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Sprouty2 downregulates angiogenesis during mouse skin wound healing
Mateusz S. Wietecha,1* Lin Chen,1* Matthew J. Ranzer,1 Kimberly Anderson,2 Chunyi Ying,2
Tarun B. Patel,2 and Luisa A. DiPietro1
1

Center for Wound Healing and Tissue Regeneration, College of Dentistry, University of Illinois at Chicago, Chicago,
and 2Department of Molecular Pharmacology and Therapeutics, Stritch School of Medicine, Loyola University Medical
Center, Maywood, Illinois
Submitted 9 March 2010; accepted in final form 11 November 2010

blood vessel; vascular regression; mitogen-activated protein kinase
signaling; endothelial cell
ANGIOGENESIS, OR THE GROWTH of new blood vessels by way of
sprouting from the preexisting vasculature, is a tightly regulated and complex biological process involving endothelial cell
(EC) and vascular smooth muscle cell (VSMC) proliferation,
differentiation, migration, and organization into a branched
tubular network (14, 37). The reestablishment of a viable
vascular network following trauma is one of the most important components of successful wound repair subsequent to
hemostasis and inflammation (14). In the healing wound,
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robust angiogenesis is induced following the endogenous
production and release of high amounts of proangiogenic
agents, including platelet-derived growth factor (PDGF),
fibroblast growth factor-2 (FGF-2), and vascular endothelial
growth factor (VEGF) (14, 32, 33). These growth factors,
via the downstream upregulation and amplification of signaling proteins in the Raf/Mek/Erk pathway in ECs and
VSMCs, promote the dramatic cellular changes required for
angiogenesis (37).
During the proangiogenic phase of dermal healing, vessel
density in the wound more than doubles compared with vascularity levels observed in normal, uninjured skin (40). The
regression of this newly formed vasculature is a critical component of the resolving dermal wound. After reaching a maximum vessel density, blood vessels in the wound are pruned
back to levels observed in normal tissue until vascular homeostasis is achieved (40). Whereas the mechanisms that drive
blood vessel formation in physiological and pathological
wound models have been the topic of much investigation, the
inhibition of angiogenesis followed by vascular regression in
the context of wound healing has not been well studied and is
thus not well understood.
Sprouty is an intracellular protein that includes four mammalian homologs (Spry1– 4) which are expressed in most fetal
and adult tissues during and after development (31). Besides
their specific documented roles in the proper development of
the murine hearing apparatus (39) and enteric neural network
(42), Spry proteins are also ubiquitously produced in ECs and
VSMCs (2), suggesting a widespread and varied physiological
function spanning multiple cell types. In general, mammalian
Spry proteins are negative feedback loop modulators of the
Raf/Mek/Erk-associated signaling pathways downstream of
major growth factor stimuli such as FGF, VEGF, and PDGF
and have been found to regulate tubular morphogenesis (10,
16, 22, 34). Upon activation by growth factor binding to its
compatible receptor tyrosine kinase (RTK), Spry is induced to
translocate to the inner plasma membrane (16, 24, 27) where it
interacts with various early mitogen-activated protein kinase
(MAPK) pathway-associated proteins in a cell- and contextspecific manner (10, 16, 22).
Early in vitro studies showed that Spry inhibits FGF- and
VEGF-induced EC proliferation and differentiation via the
downregulation of the Raf/Mek/Erk signaling pathway (24).
Spry is upregulated concurrently with FGF downregulation
during EC morphogenesis in three-dimensional collagen matrixes (6). Additionally, Spry2 has been shown to inhibit
VSMC proliferation and migration (46). Lee et al. (26) demonstrated that an overexpression of Spry4 inhibited EC proliferation, migration, and MAPK activation in vitro as well as the
branching and sprouting of blood vessels in murine embryos.
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Physiol 300: H459 –H467, 2011. First published November 12,
2010; doi:10.1152/ajpheart.00244.2010.—Angiogenesis is regulated by signals received by receptor tyrosine kinases such as vascular
endothelial growth factor receptors. Mammalian Sprouty (Spry) proteins are known to function by specifically antagonizing the activation
of the mitogen-activated protein kinase signaling pathway by receptor
tyrosine kinases, a pathway known to promote angiogenesis. To
examine the role of Spry2 in the regulation of angiogenesis during
wound repair, we used a model of murine dermal wound healing.
Full-thickness excisional wounds (3 mm) were made on the dorsum of
anesthetized adult female FVB mice. Samples were harvested at
multiple time points postwounding and analyzed using real-time
RT-PCR, Western blot analysis, and immunofluorescent histochemistry. Spry2 mRNA and protein levels in the wound bed increased
significantly during the resolving phases of healing, coincident with
the onset of vascular regression in this wound model. In another
experiment, intracellular levels of Spry2 or its dominant-negative
mutant (Y55F) were elevated by a topical application to the wounds
of controlled-release gel containing cell permeable, transactivator of
transcription-tagged Spry2, Spry2Y55F, or green fluorescent protein
(as control). Wound samples were analyzed for vascularity using
CD31 immunofluorescent histochemistry as well as for total and
phospho-Erk1/2 protein content. The treatment of wounds with Spry2
resulted in a significant decrease in vascularity and a reduced abundance of phospho-Erk1/2 compared with wounds treated with the
green fluorescent protein control. In contrast, the wounds treated with
the dominant-negative Spry2Y55F exhibited a moderate increase in
vascularity and elevated phospho-Erk1/2 content. These results indicate that endogenous Spry2 functions to downregulate angiogenesis in
the healing murine skin wound, potentially by inhibiting the mitogenactivated protein kinase signaling pathway.
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MATERIALS AND METHODS

Animals and Wound Models
FVB-strain 6 – 8-wk-old female mice (Jackson, Bar Harbor, ME)
were anesthetized using an intraperitoneal injection of 100 mg/kg
ketamine and 5 mg/kg xylazine solution, and their dorsal skin was
shaved and cleansed with 70% isopropyl alcohol. Six excisional
full-thickness dermal wounds were made on the dorsal surface of each
mouse, three on both sides of the midline, using a sterile 3-mm
punch-biopsy instrument (Acu Punch, Acuderm, Ft. Lauderdale, FL).
Standard aseptic techniques were followed. The excised skin was used
as normal, unwounded skin control. At 1, 3, 5, 7, 10, 14, 21, and 28
days after injury, five mice per time point were euthanized and the
wounds harvested. Two samples per mouse were placed in RNAlater
(Sigma, St. Louis, MO) solution for real-time RT-PCR analysis, two
were snap frozen for protein analysis, and two were placed in
optimum cutting temperature (OCT) compound (Sakura Finetechnical, Tokyo, Japan) and snap frozen for cryosectioning and immunofluorescent histochemistry. To control for the contraction of murine
excisional wounds, 5-mm punch-biopsy instruments were used for the
collection of wound samples until the day 5 time point, and 3-mm
punch-biopsy instruments were used for wound harvesting during
later time points; thus, all harvested wound samples from the various
time points ended up with approximately the same amount of surrounding unwounded tissue relative to the wound area. The underside
of the skin with its unique postwounding revascularization pattern as
well as the presence of a scar (characterized by the lack of hair) are
two methods that were used for the identification of the wound area
during later time points, especially on days 21 and 28 postwounding.
The mice were housed in groups of five at 22 to 24°C on a
12-h:12-h light-dark cycle; food and water were provided ad libitum.
Animal protocols used in these studies were reviewed and approved
by the Institutional Animal Care and Use Committee of the University
of Illinois at Chicago. All animal procedures were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health).
Total RNA Extraction and Real-Time PCR
Wound samples stored in RNAlater solution (Sigma) were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA was
isolated and treated with DNase I according to the Invitrogen protocol
and checked for purity, and its concentration was quantified spectrophotometrically. Total RNA (1 g) was reverse transcribed to cDNA
AJP-Heart Circ Physiol • VOL

using the RETROscript RT kit (Invitrogen). GAPDH primers were
published previously (20). Spry2 primers were designed using SciTools PrimerQuest software (Integrated DNA Technologies, Coralville, IA); Spry2 primer sequences were as follows: forward, 5=ACTGCTCCAATGACGATGAGGACA-3=; and reverse, 5=-CCTGGCACAATTTAAGGCAACCCT-3=. cDNA samples, upstream and
downstream primers for both the endogenous control gene (GAPDH)
and the target gene (Spry2), and SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) were loaded onto MicroAmp 96-well PCR
reaction plates (Applied Biosystems), and the amplification protocol was
run using the ABI Prism 7000 and StepOnePlus Real-Time PCR systems
(Applied Biosystems). Raw threshold cycle (Ct) data were analyzed using
the ⌬⌬Ct method, as previously described (18). Values generated
for each sample are normalized to GAPDH at each time point, and
the data are expressed as fold increases in gene expression relative
to normal, unwounded skin. Relative RNA expression was subjected to statistical analysis by one-way ANOVA and Bonferroni’s
posttests using GraphPad Prism 4.0 software (GraphPad Software,
San Diego, CA).
Protein Extraction and Western Blot Analysis
Wound samples (3 mm) that had been kept frozen at ⫺80°C were
homogenized in 500 l of radioimmunoprecipitation assay buffer
with a protease inhibitor cocktail (1/100 dilution; Sigma). Samples
were centrifuged at 13,000 rpm at 4°C for 15 min. The resulting
supernatants were collected, and the protein concentrations were
quantified using a BCA protein assay kit (Pierce, Rockford, IL).
Protein extracts were mixed with SDS-PAGE buffer and 2-mercaptoethanol (5% of total) and boiled for 3 min. Protein samples (30 –55
g per lane) were loaded into corresponding wells in a 10% Trisglycine acrylamide gel (Bio-Rad, Hercules, CA). Separated proteins
were transferred to a nitrocellulose membrane and blocked with 5%
skim milk in Tris-buffered saline. Antibodies were applied to the
membrane for 1 h and washed with Tris-buffered saline-Tween 20.
For the study for Spry2 presence, rabbit anti-human Spry2 (1/500;
Sigma) was used. For the study for MAPK signaling proteins, rabbit
anti-rat p44/42 MAPK [total (t)-Erk1/2; Cell Signaling Technology,
Danvers, MA] or rabbit anti-rat phospho-p44/42 MAPK [phospho
(p)-Erk1/2; Cell Signaling Technology] was used. Rabbit anti-human
␣-tubulin (1/3,000; Abcam, Cambridge, MA) was used as a loading
control for both studies. Finally, the membrane was incubated with
goat anti-rabbit horseradish peroxidase (1/2,000; Bio-Rad), followed
by enhanced chemiluminescence for the detection of positive bands.
Imaging and relative protein quantification of the resulting membranes were obtained using ChemiDoc (Bio-Rad).
Endothelial Cell Culture: Migration and MAPK Activation
Recombinant, cell permeable, TAT-tagged green fluorescent protein (GFP), human (h)Spry2, and dominant-negative mutant of Spry2
(Y55F) used in the described experiments were expressed and purified
as described previously (45, 46).
Cell migration. Mouse embryonic ECs (MEECs) (gift from Dr.
Cuevas, Loyola University, Chicago, IL) were maintained in Dulbecco’s
modified Eagle’s medium containing 3% fetal bovine serum (FBS)
and incubated at 37°C in a humidified atmosphere of 5% CO2-95%
room air. Cells were grown to confluency in a 96-well cell culture
plate (25,000 cells/well) and serum starved for 5 h. Cells were
pretreated for 5 h with 20 g/ml each of TAT-GFP (control), TATSpry2, or TAT-Spry2Y55F before introducing a wound into the monolayer with a 10-l pipette tip. Cells were washed once with serum-free
media, and the TAT protein-containing media was returned to the
respective wells. FBS (10%) was added to induce the migration of
cells in one group; another group of cells was not treated with FBS.
The same fields were photographed 15 h after FBS treatment, and
scratch widths were measured using Photoshop software (Adobe
Systems, San Jose, CA). Scratches were photographed with a Nikon
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Recently, Taniguchi et al. (43) showed via in vivo murine
knockout and knockdown analyses that Spry2 and Spry4 are
negative regulators of angiogenesis. Specifically, Spry4 knockout mice were more resistant to hindlimb ischemia with increased blood vessel density in both muscle and skin, and in
vivo small hairpin RNA knockdown of Spry2/4 accelerated
angiogenesis in the murine hindlimb ischemia model (43).
These previous studies suggest that Spry may be an important endogenous antiangiogenic agent in mammals. We hypothesized that Spry2 may be involved in downregulating
angiogenesis during the post-proliferative stage of murine
dermal wound repair leading to blood vessel regression. In this
study, we show that Spry2 is produced in the wound bed during
the later phases of healing, coincident with the onset of vascular regression in this wound model. Cell permeable, transactivator of transcription (TAT)-tagged Spry2 inhibits EC
migration and MAPK signaling. Furthermore, we show that the
topical application of exogenous, cell permeable Spry2 onto
dermal murine wounds downregulates angiogenesis as well as
MAPK signaling.

Spry2 DOWNREGULATES WOUND ANGIOGENESIS

Treatment of Wounds with Recombinant Proteins
FVB mice were wounded, as described. At day 5 postinjury, 20 l
of controlled-release gel containing 2 g of recombinant, cell permeable, TAT-tagged GFP (control), hSpry2, or dominant-negative
Spry2Y55F mutant was applied onto each 3-mm wound and covered
with Tegaderm dressing (3M, St. Paul, MN). Pluronic gel (25%) was
prepared by mixing Pluronic F-127 powder (Sigma) with a 20 mM
HEPES, 150 mM NaCl, and 10% glycerol buffer at pH 8.0; the
mixture is liquid below 15°C and gelatinous above 20°C (17, 28).
Wound samples were harvested 10 days postinjury; three were placed
in OCT compound (Sakura Finetechnical) for immunofluorescent
histochemistry, and three were snap frozen for Western blot analysis.
Immunofluorescent Histochemistry
Frozen samples in OCT compound were sectioned at 8-m thickness, with five sections per slide. Wound sections were air dried for 10
min, rehydrated in PBS for 10 min, and fixed in precooled acetone for
10 min. After being washed with 1⫻ PBS two times for 3 min, the
sections were first blocked using normal goat serum (1/10 dilution;
Sigma) to prevent nonspecific binding of secondary antibody, followed by a 3 min of 1⫻ PBS wash. For Spry2 localization studies, the
slides were stained using polyclonal rabbit anti-human Spry2 primary
antibody (1/200; Rockland Immunochemicals, Gilbertsville, PA) or
rabbit IgG negative control (1/1,200; Vector, Burlingame, CA), followed by Alexa Fluor 488 goat anti-rabbit IgG fluorescent secondary
antibody (1/500; Invitrogen). The specificity of the anti-Spry2 antibody in wounded and unwounded murine skin tissue was assessed by
the preabsorption of anti-Spry2 with a recombinant peptide specific to
the antibody, as previously described (46). Serial cryosections of
normal, unwounded skin and skin 14 days postinjury were incubated
with neutralized or nonneutralized anti-Spry2, or with an IgG isotype
control, followed by Alexa Fluor 488 fluorescent secondary antibody.
For wound vascularity studies, the slides were stained using purified
rat anti-mouse CD31 (platelet endothelial cell adhesion molecule-1)
primary antibody (1/100; BD Pharmingen, San Diego, CA) or rat IgG
negative control (1/20; BD Pharmingen), followed by Alexa Fluor 594
goat anti-rat IgG fluorescent secondary antibody (1/1,000; Invitrogen). After each 45-min incubation with primary and secondary
antibodies, the slides were washed for 3 min, three times, in 1⫻ PBS
AJP-Heart Circ Physiol • VOL

(pH 7.4) and mounted in 50% glycerol in PBS. All incubations and
washes were performed at room temperature. Slides were visualized
and the staining quantified using Scion Image (Scion, Frederick, MD).
For Spry2 localization studies, images of sections taken at 20⫻
magnification were sorted into “wound bed” and “margin” categories
based on anatomical features. Spry2-positive cells were counted by
two investigators, and the results were normalized to wound area and
averaged. For wound vascularity studies, a quantification of CD31
(platelet endothelial cell adhesion molecule-1) staining was performed
as previously described (41). Relative Spry2 and CD31 expressions
were subjected to statistical analysis by one-way ANOVA and Bonferroni’s posttests using GraphPad Prism 4.0 software (GraphPad
Software).
RESULTS

Spry2 mRNA Expression and Protein Production in Murine
Skin Wounds During Healing
To determine whether Spry2 may play a significant role in
the process of murine excisional skin wound healing, a time
course study of Spry2 levels in the wound was performed. We
followed the experimental design of previous studies that
investigated healing in a well-established murine 3-mm excisional dermal wound model (40) and examined Spry2 mRNA
and protein levels at eight time points postwounding: 1, 3, 5, 7,
10, 14, 21, and 28 days. These time points have been found to
correlate with defined stages of the healing process in this
wound model: epithelial closure is complete by day 5 postwounding, whereas collagen content and vascularity peak at
day 10 (40). Whole wound samples were harvested at these
time points and analyzed for the presence and relative expression of Spry2.
Spry2 mRNA expression was analyzed using real-time RTPCR. The amount of Spry2 mRNA relative to normal, unwounded skin was normalized to the GAPDH endogenous
control at each time point. Relative levels of Spry2 mRNA
were stable until day 5, after which they began to increase: at
day 10 a 1.7-fold increase was observed, and at day 14 Spry2
mRNA levels increased 3.1-fold relative to unwounded skin
(Fig. 1A, P ⬍ 0.05). Spry2 mRNA expression peaked at day 14
postinjury and then gradually decreased to the approximate
level observed at day 10 during the last two time points that
were investigated (days 21 and 28, Fig. 1A).
To determine whether time course levels of Spry2 protein
are similar to the mRNA expression that was observed, the
protein content of Spry2 in whole wound samples was examined using Western blot analysis. Little to no Spry2 was
detected in normal, unwounded skin and during the earliest
time points until day 5 postwounding. Spry2 protein levels then
increased until day 14, after which they were observed to
decrease (Fig. 1B). This temporal pattern of Spry2 content is
similar to that observed in our mRNA expression study (Fig.
1A), indicating that Spry2 production increases dramatically
during the post-proliferative stage of wound healing.
Spry2-Positive Cell Numbers Increase in the Wound Bed
During Healing
Having elucidated the general pattern of Spry2 production in
whole wound samples over the time course of murine excisional skin wound healing, we sought to localize the protein in
the wound. Assessment of Spry2 antibody specificity by peptide preabsorption showed that, both in wounded as well as in
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(Tokyo, Japan) digital camera mounted on an Olympus CKX41
culture microscope (Olympus, Center Valley, PA). Percent closure
measurements were subjected to statistical analysis by one-way
ANOVA and Bonferroni’s posttests using GraphPad Prism 4.0 software (GraphPad Software).
MAPK activation. Human umbilical vein ECs (HUVECs) (gift
from Dr. Greisler, Loyola University) were seeded onto 1 g/cm2
fibronectin-coated flasks and maintained in basal endothelial growth
medium-2 (EGM-2) supplemented with 2% (vol/vol) FBS, 0.04%
hydrocortisone, 0.4% hFGF-B, 0.1% VEGF, 0.1% R3-human insulinlike growth factor-1, 0.1% ascorbic acid, 0.1% human epidermal
growth factor, 0.05% gentamicin, 0.05% amphotericin-B, and 0.1%
heparin (EGM-2 BulletKit CC-3162; Lonza, Basel, Switzerland) at
37°C and 5% CO2-95% room air. HUVECs (105 cells/35 mm dish)
were serum starved in EGM-2 medium containing 0.1% FBS overnight and exposed to 10 g/ml each of TAT-GFP (control), TATSpry2, or TAT-Spry2Y55F for 1 h at 37°C. The cells were then
stimulated with VEGF (50 ng/ml; Millipore, Billerica, MA) for 10 or
30 min and lysed in SDS sample buffer. Protein concentrations were
determined, and equal amounts of protein were analyzed by Western
blot analysis. Nitrocellulose membranes were immunoblotted with
mouse monoclonal phospho-p44/42 MAPK antibody (p-ERK1/2; Cell
Signaling Technology), and after being stripped, the blots were
reprobed with rabbit polyclonal Erk1/2 antibody (Millipore). TATtagged proteins were detected by anti-hemagglutinin peroxidase
(Roche, Indianapolis, IN) antibodies, as previously described (45).
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unwounded skin, Spry2 was positively expressed only in the
dermis of murine skin; autofluorescence of the epidermis was
observed in the neutralized antibody and isotype controls
(supplemental figure). Immunofluorescent histochemical analysis for Spry2-positive cells was performed on 20⫻ magnification fields from the wound bed and wound margin. Whereas
Spry2-positive cell numbers in the wound margin did not

Endothelial Cell Migration and MAPK Signaling Are
Inhibited Following Incubation with Recombinant
TAT-Tagged Spry2
Having found that Spry2 production changes considerably
in the wound bed during the time course of dermal healing
and that its expression correlates with the known angiogenic
profile in this wound model (40), we sought a method of
modulating Spry2 levels in the wound so as to determine
whether Spry2 has a function in regulating angiogenesis. A
simple exogenous application of recombinant Spry2 is unlikely to elicit a biological response because Spry proteins
are intracellular and known to function by binding to intracellular MAPK-associated signaling proteins. We have previously developed an experimental method of modifying

Fig. 2. Spry2-positive cell numbers increase
in the dermis of the wound bed during healing. Immunofluorescent histochemical analysis for Spry2 was performed on cryosections
from whole wound samples following harvest
at 8 time points after 3-mm dermal excisional
punch biopsy. A: quantification of Spry2positive cells in the wound bed (top) and
wound margin (bottom). Data are expressed
as means ⫾ SE; n ⫽ 3 for all time points
except days 1 and 5 (n ⫽ 2) and day 10 (n ⫽
4). *P ⬍ 0.05 at day 28 vs. day 7 in the
wound bed by one-way ANOVA and Bonferroni’s posttest. B: representative photomicrographs of Spry2-positive immunofluorescence in the dermis of the wound bed from
days 7, 14, and 28 postwounding; a negative
control (NC) using a rabbit IgG primary antibody from a day 28 wound is shown. Scale
bar ⫽ 50 m.
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Fig. 1. Sprouty 2 (Spry2) mRNA expression and protein levels in mouse
skin wounds during healing. Wound samples were harvested at 8 time
points following 3-mm dermal excisional punch biopsy and subjected to
biochemical analysis. A: Spry2 mRNA transcript abundance was measured
using real-time RT-PCR, normalized to GAPDH endogenous control at
each time point, and compared with normal, unwounded skin (NS). Data
are expressed as means ⫾ SE; n ⫽ 5 for all time points except day 10 (n ⫽
4). *P ⬍ 0.05 at day 14 vs. NS, when a peak in Spry2 mRNA is observed,
by one-way ANOVA and Bonferroni’s posttest. B: Western blot analysis
shows that Spry2 protein levels follow the general pattern of Spry2 mRNA
expression during wound healing. Separated bands were visualized using
anti-human Spry2 and anti-␣-tubulin antibodies. ␣-Tubulin was used as a
loading control. Representative blot is from four independent experiments
with similar results.

change over the course of healing (Fig. 2A, bottom), Spry2positive cell numbers increased dramatically after day 7 in the
wound bed (Fig. 2B). In the wound bed, a 17.1-fold increase in
Spry2-expressing cells was observed on day 28 compared with
day 7 postinjury (Fig. 2A, top, P ⬍ 0.05). These results suggest
that the number of cells in the dermis of the wound bed that
produce Spry2 increases during the later stages of healing up to
levels observed in normal, unwounded skin (Fig. 2A, top, NS
vs. day 28), whereas the number of Spry2-producing cells in
the dermis of the wound margin remains unchanged during
healing from the levels observed in unwounded skin (Fig. 2A,
bottom, NS vs. all time points).
All results up to this point show a specific profile of Spry2
production during the time course of murine excisional dermal
wound repair. During the inflammatory and early proliferative
phases of wound healing when VEGF levels are at their highest
and when angiogenesis is occurring at a rapid rate (40), Spry2
production and Spry2-producing cells are at very low levels.
During the post-proliferative phase when vascularity is known
to peak and subsequently subside (40), Spry2 production
peaks, whereas Spry2-producing cells increase in the dermis of
the wound bed.

Spry2 DOWNREGULATES WOUND ANGIOGENESIS

right). In contrast, MEECs pretreated with TAT-Spry2 exhibited significantly reduced scratch wound closures compared
with the TAT-GFP-treated controls (Fig. 3A, right, P ⬍ 0.01),
suggesting that TAT-tagged Spry2 successfully permeated the
MEEC membranes to inhibit their migration ability in response
to serum.
To assess EC MAPK activation, human umbilical vein
ECs (HUVECs) were pretreated with TAT-GFP, TATSpry2, or TAT-Spry2Y55F, incubated with VEGF for 10 or
30 min, and analyzed via Western blot analysis for the
presence of t-Erk1/2 and p-Erk1/2 signaling proteins. As
predicted, the level of t-Erk1/2 was relatively unchanged
across all treatment groups (Fig. 3B, t-Erk1/2). A decrease
in p-Erk1/2 was observed in TAT-Spry2-treated HUVECs
relative to the TAT-GFP-treated cells after 10 min of VEGF
incubation; no p-Erk1/2 was detected in HUVECs not incubated with VEGF nor in those incubated with VEGF for 30
min (Fig. 3B, p-Erk1/2). However, TAT-Spry2Y55F-treated
HUVECs did not exhibit an increase in p-Erk1/2 content
relative to the TAT-GFP treated controls (Fig. 3B, p-Erk1/
2). Positive hemagglutinin peroxidase staining confirmed
the presence of TAT-tagged proteins in cell cultures after
treatment. These results suggest that TAT-tagged Spry2
successfully permeated the HUVEC membranes to inhibit
their Raf/Mek/Erk signaling pathway activation in response
to VEGF stimulation. Thus cell permeable TAT-Spry2 is an
effective treatment for the downregulation of important
angiogenesis-related functions in ECs.
Wound Vascularity Is Decreased Following Exogenous
Application of Recombinant TAT-Tagged Spry2

Fig. 3. Endothelial cell (EC) migration and mitogen-activated protein
kinase (MAPK) signaling are inhibited following incubation with recombinant transactivator of transcription (TAT)-tagged Spry2. A: TAT-Spry2
inhibits the migration of mouse embryonic ECs in response to serum.
Mouse embryonic ECs grown to confluency were pretreated with 20 g/ml
of TAT-proteins for 5 h before making scratch wounds and monitoring cell
migration in response to serum (10%) while in the presence of TAT
proteins, as described in MATERIALS AND METHODS. Marked fields were
photographed at time 0 and 15 h after making the scratches, and migration
of cells was calculated as percent closure of scratch wound. The mean ⫾
SE of 2 separate experiments is shown. *P ⬍ 0.01 for Spry2 vs. green
fluorescent protein (GFP) in the serum group by one-way ANOVA and
Bonferroni’s posttest. B: TAT-Spry2 inhibits MAPK signaling of human
umbilical vein ECs in response to vascular endothelial growth factor
(VEGF). Human umbilical vein ECs were serum starved in endothelium
growth medium-2 containing 0.1% FBS overnight and pretreated with 10
g/ml each of TAT-GFP, TAT-Spry2, or TAT-Spry2Y55F for 1 h at 37°C
before incubating with VEGF (50 ng/ml) for 10 or 30 min. Total cell lysates were subjected to SDS-PAGE and immunoblotted with anti-phospho-Erk1/2 (p-Erk1/2), anti-total Erk1/2 (t-Erk1/2), and anti-hemagglutinin (HA)-peroxidase (to detect TAT-tagged proteins)-conjugated
antibodies.
AJP-Heart Circ Physiol • VOL

To test the hypothesis that Spry2 functions to downregulate
angiogenesis during murine dermal wound repair, controlledrelease gel containing recombinant, cell permeable, TATtagged GFP (control), Spry2, or dominant-negative mutant of
Spry2 (Y55F) proteins was exogenously applied to wounds at
day 5 after injury. Day 5 was chosen as the time point for
treatment because it correlates with the peak production of
VEGF as well as the onset of angiogenesis in this wound model
(40). Whole wound samples were harvested at day 10 postinjury [a time point that correlates with a peak in wound
vascularity in this model (40)] and analyzed via immunofluorescent histochemistry for the EC marker CD31. An abundance
of CD31 correlates with blood vessel density and is thus an
experimental measure of angiogenesis (40). The CD31 area in
the wound was significantly decreased by 30% in Spry2-treated
wounds relative to the GFP-treated controls (Fig. 4B, P ⫽
0.05). Wounds treated with the dominant-negative mutant of
Spry2 (Y55F) exhibited a moderate (15%) increase in CD31
expression in the wound compared with the GFP-treated controls (Fig. 4). This result is consistent with previous data that
showed that the Spry2Y55F mutant acts as a dominant negative
and reverses the inhibitory functions of endogenous Spry2 (23,
30, 38). Overall, these results indicate that Spry2 functions to
downregulate vascularity in the healing murine wound and that
adding more of the protein to the wound during the proliferative phase of wound repair significantly promotes this antiangiogenic phenotype.
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recombinant Spry2 with a transduction domain derived from
the human immunodeficiency virus TAT protein so as to
make Spry2 cell permeable, but this work was done using
HeLa cancer cells (45) and VSMCs (46), not ECs. Therefore, it was important to establish the efficacy of TATtagged Spry2 on EC migration and Raf/Mek/Erk signaling
pathway activation in vitro before making conclusions about
the effect of TAT-tagged Spry2 on angiogenesis in vivo.
To assess EC migration, MEECs were pretreated with TATGFP, TAT-Spry2, or TAT-tagged dominant-negative mutant
of Spry2 (TAT-Spry2Y55F) before introducing a wound into the
monolayer. Scratch wounds made on MEECs not exposed to
FBS exhibited very low closure rates and no significant differences were seen between TAT protein-treated groups 15 h after
injury (Fig. 3A, left). Cell migration was dramatically induced
by FBS in MEECs pretreated with TAT-GFP and TATSpry2Y55F; cells treated with the dominant-negative Y55F
mutant of Spry2 showed a slight but not significant increase in
closure relative to the GFP-treated control group (Fig. 3A,
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MAPK Signaling Is Decreased in TAT-Spry2-Treated
Wounds, Whereas TAT-Spry2Y55F-Treated Wounds Exhibit
Increased MAPK Signaling
We next assessed whether the observed decrease in wound
vascularity after Spry2 treatment is concurrent with an inhibition of the Raf/Mek/Erk signaling pathway in vivo. The levels
of total Erk1/2 and p-Erk1/2 signaling proteins were determined by Western blot analyses of whole wound tissue samples harvested at day 10 postinjury, following an exogenous
application at day 5 postinjury of recombinant, TAT-tagged
GFP control, TAT-Spry2, or TAT- Spry2Y55F. As predicted,
the level of total Erk1/2 was relatively unchanged across all
treatment groups (Fig. 5B, t-Erk1/2). A decrease in p-Erk1/2
was observed in Spry2-treated wounds relative to the GFPtreated control group; in contrast, Spry2Y55F-treated wounds

exhibited an increase in p-Erk1/2 content (Fig. 5A, p-Erk1/2).
These results suggest that Spry2 may inhibit the MAPK signaling pathway during murine excisional skin wound healing
simultaneously with a downregulation in angiogenesis.
DISCUSSION

This is the first study to characterize Spry protein production
and function in the context of in vivo wound repair and wound
angiogenesis. We show that Spry2 mRNA and protein levels
increased significantly during the post-proliferative phase of
healing, coincident with the onset of vascular regression in this
model. Spry2 production was localized to cells in the dermis of
the wound bed where angiogenesis is known to occur during
wound healing. The application of exogenous, cell-permeable
Spry2 to the wound during the angiogenic phase of healing

Fig. 5. MAPK signaling is decreased in TATSpry2-treated wounds, whereas TATSpry2Y55F-treated wounds exhibit increased
MAPK signaling. Levels of signaling proteins
were analyzed by Western blot analysis performed on whole wound samples harvested at
day 10 postinjury from 3-mm dermal excisional punch biopsy and after exogenous treatment with TAT-tagged recombinant proteins at
day 5 postwounding. Data represent results
from 1 of 4 independent experiments with similar results. A and B, top: representative Western blots showing expression of p-Erk1/2 (A)
and t-Erk1/2 (B) signaling proteins in GFP-,
Spry2Y55F-, Spry2-treated wounds. ␣-Tubulin
was used as a loading control. A and B, bottom:
quantification of respective Western blots
showing p-Erk1/2 (A) and t-Erk1/2 (B) protein
expression normalized to ␣-tubulin and compared with the GFP control group.
AJP-Heart Circ Physiol • VOL
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Fig. 4. Wound vascularity is decreased following exogenous application of recombinant TAT-tagged Spry2. Immunofluorescent
histochemical analysis for EC marker CD31
(platelet EC adhesion molecule-1) was performed on cryosections from whole wound
samples harvested at day 10 postinjury from
3-mm dermal excisional punch biopsy and
after exogenous application at day 5 postwounding of controlled-release gel containing 2 g of recombinant cell-permeable,
TAT-tagged GFP (control), Spry2, or dominant-negative mutant of Spry2 (Y55F) (n ⫽
6 for GFP, n ⫽ 5 for Spry2, and n ⫽ 6 for
Spry2Y55F). A: representative photomicrographs of CD31-positive immunofluorescence in GFP-, Spry2-, and Spry2Y55Ftreated wounds. Scale bar ⫽ 50 m. B: quantification of CD31 immunofluorescence shows
a moderate increase in vascularity in Spry2Y55Ftreated wounds and a significant decrease in
vascularity in Spry2-treated wounds relative to
the GFP-treated control group. Percent CD31
area per field was normalized and compared
with the GFP control group to yield fold
change in CD31 area; data are expressed as
means ⫾ SE. *P ⫽ 0.05 for Spry2 vs. GFP by
one-way ANOVA and Bonferroni’s posttest.
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propagation of the proangiogenic Raf/Mek/Erk pathway initially but also the production and activation of Spry2 intracellularly in ECs and VSMCs. Indeed, growth factors have been
shown to increase Spry2 expression (10, 22, 34), and the
elevation in Spry2 content may inhibit the ability of RTKs to
further activate the Raf/Mek/Erk signaling pathway, resulting
in the eventual downregulation of proangiogenic cellular behavior (Fig. 6).
Previous work in our laboratory (40) has shown that blood
vessel density peaks at day 10 postinjury in murine 3-mm
excisional skin wounds. Starting at day 14, relative vessel
density begins to decrease and regression occurs (40). The
temporal pattern of Spry2 production that we observed in this
wound model correlates with this pattern of angiogenesis, in
that Spry2 mRNA and protein levels were seen to peak at day
14 postwounding. Furthermore, the numbers of Spry2-producing cells in the dermis of the wound bed increased after day 7
postinjury. Importantly, the current studies showed that Spry2
functions to inhibit in vivo angiogenesis as well as MAPK
signaling in the murine dermal wound. These findings are
strongly supported by the observation that both angiogenesis
and MAPK signaling were moderately upregulated following
the addition of the dominant-negative mutant of Spry2 to the
wounds. The Spry2Y55F mutant is thought to function by
forming heterodimers with endogenous Spry2 and interfering
with the binding of endogenous Spry2 to its targets in the
MAPK pathways, thereby promoting the opposite phenotype
of the wild-type protein (Fig. 6) (23, 30, 38). Interestingly, we
observed marginal stimulatory effects of Spry2Y55F on in vitro
EC migration and MAPK activation; one potential reason for
this result is the relatively low endogenous production of
wild-type Spry2 (to which the Spry2 mutant can bind and

Fig. 6. Spry2 and Spry2Y55F function in the context of EC MAPK signaling. Upon growth factor (GF) binding to its respective receptor tyrosine kinase (RTK)
and activation of the respective signaling pathway, Spry2 is induced to translocate to the inner plasma membrane where it gets activated (in many cases via
phosphorylation on the Y55 by a Src-like kinase) and functions by interacting with various MAPK signaling pathway-associated proteins in a GF-specific manner.
When RTK signaling is Ras dependent (left), Spry2 inhibition of this pathway is thought to occur at the level of GF receptor-bound protein-2 (Grb2) or Raf1.
When RTK signaling is Ras independent (right), Spry2 inhibition of this pathway is thought to occur at the level of Raf1. In many cases, pY55 is required for
Spry2 inhibition of the Raf/Mek/Erk pathway. The dominant-negative Y55F mutant of Spry2 inhibits endogenous Spry2 action, thereby promoting the
Raf/Mek/Erk pathway. FGF-2, fibroblast GF-2; PDGF, platelet-derived GF; pY, phosphorylated tyrosine; Sos1, son of sevenless-1; PLC-␥, phospholipase C-␥;
PIP2, phosphatidylinositol bisphosphate; DAG, diacylglycerol; IP3, inositol trisphosphate; PKC, protein kinase C. Information in this figure was compiled from
Refs. 10, 16, 22, 23, 24, 27, 30, 34, 38.
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significantly reduced vessel density and simultaneously reduced MAPK signaling. These results indicate that endogenous
Spry2 may function to downregulate angiogenesis in the healing murine skin wound, potentially by inhibiting the MAPK
signaling pathway.
Spry is a negative feedback loop inhibitor of RTK-associated signaling pathways that converge in the Raf/Mek/Erk
pathway and are known to promote cellular changes associated
with angiogenesis in ECs (Fig. 6). Three RTK ligands known
to be proangiogenic in the context of wound repair are FGF-2,
PDGF, and VEGF.
Upon injury, sequestered FGF-2 is released into the wound
environment and soluble FGF-2 is capable of stimulating early
angiogenic events, including the proliferation and migration of
ECs for blood vessel sprouting, as well as inducing the production of VEGF (32, 33). Previous studies in our laboratory
show that FGF-2 production is increased progressively following 3-mm excisional skin injury in the murine model (40).
PDGF is released by the degranulation of platelets and has
been shown to be proangiogenic during wound healing by
inducing the production of VEGF and particularly by promoting the maturation of blood vessels via the recruitment of
pericytes and VSMCs (5). While keratinocytes are known to
produce basal levels of VEGF in uninjured skin (4, 13), there
is no VEGF present in the wound site immediately after injury
(33, 40). The production of VEGF is induced by hypoxia (12)
in the early phases of wound repair, and previous studies in our
laboratory show that VEGF production peaks 5 days postinjury
in the 3-mm excisional skin wound model (40).
Thus soluble FGF-2, PDGF, and VEGF are all present and
active in the wound during the proliferative phase of healing.
Their binding to respective RTKs may trigger not only the
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ing in the observed phenotypes of wound blood vessel involution and eventual vascular homeostasis.
It is important to note that the current study investigated the
function of one of four mammalian homologs of the Spry
family of proteins. Given what is currently known about them
(10, 16, 22, 26, 43), it is likely that Spry1 and especially Spry4
have analogous physiological functions to those described here
for Spry2. The contributions of these and other Spry-related
proteins, i.e., the Spred family (9), to the regulation of wound
angiogenesis remain to be elucidated.
Overall, there is evidence of complex regulatory and compensatory mechanisms driven by endogenous antiangiogenic
factors, both intra- and extracellular, all functioning to ensure
the proper control of wound angiogenesis and the promotion of
physiological blood vessel regression during wound repair.
Studies of vascular regression in wounds are very likely to
have applicability to multiple disease states. The failure of
appropriate vascular regression has been implicated in pathological conditions such as cancer, inflammatory diseases like
arthritis, some types of chronic wounds, and scarring (19, 36,
44). In contrast, an overinhibition of angiogenesis is characteristic of many poorly healing wounds, particularly in patients
with diabetes (29), and is highly implicated in various cardiovascular diseases (35). Additional studies of the regulatory
mechanisms that govern angiogenesis at sites of injury may
ultimately assist in the development of novel effective therapeutic regimes to treat patients with dysfunctional neovascularization or vascular regression.
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