AMCB

Journals.ASM.org
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Skin wound healing in mammals is a complex, multicellular process that depends on the precise supply of oxygen. Hypoxia-in-
ducible factor (HIF) prolyl hydroxylase 2 (PHD2) serves as a crucial oxygen sensor and may therefore play an important role
during reepithelialization. Hence, this study was aimed at understanding the role of PHD2 in cutaneous wound healing using
different lines of conditionally deficient mice specifically lacking PHD2 in inflammatory, vascular, or epidermal cells. Interest-
ingly, PHD2 deficiency only in keratinocytes and not in myeloid or endothelial cells was found to lead to faster wound closure,
which involved enhanced migration of the hyperproliferating epithelium. We demonstrate that this effect relies on the unique
expression of 3;-integrin in the keratinocytes around the tip of the migrating tongue in an HIF1a-dependent manner. Further-
more, we show enhanced proliferation of these cells in the stratum basale, which is directly related to their attenuated trans-
forming growth factor 3 signaling. Thus, loss of the central oxygen sensor PHD2 in keratinocytes stimulates wound closure by
prompting skin epithelial cells to migrate and proliferate. Inhibition of PHD2 could therefore offer novel therapeutic opportuni-

ties for the local treatment of cutaneous wounds.

Wound healing is a multicellular process comprising a series
of events that involves inflammation, angiogenesis, and
reepithelialization (1). Impaired or aberrant healing can eventu-
ally lead to major clinical problems. Understanding the precise
molecular mechanisms of wound repair in vivo is therefore of
utmost importance. Signaling networks controlling the healing
process involve growth factors, proteinases, and adhesion mole-
cules, including integrins, which are produced by different cell
types. Integrins are cell surface receptors composed of noncova-
lently linked o and 8 subunits that mediate cell-matrix and cell-
cell interactions and transduce signals that have an impact on
various cell properties, including adhesion, migration, and inva-
sion (2). asB,-Integrin and several members of the o, -integrin
family are thought to be involved in wound healing. Although
B;-integrin was shown not to be expressed on keratinocytes (3, 4),
o,Bs-, o, Bs-, and asP,-integrins are upregulated in the epithe-
lium during wound closure (5-7), whereas «, 3;-integrin is ele-
vated in several other cell types, like macrophages, endothelial
cells, and platelets (4, 8).

Apart from adhesion molecules, growth factors such as mem-
bers of the transforming growth factor 3 (TGF) superfamily are
critically involved in wound healing and repair. The three mam-
malian TGFp isoforms (TGFBI to TGFRIII) are synthesized as
latent precursors and mechanically or proteolytically activated
(9), after which they exert their biological functions via binding to
aheteromeric receptor complex, consisting of a type I and a type I1
receptor (10). In vitro, they have been shown to be mitogenic for
fibroblasts, but they inhibit proliferation of most other cells, in-
cluding keratinocytes (11). In line with this, it was shown that
cutaneous wound healing is strongly accelerated in mice overex-
pressing a dominant negative TGFBII receptor (TGFBIIR) in the
epidermis (12). In addition, loss of SMAD?3, an intracellular effec-
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tor protein of TGFp signaling, shows accelerated reepithelializa-
tion in mice (13).

Importantly, a critical stimulus for wound healing is relative
hypoxia (14). Although skin is naturally mildly hypoxic (15, 16), a
skin wound becomes more hypoxic due to the vascular disruption
and high oxygen consumption by the cells at the border of the
wound (16, 17). The principal effector proteins during hypoxia
are the hypoxia-inducible factors (HIFs), which are heterodimeric
transcription factors consisting of an oxygen-sensitive a subunit
and a constitutive 3 subunit. Of the most intensively studied HIFa
genes, HIF1a has a ubiquitous pattern of expression in all tissues
(18), whereas HIF2a expression is restricted to certain cell types
(19, 20). Recently, using mice with a targeted HIF1a deficiency in
keratinocytes, it was shown that HIF1a plays an important role in
skin homeostasis during aging and that loss of HIF1la leads to a
delay in wound healing (21). HIFa expression is tightly regulated
by a family of enzymes known as the HIF prolyl hydroxylases
(PHD:s) (22). In the presence of oxygen, PHDs hydroxylate spe-
cific proline residues within the oxygen-sensitive a subunit of
HIF, which is then tagged for proteasomal degradation (23). Un-
der hypoxic conditions, HIFa is stabilized and activates transcrip-
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tion of its target genes in the nucleus. Three main isoforms of
PHDs are currently known. Of these, PHD2 is the main enzyme
controlling HIFa expression under normoxic or mild hypoxic
conditions (24). It has been proposed that stabilization of HIFl«
via the unspecific PHD inhibitor dimethyloxalylglycine (DMOG)
improves healing of chronic wounds in diabetic mice (25). How-
ever, the detailed cellular and molecular mechanisms of these pro-
cesses as well as the specific role of PHD2 in wound healing have
not yet been elucidated.

Therefore, in order to investigate the involvement of PHD2
during tissue repair in different cellular compartments, we gener-
ated mice with conditional PHD2 deficiency in keratinocytes or
myeloid or endothelial cells and subjected them to experimental
skin wounds. In the current study, we demonstrate that deletion of
PHD?2 only in keratinocytes leads to a higher migratory rate,
which is mediated by HIFla-related induction of B;-integrin.
Moreover, in wounds, these deficient keratinocytes exhibit en-
hanced proliferation in a TGFB-dependent manner. Together,
these findings describe a new function for PHD2 during wound
healing and provide novel insights into the molecular mechanisms
of tissue repair.

MATERIALS AND METHODS

Mice. All mice were housed at the Experimental Centre at the University
of Technology Dresden (Medical Faculty, University Hospital Carl-
Gustav Carus) under specific-pathogen-free conditions. The PHD2f
mouse strain was developed by our research group. HIF1a”f mice were
described earlier (26). All conditionally deficient mouse strains were back-
crossed to C57BL/6 mice at least nine times and genotyped using genomic
PCR. Mice used for wound healing experiments were born in a normal
Mendelian distribution and exhibited a normal life span and no obvious
defects. Mice double deficient for PHD2 and HIFla in keratinocytes
(CD68:cre-PHD2/HIF1a™# [conditional double knockout for PHD2 and
HIF1a {cDKO1} mice]) started to die from week 5 after birth and as such
were used only for the ex vivo experiments on primary keratinocytes (27).
All animal experiments were in accordance with the facility guidelines on
animal welfare and were approved by the Landesdirektion Dresden, Ger-
many.

Skin wound healing. Wound healing experiments were performed as
previously described (28). Mice were anesthetized, dorsal hair was shaved,
and the exposed skin was cleaned with 70% ethanol. Full-thickness exci-
sional skin wounds were inflicted on either side of the dorsal middle line
using a sterile 6-mm biopsy punch (Stiefel Laboratory, Bad Oldesloe,
Germany). Four full-thickness dorsal wounds were made on each mouse,
and healing was monitored by taking digital photographs at the indicated
time points after removal of the remaining clot. Wound areas were de-
fined and calculated using Image]J software, version 1.44 (http://rsbweb
.nih.gov/ij/). Wound closure was considered complete when the entire
surface area was covered with tissue. For biochemical and histological
analysis, animals were sacrificed by injection of an overdose of ketamine
(Katanest; Pfizer, Berlin, Germany)-xylazine (Rompun Flakon; Bayer, Le-
verkusen, Germany). The wounds and the surrounding area were har-
vested and snap-frozen or embedded in a Tissue-Tec system (Sakura,
Alphen aan den Rijn, Netherlands).

Cells. Primary mouse keratinocytes and fibroblasts were isolated from
newborn mice by incubating the skin with 250 mg/ml neutral protease
(Dispase; Roche, Mannheim, Germany) overnight at 4°C. The epidermal
layer was separated from the dermal layer and incubated in Accutase select
enzyme (Sigma, St. Louis, MO) for 15 min at room temperature. The
resulting single-cell suspension was cultured in CnT medium (Cell-n-
Tech, Bern, Switzerland). glEND is an endothelial cell line known to con-
stitutively express (35-integrin (A. Weidemann, J. Breyer, M. Rehm, K.-U.
Eckardt, C. Daniel C, I. Cicha, K. Giehl, and M. Goppelt-Struebe, unpub-
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lished results). These cells were grown under standard cell culture condi-
tions (Dulbecco modified Eagle medium, 10% bovine serum).

Ex vivo assays. When the keratinocyte cultures were confluent, cells
were removed from flasks via Accutase treatment and transferred to a
24-well plate (5 X 10° cells/well) supplied with a migration insert (Ibidi
GmbH, Martinsried, Germany). After 12 h of cultivation, migration in-
serts were removed and migration of the cells was recorded by time-lapse
video microscopy. For the o, f;-integrin inhibition experiments, we
added cyclo(Arg—Gly—Asp—p-Phe-Val) (RGDfV peptide; 0.01 ng/ml;
Bachem, Bubendorf, Switzerland) at the time of keratinocyte seeding or
just before the start of the migration experiment. Both conditions led to
similar results, as described. For the TGF assay, keratinocytes were
grown until they reached 70% confluence. Next, the medium was replaced
with fresh CnT medium supplemented with TGF@ (11343161; 2 ng/ml;
Immunotools) or vehicle. After 18 h of stimulation, cells were washed
twice with phosphate-buffered saline (PBS) and collected, and RNA/pro-
teins were isolated.

Time-lapse microscopy. Migrating keratinocytes were imaged with a
Zeiss Axiovert 200 M inverted microscope (Carl Zeiss Vision, Jena, Ger-
many) equipped with a motorized stage and incubator, humidifier, and
carbon dioxide supply to maintain cell culture conditions (Visitron Sys-
tems). Bright-field images were acquired using a X4 or X20 objective and
recorded with a Roper Scientific CoolSNAP ES charge-coupled-device
camera using MetaMorph software. In each experiment, multiple fields
were imaged in parallel at 15-min intervals for up to 32 h.

Western blotting. Cell lysis was performed in PBS containing 0.02 M
Tris, 0.125 M NaCl, 1% Triton, and protease inhibitor cocktail (Roche,
Mannheim, Germany). Proteins were separated by electrophoresis using
10% or 4 to 12% gradient gels (Life Technologies GmbH, Darmstadt,
Germany). The following primary antibodies were used: rabbit anti-
PHD2 (Novus Biologicals/Acris Antibodies GmbH, Herford, Germany),
rabbit anti-HIFla (Cayman Chemicals or Transduction Laboratories,
Ann Arbor, MI), rabbit anti-HIF2a (R&D, Wiesbaden-Nordenstadt, Ger-
many), rabbit anti-B-tubulin (Thermo Scientific, Waltham, MA), and
rabbit anti-B-actin (Sigma-Aldrich, St. Louis, MO). All secondary anti-
bodies were from Santa Cruz (Santa Cruz, CA).

Immunofluorescence. For frozen sections, samples were embedded
in OCT Tissue-Tek specimen matrix compound, cut, and stored at
—20°C. For immunofluorescence staining, sections were first fixed for 10
min in cold acetone and blocked with 5% goat serum in TNT buffer (20
mM Tris, pH 7.6, 0.9% NaCl, 0.05% Tween in PBS; Sigma-Aldrich, St.
Louis, MO). Thereafter, sections were incubated with the following pri-
mary antibodies either at 37°C for 1 h or at 4°C overnight: rat anti-
PECAM, ratanti-CD11b (BD Pharmingen, Heidelberg, Germany), rabbit
anti-keratin 6 (anti-K6; Covance, Munster Germany), rabbit anti-NG2
(Millipore, Schwalbach, Germany), rat anti-Ki67 (Dako, Hamburg, Ger-
many), pSMAD2 (Millipore, Schwalbach, Germany), B;-integrin (Ab-
cam, Cambridge, United Kingdom), and rabbit anti-HIFla (Cayman
Chemicals or Transduction Laboratories, Ann Arbor, MI). Secondary an-
tibodies labeled with Alexa Fluor 488 or Alexa Fluor 594 (Molecular
Probes/Life Technologies GmbH, Darmstadt, Germany) for 30 min at
room temperature were subsequently used for visualization. Cell nuclei
were stained with DAPI (4',6-diamidino-2-phenylindole). Slides were
mounted with fluorescent mounting medium (Dako, Hamburg, Ger-
many). The numbers of CD11b-, K6-, and Ki67-positive (Ki67™") cells in
3 directly neighboring fields were counted. Microvessel density was deter-
mined by counting the cells in the PECAM-positive endothelial lining
within the wound granulation tissue.

Microscopy. Fluorescent images were acquired using an Axioplan-2
imaging microscope and plan Apochromat lenses (Carl Zeiss Mikroscopy,
Jena, Germany). The cameras and acquisition software were from
Axiocam MRc5. Confocal images were acquired using a Zeiss LSM 700
confocal system (Carl Zeiss Mikroscopy, Jena, Germany). Images were
taken as either 1.2-pm (X40) or 0.9-wm (X63) single optical sections.
Images taken as tile scans were stitched together using ZEN software (Carl
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FIG 1 Generation of three different mouse strains conditionally deficient in PHD2. (A) Keratinocytes from newborn K14:cre-PHD2"f (K14 cKO) mice and their
WT littermates were isolated, expanded, and tested for PHD1, -2, and -3. Apart from a significant reduction of PHD2, we found also a 3-fold induction of PHD3
(n=4). (B) Inaddition, we detected a clear reduction of PHD2 at the protein level and a consequent HIF1a stabilization. (C) PCR of genomic DNA isolated from
the aorta of Flk1:cre-PHD27 (FlIk1 cKO) mice and their WT (PHD2") littermates. In PHD2" mice, two loxP sites encompass exons 2 and 3. A positive PCR band
with primers in intron 1 and exon 2 (il-e2) represents the situation in which no recombination has taken place (WT situation). A positive PCR band obtained
with primers in intron 1 and intron 3 (i1-i3) represents the situation after recombination. (D) gPCR of mRNA from thioglycolate-elicited polymorphonuclear
leukocytes from LysM:cre-PHD2%f (LysM ¢KO) mice and their WT littermates showed downregulation of PHD2 similar to that seen for K14 cKO mice (1 = 4).
(E) Bone marrow-derived macrophages of WT and LysM cKO mice were cultivated for 24 h under conditions of normoxia (21% O,) or hypoxia (1% O,), and

cell lysates were immunoblotted for HIF1a and PHD2 using -actin as a loading control. Results are given as means = SEMs. **, P < 0.01; ***, P < 0.001.

Zeiss Mikroscopy, Jena, Germany). Image processing and analysis were
done using ImageJ software and the ImageJ distribution package Fiji
(http://pacific.mpi-cbg.de/wiki/index.php/Fiji). Z stacks of images were
projected into one plane (maximum-intensity projection).

Expression analysis. RNA was isolated from wounds or sorted cells
using an RNeasy minikit (Qiagen, Hilden, Germany), TRIzol (Life Tech-
nologies GmbH, Darmstadt, Germany), or a universal RNA purification
kit (Roboklon, Berlin, Germany). cDNA was synthesized using random
primers (Roche, Mannheim, Germany) and SuperScript II reverse trans-
criptase (Invitrogen//Life Technologies GmbH, Darmstadt, Germany).
Expression levels were determined by performing quantitative real-time
PCR using Maxima SYBR green quantitative PCR (qQPCR) master mix
(Fermentas, St. Leon-Rot, Germany) on an iCycler iQ apparatus (Bio-
Rad, Munich, Germany). Expression levels were normalized with the
AAC; (where C; is threshold cycle) method using the genes for MDM2
binding protein (mTBP) and elongation factor 2 (EF-2) as household
reference genes. The sequences of the primers are available from the cor-
responding author.

Statistics. Data and graphs represent means = standard errors of the
means (SEMs) of representative experiments. Statistical significance was
calculated as two tailed (unless explicitly stated otherwise) by Student’s ¢
test (Prism software, v5.04; GraphPad Software, La Jolla, CA), with a P
value of <0.05 considered statistically significant.
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RESULTS

Characterization of three different conditionally PHD2-defi-
cient mice. The direct impact of HIF prolyl hydroxylase 2 (PHD2)
or HIFa stabilization on the individual phases of tissue repair is
unexplored. As cutaneous wound healing is attributed to several
cell types, we generated three strains with conditional knockout
(cKO) of PHD2 in keratinocytes (K14:cre-PHD2"f [K14 ¢KO
cells]) (29), myeloid cells (LysM:cre-PHDZf/ f [LysM cKO cells])
(30), and endothelial cells (Flk1:cre-PHD27 [Flk1 ¢KO cells])
(31) using a PHD2"" mouse line developed by our research group
(32). K14 cKO keratinocytes isolated from 1- to 2-day-old pups
showed a significant reduction in the PHD?2 transcript and a com-
pensatory upregulation of PHD3 (Fig. 1A). Additionally, we
found a clear loss of the PHD2 protein in keratinocyte cell lysates
and the consequent stabilization of HIFla even under normoxic
conditions, which indicates that PHD3 induction is not sufficient
to entirely reduce HIF1a levels (Fig. 1B). These mice were born in
a normal Mendelian ratio, displayed normal erythrocyte counts
(hematocrits) and hemoglobin values, and showed no abnormal-
ities or differences in the vessel density in the skin, which is in clear
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FIG 2 Loss of PHD2 in keratinocytes results in accelerated wound healing of the skin. (A) Representative images of cutaneous wounds from WT and K14 cKO
mice at different time points throughout the healing process. (B to D) Relative wound area of WT and cKO mice measured immediately after wounding (day 0)
and on days 3, 5, 8, and 10 for K14 cKO (B), FIk1 cKO (C), and LysM cKO (D) mice. The wound area is expressed as the percentage of wound closure for each
genotype. The graphs represent data from at least two independent experiments (1 = 12 to 32). Results are given as means = SEMs. ***, P < 0.001; **, P < 0.01;

*, P <0.05.

contrast to the findings for the K14:cre-VHL" mice (33). Further-
more, keratinocyte differentiation markers (keratins 5 and 6
and loricrin) were detected in the epidermis of all of the mice
(data not shown). In Flk1 cKO mice, we showed a high genomic
PHD?2 recombination efficiency in the aorta (Fig. 1C). Thiogly-
colate-elicited neutrophils from LysM c¢KO mice displayed a
high knockout efficiency for PHD2 mRNA and a compensatory
induction of PHD3 expression and HIFla stabilization (Fig.
1D and E).

Loss of PHD2 in keratinocytes accelerates wound healing. To
analyze the kinetics of skin wound healing in these three condi-
tionally PHD2-deficient mice, we induced 6-mm wounds in male
mice from all three conditionally deficient strains and the respec-
tive wild-type (WT) littermates. All wounds from the condition-
ally deficient mice as well as the WT mice typically closed by day 11
or 12. Notably, we found that wound closure in K14 cKO mice was
significantly faster than that in their WT littermates (Fig. 2A and
B). This acceleration was observed from day 3 onwards and was
sustained throughout the study. The differences in relative wound
areas between K14 cKO and WT mice were —13% at day 3, —28%
at day 5, —38% at day 8, and —40% at day 10. Interestingly, Flk1
cKO and LysM ¢KO mice showed no such continuous differences
during the entire healing process compared to their WT controls
(Fig. 2C and D). These results strongly suggest that PHD2 in
keratinocytes is a negative regulator of skin wound healing.

Enhanced wound healing in cKO mice is associated with ex-
tended reepithelialization. Although a significant difference in
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healing was observed as early as day 3, we concentrated our anal-
ysis on samples taken 5 days after initiation of the skin wound, as
we observed the largest difference in wound size at this time point.
To assess the progress of reepithelialization microscopically, we
measured the length of the hyperproliferating keratinocyte tongue
(K6 positive [K6™]). K14 cKO mice showed a significantly longer
tongue than their WT littermates, which confirmed our macro-
scopic observations (Fig. 3A).

To determine whether the loss of PHD?2 in keratinocytes could
also influence other phases of healing, we stained the wound sec-
tions for myeloid cells (CD11b) and angiogenic vessels (Flk1-pos-
itive [FIk1™] cells) in the wound bed but detected no significant
differences in the total amount of cells per unit area (Fig. 3B and
C). Maturation/normalization of these new vessels was ongoing,
but costaining with pericytes (NG2-positive [NG2*] cells) re-
vealed no difference at this stage (Fig. 3D). Staining for myofibro-
blasts (alpha smooth muscle actin) at this early point was negative
for both genotypes (data not shown). These observations suggest
that keratinocyte-specific PHD2 deficiency results in a cell-intrin-
sic effect during wound healing and does not alter other cellular
compartments.

Loss of PHD2 enhances keratinocyte migration in an HIF1 -
dependent manner. Given the longer epithelial tongue in wounds
in K14 ¢KO mice, we analyzed the migration efficiency of primary
keratinocytes isolated from the skin of newborn K14 ¢KO mice
and their WT littermates. First, we defined the proliferation rate of
these cells but could not find any obvious difference between the
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0.05 by Student’s t test; N.S., not significant by Student’s ¢ test. Bars, 100 pm (A) and 50 pwm (B to D).

genotypes in this ex vivo setting (Fig. 4A). Next, we performed a
modified ex vivo migration assay as described in Materials and
Methods and found that K14 cKO keratinocytes displayed signif-
icantly faster closure of the wound, suggesting that enhanced heal-
ing of K14 cKO mouse wounds is at least in part dependent on
faster migration (Fig. 4B and C).

HIFla is the most important target of PHD2; in addition, it
was recently suggested that knockdown of HIF1a in human kera-
tinocytes inhibits their migration (34). In order to define the in-
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volvement of HIFla in this phenotype, we used our recently de-
scribed mice double deficient for PHD2 and HIFla (conditional
double knockout for PHD2 and HIFla [¢DKOL1]) (27), isolated
primary keratinocytes from newborns (Fig. 4D), and examined
the extent of ex vivo wound closure in these cells. Interestingly, we
found that the enhanced migration seen in PHD2-deficient (K14
cKO) cells was completely abolished in the double-deficient cells
(cDKOL1), suggesting that the migration effect is entirely HIFla
dependent (Fig. 4E).
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mice, CD68:cre-PHD2/HIF1a™® (cDKO1) mice, and their WT littermates were isolated, expanded, and tested for PHD2 and HIF1a expression using qPCR (n =
4). (E) cDKOL1 cells, deficient for PHD2 and HIF1a, lost the ability to migrate faster than those of their WT littermates (n = 5). Results are given as means =

SEMs. *, P < 0.05; **P < 0.01; N.S., not significant.

35-Integrin is expressed in PHD2-deficient keratinocytes.
Several members of the a,-integrin family are upregulated in the
epidermis and are known to be involved in wound healing (e.g.,
o,Bs-integrin and a,f4-integrin) (6, 7). However, B;-integrin,
although very important during this process, has been shown not
to be expressed on wild-type keratinocytes (3, 4). However, we
demonstrate that primary WT keratinocytes cultivated ex vivo can
contain low levels of B;-integrin mRNA, whereas the expression
in cells lacking PHD2 is significantly induced. Other integrins
show no significant induction compared to WT cells, although
B,-integrin has been shown before to be induced by HIF in fibro-
blasts (35) (Fig. 5A). Bs-Integrin has been described before to be a
protein which is induced by hypoxia on tumor cells (36). To assess
whether 3;-integrin induction is dependent on HIFla or HIF2a,
we used an endothelial cell line (gIEND) constitutively expressing
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B;-integrin under normoxic and hypoxic conditions and trans-
fected it with short-hairpin HIFla (shHIF1a) or shHIF2« (Fig.
5B). Interestingly, the induction of B;-integrin after hypoxia was
abolished only in the presence of shHIF1a and not in the presence
of shHIF2a, implicating HIF1a as the central mediator (Fig. 5C).
Moreover, in primary cDKOL1 keratinocytes double deficient for
PHD2 and HIFla, B;-integrin expression was similar to that in
control cells, emphasizing the direct role of HIFla in the regula-
tion of this particular integrin (Fig. 5D).

Next, we wanted to verify if the HIF1a-driven migration of the
keratinocytes ex vivo, which we observed before (Fig. 4B to E), is
indeed B;-integrin dependent. Therefore, in an ex vivo wound
healing experiment, we selectively inhibited o, [35-integrin with an
RGD peptide, cyclo(Arg—Gly—Asp—p-Phe—Val) (37), which re-
sulted in significantly slower closure of wounds in K14 cKO mice
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showing no B;-integrin induction compared to that for their WT littermates (n = 5). (E) The influence of 8;-integrin on the closure of the ex vivo wound was
investigated using a specific RGD peptide that blocks o, 3;5-integrin. Compared to K14 cKO keratinocytes, the closure of RGD-treated K14 cKO mouse wounds
was significantly retarded (n = 5 to 6). On the other hand, WT cells treated with or without the inhibitor showed no significant difference (n = 4). Results are

given as means = SEMs. *, P < 0.05; **, P < 0.01.

than in mice with mock-treated K14 cKO keratinocytes (Fig. 5E).
In addition, the wounds of WT mice treated with the same inhib-
itor closed as fast as those of their controls (Fig. 5E), further un-
derscoring the finding that (3;-integrin is responsible for the en-
hanced migration of K14 cKO keratinocytes.

Finally, we performed immunohistochemistry (IHC) for B;-
integrin on 5-day-old wounds and detected profound staining in
the K14 cKO mouse wounds, especially on the keratinocytes
forming the tip of the tongue (Fig. 6A). In addition and in clear
contrast to the results for the WT littermates, PHD2-deficient
epithelial cells located in the tip also showed strong nuclear HIF1a
staining, which colocalized with (3;-integrin staining (Fig. 6B).

Taken together, loss of PHD?2 in keratinocytes induces HIF1a
stabilization and subsequent induction of B;-integrin in vivo and
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ex vivo, thus triggering the keratinocytes to migrate faster and
invade the wounded tissue.

Induced keratinocyte proliferation in vivo is accompanied
by reduced TGFf activity. Given that the keratinocyte tongue is
longer in the K14 cKO cells, we also checked for enhanced prolif-
eration of these cells and indeed could demonstrate that there was
a slight but significant increase in their absolute numbers (Fig.
7A). Furthermore, we stained wound sections for Ki67 and con-
firmed the induced proliferation (Fig. 7B), which is in contrast to
the data obtained in the ex vivo keratinocyte cultures (Fig. 4A).
Interestingly, Ki67 ™" cells in the K14 cKO mouse wounds were not
only restricted to the single layer of the stratum basale, as in WT
mice, but were also present in the next layer(s) of cells (Fig. 7B).

To elucidate the molecular mechanism of the increased prolif-
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A B3-integrin

WT

K14 cKO

B B3-integrin

WT

K14 cKO

Granulation Tissue

FIG 6 B;-Integrin expressed in the PHD2-deficient keratinocyte tongue. IHC of 5-day-old wounds showed enhanced 3;-integrin expression in the tip of the
tongue of K14 cKO mouse wounds (red) but not in WT mouse wounds (A) and colocalization of 3;-integrin staining with high HIF1a nuclear staining (green)
(B). Dotted line, keratinocyte tongue. Bars, 50 pm.

eration in vivo, we examined the role of the TGF family mem- newborn mice and found a significant reduction in TGFBII and
bers, as they are known to inhibit proliferation of most cellsin the ~ TGFBIIR mRNA in K14 c¢KO versus WT cells, which was abol-
skin, including keratinocytes (13, 38, 39). For this purpose, we ished in cDKOI cells (Fig. 7C).

first performed qPCR analysis on keratinocytes isolated from These results therefore urged us to investigate the activation of
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FIG 7 Enhanced proliferation of keratinocytes in K14 cKO mouse wounds related to the TGF@ pathway. (A) The number of newly formed keratinocytes 5 days
after wounding was assessed by quantification of K6 * cells (n = 5 to 8). (B) The proliferation marker Ki67 was stained and found to be expressed in the basal layer
(stratum basale) of the keratinocyte tongue of both genotypes. In K14 cKO mice, Ki67™" cells extensively exceeded this layer, suggesting more proliferating cells
(n=7).(C) Isolated keratinocytes were tested for the levels of expression (Expr.) of several TGF@ family members via qPCR (n = 3 to 5). (D) IHC for pSMAD2/3
was performed on unwounded skin sections (top) and 5-day-old wounds (middle). (E) Quantification of pPSMAD2/3-positive cells in wounds of both genotypes
(n = 510 6). Results are given as means = SEMs. *, P < 0.05. Bars, 25 pm (D, top) and 50 wm (D, middle and bottom).

the canonical TGFP pathway in the wound sections by means of
IHC for phosphorylated SMAD2/3 (pSMAD2/3) (40, 41). Al-
though there was sustained pSMAD?2/3 staining in the keratino-
cytes of unwounded skin of both genotypes, we observed that the
epidermis of the wounds of K14 cKO mice contained significantly
less pSMAD2/3-positive (pPSMAD2/3") keratinocytes than the
epidermis of the wounds of their WT littermates (Fig. 7D and E).
This suggests that TGF(-mediated signaling is indeed reduced in
epithelial cells deficient for PHD?2 in these cells.
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To confirm this, we studied the expression of the downstream
cell cycle inhibitors p15™ 48, p21CPYWARL “and p275*! in kera-
tinocytes. Interestingly, although we found no difference in the
expression of these regulators in untreated cells from mice of both
genotypes, TGFB treatment significantly induced the transcrip-
tion of all three inhibitors in WT cells but not in PHD2-deficient
keratinocytes (Fig. 8A), suggesting that this effect might be regu-
lated at least in part by the reduced TGFBIIR expression.

In addition, latent TGFB must be released extracellularly by
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proteases like the matrix metalloproteinases (MMPs) before it can
exert its function (42, 43). Although we found no difference in the
amounts of active gelatinases (MMP2 and MMP9) in wound ly-
sates (data not shown), we observed that the 5-day-old wounds of
K14 cKO mice contained significantly less active membrane type 1
metalloprotease (MT1MMP), which could be a direct link to re-
duced TGFB signaling, in addition to diminished expression of
TGF family members (Fig. 8B).

DISCUSSION

In the current study, we used a genetic approach to investigate in
detail the biological role of PHD2 in keratinocytes and endothelial
and myeloid cells during skin wound healing. We demonstrate
that wounds in mice deficient for PHD2 only in the epidermis are
able to heal faster due to enhanced migration and proliferation of
the keratinocytes. In contrast, PHD2 knockout in myeloid or en-
dothelial cells does not affect wound healing in our model. Our
results strongly suggest that the enhanced migration phenotype in
keratinocytes directly relates to the, until now, unknown induc-
tion of HIFla-dependent (3;5-integrin, whereas the higher prolif-
eration rate is directly related to the reduced activity of the canon-
ical TGFpB pathway.

Following cutaneous injury, a well-orchestrated cascade of
events is activated to restore tissue structure and homeostasis.
Infiltration of inflammatory cells, reepithelialization, and vascular
remodeling are the keystones of this process (44). In addition to
being the main transcription factor involved in oxygen sensing,
HIF1la has been observed in healing wounds and has been found
to participate in tissue repair (21, 45, 46). Moreover, Rezvani and
colleagues recently demonstrated that the loss of HIFla in kera-
tinocytes resulted in a substantial delay in wound healing in aged
mice (34). However, the role of PHD2, the main HIF 1« regulator,
in skin repair has not been clearly elucidated.
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We compared multiple parameters of wound healing in wild-
type mice and mice lacking PHD2 in the endothelium, myeloid
cells, or keratinocytes. Interestingly, only the genetic deletion of
PHD?2 in the keratinocytes resulted in a dramatic increase in reepi-
thelialization without altering the inflammatory components in
granulation tissue, neoangiogenesis, or collagen deposition in
these wounds. On the other hand, in a study in which HIF1a was
overexpressed in keratinocytes, the dermal vasculature was ex-
panded, suggesting control of blood vessel growth by epidermal
cells (47). The dissimilarity in phenotypes observed in our mice
could come from the difference in the levels of HIF1a, since mice
overexpressing HIF1a already display an increase in the number
of dermal blood vessels during development.

During the reepithelialization phase of wound healing, kerati-
nocytes undergo a dramatic phenotypic conversion to become
migratory, hyperproliferative, and invasive. In order to under-
stand the migration properties of the PHD2-deficient keratino-
cytes, we conducted ex vivo experiments with primary mouse cells
isolated from the skin of these mice. Our results clearly demon-
strate that loss of PHD2 leads to HIFla-dependent accelerated
closure of the induced wounds independently of proliferation.
Although previous studies have shown that HIF1a can modulate
the expression of B-integrin subunits (35, 48), we found no evi-
dence of induction of the expression of the common keratinocyte-
related integrins (o,-, B1-, B5-, or B¢-integrin) in K14 cKO mouse
wounds. However, in contrast to its expression in WT cells, 85-
integrin was highly expressed in these cKO keratinocytes, and we
show that B;-integrin is the direct mediator of enhanced migra-
tion of these epidermal cells. In line with this, we also detected a
profound induction of B;-integrin expression on the migratory
keratinocyte membrane, which was very obvious around the tip of
the tongue of K14 cKO mouse wounds and colocalized with nu-
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FIG 9 B;-Integrin expression in keratinocytes is HIF1a regulated and enhances wound healing. (A) Potential HRE for 3;-integrin. Mouse (35-integrin is located
on chromosome 11, which contains a potential HRE 15.1 kb upstream of the start codon, consisting of an HIFa binding site (HBS) and an HIFa ancillary
sequence (HAS) in its promoter. (B) Model of enhanced reepithelialization of skin wounds in K14 ¢KO mice compared to that in their WT littermates,
representing the 3;-integrin (ItgB3)-induced migration in the tip of the keratinocyte tongue (blue arrow, direction of migration) and reduced TGFf activity,

leading to more proliferation.

clear HIF1a staining. These findings are novel since it was shown
before that the B;-integrin subunit is not expressed on keratino-
cytes in vitro or during wound healing in WT mice (3, 4). More-
over, our data strongly suggest that the induction of B;-integrin is
HIFlo and not HIF2a driven, a finding that we confirmed using
PHD2/HIFla double-deficient keratinocytes and stable cell lines
deficient for HIFla or HIF2a. This result is in agreement with
previously published data showing HIF-induced B;-integrin ex-
pression on trophoblast stem cells and melanoma cells (36).
Moreover, we also found a potential hypoxia-responsive element
(HRE) 15.1 kb upstream of the start codon of the mouse 35-integ-
rin gene, consisting of an HIFa binding site (HBS) and an HIFa
ancillary sequence (HAS) (Fig. 9A). The fact that B;-integrin in
keratinocytes enhances migration during wound healing is, as
such, not surprising, as wound healing actually shares many com-
mon pathways with tumor development (49, 50). Indeed, in cu-
taneous squamous cell carcinomas (51) or metastatic melanoma
cells (52), the overexpression of o, 3;-integrin has been shown to
support adhesion and invasive migration of tumor cells. Recently,
B;-integrin has also been shown to be expressed on primary mam-
mary epithelial cells, where they are similarly involved in cell mi-
gration but not proliferation (53), further substantiating our ob-
servations.

In the phase of reepithelialization, epidermal cells also start to
proliferate behind the actively migrating cells (54). Indeed, our
results also suggest augmented proliferation of the epidermis in
K14 cKO mice due to the slightly higher number of activated K6™
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keratinocytes. Moreover, we detected an increased amount of
Ki67™" keratinocytes located behind the migrating tongue. These
cells extended beyond the single layer of the stratum basale in the
K14 cKO mouse epidermis. One of the major modulators of cell
proliferation during skin tissue repair is the TGFf family. Al-
though its activity has been shown to induce proliferation of fi-
broblasts, contrarily, it is known to inhibit proliferation of kerati-
nocytes (11). In line with this, we found that PHD2-deficient
keratinocytes contain less TGFBII and TGFBIIR than WT cells.
Furthermore, we detected significantly fewer pSMAD2/3™ cells in
the keratinocyte tongue of 5-day-old wounds of K14 ¢cKO mice,
suggesting diminished TGFp activity and induced proliferation.
Our data are also in accordance with previous data from trans-
genic mice overexpressing a dominant negative TGFBIIR, which
led to the loss of TGFp signaling in keratinocytes and accelerated
reepithelialization (12). Furthermore, since these differences were
abolished or even reverted in cDKO1 cells, an HIF1a effect on the
proliferation capacity of K14 cKO keratinocytes is strongly sug-
gested. Our findings were also underscored by an ex vivo experi-
ment where we stimulated keratinocytes with exogenous TGFp.
Interestingly, we found that only WT cells were able to induce the
expression of three cell cycle inhibitors, suggesting that the cellular
pathway is silenced and, therefore, proliferation is slower. One
hypothesis is that HIF1a-related B;-integrin induction can act as
an inhibitor on these particular TGFP family members and influ-
ence downstream signaling. In that respect, the enhanced reepi-
thelialization observed in 35-integrin-null mice has been shown to
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be associated with elevated TGFBIR and TGFBIIR expression in
dermal fibroblasts, indicating that a,B;-integrin can indeed sup-
press TGF-mediated signaling during wound healing (4). More-
over, trans-dominant inhibition of B;-integrin has also been de-
scribed for other integrins (55) or growth factor receptors, such as
Flk-1 (56).

The reason why the proliferation phenotype was seen only in
the wounds and not in the ex vivo migration assay might be di-
rectly related to the fact that latent TGF must be mechanically or
proteolytically released by active proteases like the matrix metal-
loproteinases (MMPs) (42, 43). In vivo, we observed that wounds
of K14 cKO mice indeed contained significantly less active
MT1MMP, which would add to the reduced TGF signaling and
enhanced proliferation of keratinocytes.

In summary, we show that PHD2 in epidermal cells plays a
central role in their reepithelialization during skin wound healing
in mice. We further elucidate that loss of this oxygen sensor leads
to enhanced keratinocyte migration, which is directly triggered by
the induction of B;-integrin in an HIFla-dependent manner.
Furthermore, our data suggest that enhanced proliferation of K14
cKO keratinocytes is associated with reduced TGFf activity (Fig.
9B). Thus, our findings shed new light on the molecular mecha-
nisms during skin wound healing and offer new therapeutic op-
portunities for the use of specific PHD inhibitors in the treatment
of cutaneous wounds.
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