouse flank and determined the
wound closure rate in EC-specific Sox7-, Sox17-, or
Sox7/Sox17 (double) knockout mice (n = 10 per
group). After surgery, we observed the wounds by
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digital imaging at 3, 6, and 10 days postoperation;
the mice were then killed on day 10 for im-
munohistological analysis. The wounds of control
mice were completely closed by day 10 (Fig. 2A). In
contrast, the wounds of Sox7, Sox17, or Sox7/
Sox17 double-deficient mice did not completely
heal on day 10 (Fig. 2A). In control mice, the size of
the full-thickness skin defect rapidly decreased; in
particular, the lesions were reduced to 20% of the
initial size after 3 days and completely healed
within 10 days (Fig. 2B). However, in Sox7- or
Sox17-deficient mice, wound healing was delayed,
and lesion sizes decreased to 40% of their initial
sizes on day 3, with incomplete closure on day
10 (Fig. 2B). Furthermore, Sox7/Sox17 double-
deletion mice exhibited delayed healing with the
lesion size decreased to only 70% of the initial size
on day 3, which was further delayed in comparison
with that observed in Sox7- or Sox17-deletion mice;
again, the wounds did not completely heal by day
10 (Fig. 2B). These results suggest that endothelial
Sox7 and Sox17 are required for wound healing.

Next, we performed immunofluorescence anal-
ysis for CD31 to investigate whether delayed
wound healing in Sox7, Sox17, or Sox7/Sox17
double-deficient mice was associated with de-
creased angiogenesis in wounds. Vascularity in the
granulation area was examined 10 days after sur-
gery. Sox7 and Sox17 were upregulated and sur-
face wounds completely healed in control mice on

day 10; however, the wound persisted in the other
groups at this time point. Thus, we analyzed the
histological differences between the groups on day
10 after surgery to investigate factors affecting this
phenotype. CD31 staining indicated a significant
reduction in the blood vessel density in Sox7- or
Sox17-deficient mice in comparison with control
mice (Fig. 2C). Moreover, the vessel area in Sox7/
Sox17 double-deficient mice was markedly de-
creased in comparison with that in not only control
mice ( p < 0.001), but also in Sox7- or Sox17-
deficient mice ( p < 0.01). These data indicate that
Sox7 and Sox17 deletions impaired vascularity in
wound tissue and that these effects are not re-
dundant.

Loss of Sox7 or Sox17 does not affect the
expression of each other in wound tissues

Depending on the context, Sox7 and Sox17 may
affect the expression of each other.8,9,13 As Sox7/
Sox17 double deletion markedly influenced vascu-
larity in the wound tissue in comparison with the
individual deletion of either protein, and each
transcription factor was predicted to play an inde-
pendent role. To confirm this, their respective
effects on each other were investigated. In the
wounds of control mice, Sox7 was expressed in
>20% of vessels but not in Sox7- and Sox7/Sox17-
deficient mice (Fig. 3A). In the wounds of Sox17-
deficient mice, Sox7 was expressed in 16% of vessels

Figure 1. Endothelial-specific expression of Sox7 and Sox17 in wound tissues. (A) Sox7-mCherry fluorescence and signal quantification in normal skin and
full-thickness skin defect wound on days 3, 6, and 10. (B) Sox17-GFP fluorescence and signal quantification in normal skin and full-thickness skin defect
wounds on days 3, 6, and 10. Values are presented as the mean – SD (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001 versus normal skin; ###p < 0.01 versus day 3;
###p < 0.001 versus day 3. SD, standard deviation. Color images are available online.
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with no significant difference from control mice
(Fig. 3A). Sox17 was expressed in 21% and 14% of
vessels in the wounds of control and Sox7-deficient
mice, respectively, and this difference was not sig-
nificant (Fig. 3B). Sox17 was not expressed in the
vessels of the wounds in Sox17 and Sox7/Sox17
double-deficient mice (Fig. 3B). These results show
that Sox7 and Sox17 do not interfere with the ex-
pression of each other during wound angiogenesis;
these results are concurrent with the observation
that Sox7/Sox17 double deletion induces a more
severe wound vascularity phenotype than single
Sox7 or Sox17 deletion.

Sox7 and/or Sox17 deletions downregulate
VEGFR2 and promote hypoxia

To understand the mechanism underlying an-
giogenic impairment during wound healing caused

by the deletion of Sox7 and/or Sox17, VEGFR2 ex-
pression and tissue hypoxia were examined. In the
wounds of control mice with active angiogenesis,
VEGFR2 was expressed in up to 60% of vessels
(Fig. 3C). However, in the wound vessels of Sox7- or
Sox17-deficient mice, VEGFR2 expression was es-
timated up to 25–28%, whereas in the wound ves-
sels of Sox7/Sox17 double-deficient mice, VEGFR2
expression approached 11%, indicating substan-
tially reduced levels compared with those in control
mice (Fig. 3C). These data suggest that VEGFR2
functions downstream of Sox7 and Sox17 during
wound angiogenesis.

To investigate the microenvironment of the
wound tissue, a hypoxyprobe (pimonidazole hy-
drochloride) was used to estimate hypoxia. In the
wound tissue of control mice, estimated hypoxia
was 13%, whereas this value was 27–28% in Sox7-

Figure 2. Sox7 and/or Sox17 deletion delays wound healing and inhibits wound angiogenesis. (A) Representative images of wounds at different time points.
(B) Quantification of wound areas. (C) CD31-positive vessels in wound tissues. Values are presented as mean – SD (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001;
#p < 0.05 versus Sox7-KO; ##p < 0.05 versus Sox7-KO. Color images are available online.

DLL4 BLOCKADE FOR NONHEALING WOUND THERAPY 595



or Sox17-deficient mice (Fig. 3D). In the wound
tissue of Sox7/Sox17 double-deficient mice, hypoxia
exceeded 50%, showing significantly increased
levels in comparison with control, Sox7-, or Sox17-
deficient mice (Fig. 3D). These results correlated
with the findings that Sox7 and/or Sox17 deletions
reduce vascularity in the wound tissue, showing
that the wound microenvironment is consequently
affected.

Dll4 blockade promotes wound healing
in Sox7-deficient mice

During developmental angiogenesis, an anti-
Dll4 antibody upregulates endothelial Sox17 and
induces hyper-sprouting and the formation of a
hyperdense vascular network.10 As Sox7 deletion
did not affect Sox17 expression, Dll4 blockade
was conducted in Sox7-deficient mice to investi-

gate whether Sox17 expression, angiogenesis,
and wound healing could be enhanced. Con-
current with previous experiments, EC-specific
Sox7 deletion delayed wound healing in compar-
ison with the control group (Fig. 4A, B). In con-
trast, Dll4 blockade (with the Sox7 deletion)
reduced the wound size, similar to that observed
in the control group, and nearly complete wound
healing was observed on postoperative day 10
(Fig. 4A, B). These data indicate that Dll4 block-
ade improves nonhealing wounds induced by
Sox7 deletion.

Dll4 blockade induces Sox17 expression
and functional angiogenesis
in Sox7-deficient mice

To understand how Dll4 blockade restores de-
layed wound healing in Sox7-deficient mice, im-

Figure 3. Sox7 or Sox17 deletions did not suppress the expression of each other. (A) Sox7 immunostaining and its quantification in wound vessels. (B) Sox17
immunostaining and its quantification in wound vessels. (C) VEGFR2 immunostaining and its quantification in wound vessels. (D) Pimonidazole adduct
(hypoxyprobe) and quantification of the hypoxic area. Values are presented as mean – SD (n = 5). **p < 0.01; ***p < 0.001; ##p < 0.05 versus Sox7-KO. VEGFR,
vascular endothelial growth factor receptor. Color images are available online.
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munofluorescence analyses of vascularity, Sox17
expression, lectin perfusion, and hypoxia as-
sessment in wound tissue were performed. Vas-
cular density decreased in Sox7-deficient mice in
comparison with control mice, whereas it was
recovered in Sox7 deletion mice treated with the
anti-Dll4 antibody to a level similar to that in
control mice (Fig. 4C). Sox17 was upregulated

through Dll4 blockade in Sox7-deficient mice
(Fig. 4D). Treatment with anti-Dll4 antibody
improved vascular perfusion in Sox7-deficient
mice and increased vascularity (Fig. 4E). Fur-
thermore, tissue hypoxia was decreased through
Dll4 blockade in Sox7-deficient mice (Fig. 4F).
These results show that Dll4 inhibition upregu-
lated endothelial Sox17 and functional angio-

Figure 4. Treatment with anti-Dll4 antibody accelerates wound healing in nonhealing wounds of Sox7-deficient mice. (A) Representative images of wounds
at different time points. (B) Quantification of the wound area. (C) CD31-positive vessels and their quantification in wound tissues. (D) Sox17 immunostaining
and its quantification in wound vessels. (E) Lectin immunostaining and quantification of vascular perfusion. (F) Pimonidazole adduct (hypoxyprobe) and
quantification of the hypoxic area. Values are presented as mean – SD (n = 5). *p < 0.05; **p < 0.01; #p < 0.05 versus Sox7-KO; ##p < 0.05 versus Sox7-KO. Color
images are available online.
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genesis in the nonhealing wounds induced
through Sox7 deletion, thereby promoting wound
healing.

Wound healing was improved through Dll4
blockade in db/db diabetic mice

Considering the functional restoration of wound
angiogenesis through Dll4 blockade in Sox7-
deficient mice, we investigated whether treatment
with anti-Dll4 antibody could accelerate delayed
wound healing in db/db diabetic mice. The non-
healing phenotype of chronic diabetic wounds is
closely associated with impaired wound angiogen-
esis.14 After the generation of full-thickness skin
defects in db/db mice, anti-Dll4 antibody (5 mg/kg)
was intraperitoneally administered at 7, 10, and
13 days after surgery. Wound healing was delayed

in control db/db mice to >2.5 weeks after sur-
gery (Fig. 5A, B). Dll4 blockade improved wound
healing and vascularity, upregulated Sox17, and
enhanced lectin perfusion (Fig. 5B, C). These re-
sults confirm vasculogenic restorative effects
through Dll4 blockade in the diabetic wound
healing model.

DISCUSSION

The SoxF group, a subfamily of the Sry-related
high-mobility group box (Sox) transcription factor
family, consists of Sox7, Sox17, and Sox18.15 Sox18
plays a crucial role in the development of the lym-
phatic vasculature.16 Sox7 and Sox17 are closely
associated various types of angiogenesis.8–11,13,17

This is the first report of the proangiogenic role of

Figure 5. Treatment with anti-Dll4 antibody promotes wound healing in db/db diabetic mice. (A) Representative images of wounds at different timepoints.
(B) Quantification of the wound area. (C) CD31-positive vessels and their quantification in wound tissues. (D) Sox17 immunostaining (white arrows) and its
quantification in wound vessels. (E) Lectin immunostaining and quantification of vascular perfusion. Values are presented as the mean – SD (n = 5). *p < 0.05;
**p < 0.01. Color images are available online.
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Sox7 and Sox17 in wound healing. The present
results show that these two transcription factors
are upregulated in ECs during wound angiogene-
sis. EC-specific Sox7 and/or Sox17 deletion was
possible by breeding the Cdh5(BAC)-CreERT2 dri-
ver line with Sox7fl/fl and/or Sox17fl/fl mice. More-
over, wound healing was delayed, and angiogenesis
was reduced in Sox7- and Sox17-deficient mice.
Upon blocking Dll4, which negatively regulates
Sox17, this transcription factor was upregulated in
Sox7-deficient mice and the delay in wound healing
was rescued by the restoration of angiogenesis
(Fig. 6).

Sox7 or Sox17 deletions did not alter the ex-
pression of the other molecules during wound
healing, which constitutes an unexpected finding
herein. We previously reported that Sox17 nega-
tively regulates Sox7 expression in glioma an-
giogenesis.9 This nonredundant role of Sox7 and
Sox17 in wound angiogenesis is similar to that in
developmental angiogenesis. Sox7 and Sox17 ex-
pression did not depend on each other in the post-
natal retinal vessels.8 Both developmental and
wound angiogenesis are physiological phenomena;
however, tumor angiogenesis is pathologic and Sox7
and Sox17 expression was heterogeneous in tumor
vessels. This might be one reason for their different
cooperation modes.

Several nonhealing wound models have been
previously described. The most representative
are diabetic chronic wounds.18,19 Furthermore, a

wound model of chronic pressure and nonhealing
wound models receiving radiation or chemother-
apy have been reported.20–23 However, no study
has reported a model of delayed wound healing
due to suppressed angiogenesis in the wound tis-
sue. Moreover, In fact, impaired angiogenesis was
observed in a considerable number of patient tis-
sues in which nonhealing wounds are found. Thus,
Sox7- or Sox17-deficient mice can be used as a
model of nonhealing wounds through impaired
angiogenesis.

Sox7 and Sox17 are upregulated in angiogenic
vessels of wound tissues and promoted wound
angiogenesis. Hence, their expression can be
considered an angiogenic marker to assess the
extent to which angiogenesis occurs in a specific
tissue. When histological analysis was performed
with wound tissues, sole examination of vascular
morphology can be problematic in determining
whether the corresponding blood vessel is un-
dergoing neovascularization or not. In contrast,
immunostaining for Sox7 and Sox17 would help
determine the occurrence of active angiogenesis
in blood vessels. Thus, Sox7 and Sox17 levels
can be considered diagnostic markers of non-
healing wounds occurring because of impaired
angiogenesis.

The role of the Dll4-Notch signaling pathway in
wound healing has been reported in several
studies. Chigurupati et al. reported that wound
healing is delayed when the Notch pathway is

Figure 6. Diagram depicting restored angiogenesis and wound healing by Dll4 blockade induced upregulation of endothelial Sox17 expression in Sox7-
deficient mice. Color images are available online.
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inhibited; however, it was enhanced
upon treatment with the activating
Jagged-1 peptide.24 Trindade et al. re-
ported that low-dosage Dll4 inhibition
induced functional angiogenesis and
consequently promoted wound heal-
ing.25 Together, the effect of Dll4-Notch
inhibition on normal wound healing is
controversial. However, we applied Dll4
blockade to nonhealing wounds with
impaired angiogenesis. Inhibition of the Dll4-
Notch pathway leads to excessive angiogenesis
and vascular leakage in physiological develop-
mental angiogenesis and tumor angiogenesis.26,27

Hence, we hypothesized that this proangiogenic
aspect of Dll4 blockade serves as a therapeutic
agent especially in tissues lacking angiogenesis.

Our study has the following limitations. First,
there is a lack of understanding of the direct
molecular regulation of Sox17 by Dll4 during
wound angiogenesis. Further comprehensive
analysis is needed to determine the role of Dll4 in
Sox17 regulation in nonhealing wounds with im-
paired angiogenesis. Second, our study primarily
focused on the vascular phenotype in the wound
model, thereby neglecting the effect of inflam-
matory cells playing a significant role in wound
healing. Third, our study had a relatively short
period (<4 weeks) for the wound model, which
lacks the evaluation of the effect of Dll4 blockade
in the chronic wound model with longer term
follow-up. Finally, no clinical data were evaluated
herein. Future studies on the treatment of human
wounds with anti-Dll4 antibody are required to
determine the efficacy of this novel treatment
approach. Despite several limitations, to our
knowledge, this study describes a significant and
clinically relevant wound model, which is the
first, to our knowledge, to suggest that Dll4
blockade potentially contributes to wound heal-
ing in patients with nonhealing wounds through
impaired angiogenesis.

In conclusion, this study revealed the proangio-
genic role of the transcription factors Sox7 and
Sox17 in wound angiogenesis. Furthermore, a
nonhealing wound model based on Sox7 and/or
Sox17 deletion and a novel method for treating
these lesions by targeting the Notch–Sox17 axis is
suggested herein. This study potentially serves as
a translational study to improve the treatment of
chronic and nonhealing wounds caused by im-
paired angiogenesis.

INNOVATION

It remains necessary to develop a novel strategy
to improve wound healing, particularly with re-
spect to the treatment of nonhealing wounds. This
study revealed the proangiogenic role of Sox7 and
Sox17 in wound healing. Furthermore, a novel
nonhealing wound model based on Sox7 and/or
Sox17 deletion is suggested herein. Dll4 blockade
upregulated endothelial Sox17 and angiogenesis in
the nonhealing wound induced by Sox7 deletion
and the diabetic wound model.
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KEY FINDINGS

� Sox7 and Sox17 deletions delay wound healing and inhibit angiogenesis

� Loss of Sox7 or Sox17 does not affect the expression of each other in
wound tissues

� Dll4 blockade upregulates Sox17 and enhances angiogenesis in non-
healing wounds induced by Sox7 deletion and the diabetic wound
model
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Abbreviations and Acronyms

ECs ¼ endothelial cells
FITC ¼ fluorescein isothiocyanate
GFP ¼ green fluorescent protein
PBS ¼ phosphate-buffered saline
SD ¼ standard deviation

VEGF ¼ vascular endothelial growth factor
VEGFR ¼ vascular endothelial growth

factor receptor

DLL4 BLOCKADE FOR NONHEALING WOUND THERAPY 601


