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Abstract

Background—-Prolyl hydroxylase domain 2 (PHDZ2) has been implicated in several pathways of
cell signaling, most notably in its regulation of hypoxia inducible factor (HIF)-1a stability. In
normoxia, PHD2 hydroxylates proline residues on HIF-1a, rendering it inactive. However in
hypoxia, PHD?2 is inactive, HIF-1a is stabilized and downstream effectors such as VEGF and
FGF-2 are produced to promote angiogenesis. In the present study we utilize RNAi to PHD2 to
promote therapeutic angiogenesis in a diabetic wound model, presumably by the stabilization of
HIF-1o.

Methods—Stented wounds were created on the dorsum of diabetic Lpr db/db mice. Mice were
treated with PHD2 siRNA or nonsense siRNA. Wounds were measured photometrically on days
0-28. Wounds were harvested for histology, protein, and RNA analysis.

Results—Diabetic wounds treated with siRNA closed within 21 +/—1.2 days; sham treated
closed in 28 +/—1.5 days. By day 7, Western blot revealed near complete suppression of PHD
protein and corresponding increased HIF-1a. Angiogenic mediators VEGF and FGF-2 were
elevated, corresponding to increased CD31 staining in the treated groups.

Conclusions—siRNA-mediated silencing of PHD2 increases HIF-1a and several mediators of
angiogenesis. This corresponded to improved time to closure in diabetic wounds compared to
sham treated wounds. These findings suggest that impaired wound healing in diabetes can be
ameliorated with therapeutic angiogenesis.
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INTRODUCTION

Complications related to diabetes bear a tremendous financial impact on our healthcare
system, as well as significant morbidity for the patients who live with them. Over 15% of
diabetics suffer from chronic nonhealing wounds, which may lead to ischemic ulcers and
ultimately. While poor wound healing in diabetes is multifactorial, recent literature has
shown that there is impairment in endothelial progenitor cell (EPC)-mediated
neovascularization?. The reason for this is two-fold: not only is EPC mobilization from the
bone marrow inhibited, but also mobilized EPCs demonstrate impaired homing to the site of
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injury.3 As a result, neovascularization is impaired ultimately contributing to dysfunctional
wound healing.3-8

Neovascularization is the process by which new blood vessel formation occurs in response
to tissue hypoxia in order to preserve adequate oxygen delivery and utilization in the event
of tissue loss or destruction. In any wound, vasculogenesis and angiogenesis are important
processes to healing. Vasculogenesis, thought to be limited to embryogenesis, is also
essential for postnatal de novo formation of capillary networks. On contrast, angiogenesis is
the sprouting of new blood vessels from existing ones.® 10 Hypoxia-inducible factor 1a
(HIF-10) is the central regulator of the hypoxia-induced response which results in the
upregulation of angiogenic factors such as VEGF, FGF-2, and angiopoeitin-2 thereby
promoting neovascularization.11 While studies have evaluated the efficacy of individual
angiogenic factors as possible treatment modalities, it has become clear that one factor alone
is inadequate to create a milieu for growth of mature functional new vessels.12-15 Recently,
increasing attention has been directed to HIF-1a, a major upstream regulator responsible for
the multitude of effectors that mediate angiogenesis. Increasing or stabilizing the expression
of HIF-1a has proven sufficient to induce angiogenesis, even in normoxia. 16

Prolyl hydroxylase domain proteins play a critical role in oxygen homeostasis. Specifically,
prolyl hydroxylase domain (PHD) 2 has been implicated in the degradation of HIF-1c. 17-19
In the presence of oxygen, PHD2 hydroxylates HIF-1a on two specific proline residues,
which results in its destruction by an E3 ubiquitin ligase containing the von Hippel Lindau
tumor suppressor protein.: 16 In hypoxia, PHD-2 is missing its co-substrate (oxygen),
rendering it inactive. In turn, HIF-1o becomes stabilized, translocates to the nucleus and
promotes the transcription of a variety of effectors such as VEGF and FGF-2, promoting
angiogenesis and vasculogenesis!2-15. The specificity of PHD2 to HIF-1o makes its
inhibition a valuable target in the promotion of angiogenesis in a wound bed.

Posttranscriptional silencing of a gene via RNA interference (RNAI) has greatly contributed
to the treatment possibilities for a variety of cutaneous disease states, such as diabetic ulcers.
Studies have shown that small interfering RNAs (SiRNAS) can be used to suppress the
transcription of specific gene sequences, thereby inhibiting the production of a specific
protein product20. Moreover, in a murine wound model, this silencing is transient and local,
alleviating concerns of prolonged action and off-target effects. 22 Interestingly, Wu et. al.
have been able to show, both in vitro and in vivo that RNAi mediated PHD-2 silencing
upregulates angiogenic mediators and promotes angiogenesis, offering an intriguing tool for
angiogenic therapy.13 Topical siRNA application for the modulation of local gene
expression and treatment of diabetic wounds has not been studied extensively. We
hypothesized that topical silencing of PHD-2 in a diabetic wound would improve wound
healing and would be associated with improved neovascularization.

METHODS

In Vitro murine fibroblast PHD2 silencing

Murine fibroblasts were harvested from diabetic Lepr db/db using an established fibroblast
explant protocol and grown to confluence23. PHD2 siRNA (Applied Biosystems, Foster
City, CA) was applied using RNAiFect (Qiagen, Valencia, CA) in a 6-well plate following
the protocol listed in the manual. Transfection was allowed to continue for 24-hrs. Cells
were harvested for mRNA quantification and protein.

In-Vivo topical silencing of PHD2 in a dorsal wound in diabetic (Lepr db/b) mice

After approval from The New York University Medical Center Animal Care Committee
(IACUC #80812-01), diabetic Lepr db/db mice were obtained from Jackson Laboratories

Wound Repair Regen. Author manuscript; available in PMC 2012 July 1.
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(Maine) and were housed in an animal care facility in accordance with the Division of
Laboratory Animal Resources bylaws.

An established murine model of excisional wound healing was employed.24 Briefly, paired
wounds (4-mm) were created on the dorsum of the mice and the perimeter of the wounds
was marked with India ink. The wounds were then splinted open with 12-mm silicon stents
to reduce wound contraction and allow the wounds to heal by secondary intention.

An agarose matrix was used as the delivery system for the SiRNA.22 Briefly a 12 kDa FDA-
approved 0.4% (weight/volume) agarose colloid matrix was created for the sSiRNA-
liposomal transfection reagent complex. Experimental arms included 1) Topical SiRNA
PHD2 (n=10) and 2) Topical nonsense siRNA (n=12). Five animals from each group were
sacrificed on days 7 and 14. The remaining animals were harvested on day 30, when the
wounds were closed. Twenty pmol of PHD2 siRNA was delivered to the wound bed.
Control wounds received the agarose gel with nonsense siRNA. The paired stents were then
covered with a transparent sterile occlusive dressing (3M, St Paul, MN). Based on prior
experiments that outlined optimal dosing routines, PHD-2 siRNA or nonsense siRNA, were
applied on days 7, 14, and 21. At scheduled time intervals, the transparent dressing was
removed and the wounds were photographed and assessed for contraction and healing.

mRNA quantification was completed using real time RT-PCR. Wounds were harvested at
days 7 and 14 post-wounding. Custom primers were created to PHD-2
(CGTCACGTTGATAACCCAAA), VEGF (TAACGATGAAGCCCTGGAGT), FGF-2
(CAAGGGAGTGTGTGCCAAC), and normalized to 18S
(GTAACCCGTTGAACCCCATT). Quantification is expressed as fold-induction to normal
untreated and unwounded skin.

Western Blot

Wounds were harvested at day 7 post-wounding for protein analysis by Western Blot.
Primary rat anti-mouse antibodies for PHD-2 and rat anti-mouse HIF-1a antibodies (Cell
Signaling, Danvers, MA) were used for quantitative protein analysis. Due to the difference
in time course of healing between treated and control mice identified in preliminary
experiments, day 7 was identified as a critical time point.

CD31 Immunofluorescence

The wound bed along with the surrounding 2 mm of unwounded skin was harvested on post-
wounding days 7 and 21 and cut for frozen-sectioning. CD31 immunofluorescence staining
was performed to evaluate endothelial staining.

Time to closure

The transparent dressing was removed and the wounds were photographed and assessed for
contraction and healing. Photometric analysis was carried out on days 0, 3, 7, 10, 14, 21 and
28.

Statistical Analysis

All data are expressed as mean + standard error of the mean. Students’ t-tests and one-way
ANOVA were applied to assess for statistical significance. A p-value less than 0.05
determined statistical significance.
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Diabetic murine fibroblast cells

Following a single dose of PHD2 siRNA, PCR was employed to determine PHD2, VEGF,
and FGF-2 mRNA levels in cultured diabetic murine fibroblast cells. Treatment yielded a 73
+ 0.075% reduction in the level of PHD2 mRNA (p < 0.001), demonstrating efficient
knockdown of PHD2. Moreover, PHD2 silencing also resulted in a 14.90 + 0.47 (p = 0.001)
fold-increase in VEGF levels and a near equal 14.95 + 0.138 (p < 0.001) fold-increase in
FGF-2 mRNA levels, respectively (Figure 1).

MRNA analysis of PHD2 and angiogenic factor levels after treatment with nonsense or

siPHD2

At day 7, after one treatment of topical PHD2 siRNA, diabetic wounds demonstrated a 75 +
2% decrease in the level of PHD2 mRNA (p < 0.001) compared to controls. In contrast,
VEGF mRNA levels were increased 2.51 + 0.044 (p < 0.001) fold while FGF-2 levels were
similarly increased 2.69 + 0.039 (p < 0.001) fold.

At day 21, following 3 applications of PHD2 siRNA, PHD2 knockdown persisted with a
96.6 + 0.069% reduction in the level of PHD2 mRNA (p < 0.001) compared to controls.
Moreover, VEGF mRNA levels were increased strikingly to 11.78 + 0.18 (p < 0.001) fold
with a close increase of 11.15 + 0.27 (p < 0.001) fold in FGF-2 mRNA levels (Figure 2).

Assessment of PHD2 silencing and HIF-1a expression

By day 7, treatment with PHD2 siRNA decreased PHD?2 protein levels from 5.4675 + 0.03
t0 1.90 + 0.22 (p < 0.001), and increased HIF-1a protein levels from 0.72 + 0.0041 to 4.74 £
0.025 (p < 0.001; Figure 3.

PHD2 silencing augments neovascularization

Immunohistochemistry targeting the cell surface marker CD31 revealed increased
endothelial density in the PHD2 siRNA treated wounds (day 7, Figure 4). This qualitative
finding was confirmed via quantitative analysis (Fisher’s Exact tests). Quantification of
these results (percentage of wound bed containing CD31 positive cells) revealed more than
twice as much CD31 staining on day 7 in the treated wounds compared to controls (p <
0.001). Although CD31 staining increased in both groups by day 21, the relationship
between PHD-2 siRNA treated groups and nonsense treated controls persisted and CD31
staining remained more than twice the level in the PHD-2 siRNA groups (Figure 5).

Time to Closure

Gross imaging of the healing wounds taken at days 0, 3, 7, 10, 14, and 21 suggested an
accelerated rate of time to wound closure in the PHD2 siRNA-treated group (Figure 6). This
observation was confirmed by photometric analysis at days 0, 7, 14, 21, and 28 whereby
treated diabetic wounds experienced a statistically significant increase in wound closure at
every time point examined (Figure 6). Treated wounds began to heal as early day 14 (47%)
whereas the control wounds were only 22% healed at the same time point. This relationship
persisted such that by the time of closure of treated diabetic wounds, control wounds were
only 61% closed. Overall, treated wounds were closed at 21 days compared to control
wounds, which were not closed until 28 days. Serving as a positive control, wounds inflicted
in the dorsa of wild type mice healed in 14 days.
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DISCUSSION

Diabetics suffer from an impaired ability to mount a successful neovascular response
following injury.3427.28 The diabetic wound is hypoxic, yet HIF-1o levels have been shown
to be reduced in diabetic wound healing2®. This is counterintuitive for the following reason:
in hypoxia, HIF-1o dimerizes in the nucleus with HIF-1f and binds to the hypoxia response
element (HRE) on the promoter region of its target genes, transcriptionally activating them.
Not coincidentally, two such gene targets are VEGF and FGF-2, which are key to the
neovascular response. We sought to investigate whether the constitutive expression of
HIF-1a through RNA interference of PHD2 could upregulate these gene targets to increase
neovascularization in a wound bed and thus improve diabetic wound healing.

Impaired wound healing in diabetics is a well-documented phenomenon, and aberrant
fibroblast function contributes to this process?9-32, To test the efficacy of PHD2 knockdown
as well as the ability to affect protein expression downstream of HIF-1a, we therefore chose
to examine this relationship in vitro using murine diabetic fibroblasts. After just one dose of
PHD2 siRNA, a 75% reduction in PHD2 expression was achieved. Additionally, a
significant elevation in both VEGF and FGF2 was observed (p<.001).

We then applied these principles to our in vivo wound model as described above. Mirroring
the in vitro work, knockdown was achieved to approximately 75% of pretreated levels after
the initial dose of siRNA to PHD2. After 3 doses, the knockdown was near complete.
Subsequently, VEGF and FGF2 expression was significantly elevated at both time points as
well, and the effect was additive. Repeated treatment caused greater upregulation at 21 days.
These findings are consistent with previous work by Wu et al3, but is unique in its
application to the diabetic state (in vitro and in vivo) which is characterized by impaired
neovascularization and wound healing.

Western blot was employed to demonstrate qualitative and quantitative knockdown of PHD2
and upregulation of HIF-1a in the wound bed. As figure 3 shows, relative to beta actin there
is a significant reduction in PHD2 levels with concomitant increase in HIF-1a. We deduce
that PHD2 silencing stabilized HIF-1a, which subsequently turned on the neovasculogenic
cascade; however PHD2 may have a roll in this process independent of HIF-1a, which is not
addressed in this paper but deserves future study. Other methods of HIF-1a stabilization,
such as by hybridization with the VP16 adenovirus, could theoretically produce similar
effects; however we aimed to utilize a simple topical application with foreseeable clinical
relevance. Likewise, other methods of modulating PHD2 expression, such as with TGF-f33,
would not be particularly effective in this circumstance; diabetic wounds characteristically
have low levels of circulating TGF-B34.

CD31 stains endothelial cells in blood vessels and can be used to quantify angiogenesis.3® In
this experiment, increased angiogenic factor expression translated to denser vessel growth,
as confirmed by increased CD31 immunofluorescent staining in the treated wound samples.
Moreover, and perhaps most importantly from a clinical perspective, siPHD2 treated
wounds demonstrated decreased time to closure when compared with nonsense treated
wounds and approached healing times of non-diabetic controls. We concluded silencing
PHD2 improved diabetic wound healing, likely through a vasculogenic mechanism.

The choice to target the control of the upstream regulator HIF-1a. rather than VEGF or FGF2
alone is based on its central role in oxygen sensing and the ability to affect both of these
targets simultaneously. Several studies have shown that VEGF and FGF-2 are synergistic,
leading to significantly more effective angiogenesis than when either cytokine is used
alone.12-15 Despite an augmented vascular response with the isolated use of VEGF, the
resultant vasculature is excessively permeable, 30 and clinical trials testing VEGF or FGF-2
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alone have not been able to demonstrate meaningful clinical efficacy.1# 36:37 Interestingly,
Elson et al showed that transgenic mice constitutively expressing HIF-1a in their skin
demonstrated increased vascularity without hyperpermeability38. The choice to target PHD2
therefore could control not only the “master regulator” HIF-1a, but also several other critical
mediators of angiogenesis as well.

Posttranscriptional gene silencing via RNA interference has great potential for the treatment
of a variety of cutaneous disorders such as the diabetic ulcer, and this study demonstrated a
novel in vivo approach to siRNA-mediated angiogenic therapy via a topical delivery system.
The cell-specific action of PHD2 on HIF-1a, and the fundamental importance of HIF-1a to
angiogenesis make PHD2 an attractive candidate for focused angiogenic therapy to a
diabetic wound bed that is characterized by impaired vascularity.

We have previously demonstrated that the siRNA delivery system employed allows for
repeated application and targeted gene knockdown, free of off-target effects. Moreover, this
approach permits local therapy of a time-limited nature defined by a clinical endpoint, in this
case wound healing. Our prior work confirmed that gene silencing was temporary, as
expected given the nature of siRNA, and that no trace of gene knockdown could be detected
three weeks after the last SIRNA application.

In summary, the deficient hypoxic response to wound healing in diabetes can be attenuated
by the upregulation of proangiogenic pathways via RNAI. One such pathway, stabilization
of HIF-1a by silencing PHD?2, is central to the improvement of diabetic wound healing
through a neovascular mechanism. Interventions that promote angiogenesis may provide an
important strategy to mitigate the aberrant injury response in diabetes.
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Figure 1.
PHD-2, VEGF, and FGF-2 gene expression levels in vitro

Wound Repair Regen. Author manuscript; available in PMC 2012 July 1.

FGF-2



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Wetterau et al.

Page 10

144 Il Control
[] PHD2 siRNA * *
12 - 1 i
® 1
3 L
5 10
=
Q
T
5 8
=
g 6
)
sl
<
czc 4 * *
=
2 -l
*
o L IE, o
PHD2 VEGF FGF-2 PHD2 VEGF FGF-2
Day 7 Day 21
Figure 2.

PHD-2, VEGF, and FGF-2 gene expression levels on day 7 and day 21 in vivo
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Figure 3.

HIF-1a

b: Western blot gross images (above) and quantified relative to beta actin (below) in vivo
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Figure 4.
CD31 immunohistochemistry in vivo, 100x, demonstrates increased vascularity in treated vs.
controls.
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Figure 5.

CD31 quantified per high power field in vivo
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Figure 6.
Gross images of wound healing demonstrate treated wounds closing by day 21, while sham
treated wounds are not at the same time point.
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Figure 7.

Wound closure quantified. Star denotes statistical significance (p<.05).
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