
PTP1b Is a Physiologic Regulator of Vascular Endothelial 
Growth Factor Signaling in Endothelial Cells

Anthony A. Lanahan, PhD, Diana Lech, BS, Alexandre Dubrac, PhD, Jiasheng Zhang, PhD, 
Zhen W. Zhuang, MD, Anne Eichmann, PhD, and Michael Simons, MD
From the Yale Cardiovascular Research Center, Section of Cardiovascular Medicine, Department 
of Internal Medicine (A.A.L., D.L., A.D., J.Z., Z.W.Z., A.E., M.S.) and the Department of Cell 
Biology (M.S.), Yale University School of Medicine, New Haven, CT.

Abstract

Background——Regulation of vascular endothelial growth factor receptor-2 (VEGFR2) 

signaling is a control point that determines the extent of vascular tree formation. Recent studies 

demonstrated an important role played by VEGFR2 endothelial trafficking in control of its activity 

and suggested the involvement of a phosphotyrosine phosphatase 1b (PTP1b) in this process. This 

study was designed to define the role of PTP1b in endothelial VEGFR2 signaling and its role in 

regulation of angiogenesis and arteriogenesis.

Methods and Results——We generated mice carrying an endothelial-specific deletion of 

PTP1b and examined the effect of this knockout on VEGF signaling, angiogenesis, and 

arteriogenesis in vitro and in vivo. PTP1b knockout endothelial cells had increased VEGF-

dependent activation of extracellular signal-regulated kinase signaling, sprouting, migration, and 

proliferation compared with controls. Endothelial PTP1b null mice had increased retinal and 

Matrigel implant angiogenesis and accelerated wound healing, pointing to enhanced angiogenesis. 

Increased arteriogenesis was demonstrated by observations of faster recovery of arterial blood 

flow and large numbers of newly formed arterioles in the hindlimb ischemia mouse model. PTP1b 

endothelial knockout also rescued impaired blood flow recovery after common femoral artery 

ligation in synectin null mice.

Conclusions—PTP1b is a key regulator of endothelial VEGFR2 signaling and plays an 

important role in regulation of the extent of vascular tree formation.
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Recent studies involving signal transduction by vascular endothelial growth factor (VEGF)-

A in endothelial cells demonstrated the existence of an important regulatory mechanism 

involving intracellular trafficking of VEGF receptor-2 (VEGFR2).1 The presumed role of 

this event is movement of a VEGFR2-containing endosome from a phosphatase-rich 

environment to the part of the cytoplasm where VEGFR2 is not being actively 

dephosphorylated. In particular, this mechanism plays a critical role in VEGF-induced 

extracellular signal-regulated kinase (ERK)-1/2 activation that has been linked to the 

development of arterial circulation (arteriogenesis).2–5
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VEGF-induced ERK activation involves ligand-driven dimerization of the receptor leading 

to trans- phosphorylation of C-loop activation loop tyrosines 1054 and 1059. This, in turn, 

leads to phosphorylation of a number of cytoplasmic domain tyrosines including the Y1175 

site, phosphorylation of which is required for ERK activation.6,7 Once phosphorylated, 

Y1175 serves as a binding site for phospholipase Cγ and subsequent activation of the 

Raf1/MEK/ERK cascade. One unusual aspect of this process is the requirement for 

VEGFR2 phosphorylation and trafficking. In the absence of VEGFR2 endocytosis, ERK 

activation is practically absent as seen after knockouts of EphrinB2, phospholipase C alpha, 

or protease activated receptor 3. A complete, or nearly complete, lack of ERK activation 

leads to a total failure of vascular development as seen in VEGFR2 knockouts, mice 

carrying a Y1175F knock-in mutation, or mice with knockouts of EphrinB2, phospholipase 

C alphas, or protease activated receptor 3.8–10

Once endocytosed, VEGRF2 undergoes an important trafficking step that is essential for full 

activation of the ERK signaling cascade. Delayed trafficking of the receptor from clathrin-

coated pits to EEA1 early endosomes reduces the extent of ERK activation attributable to 

partial dephosphorylation of its Y1175 site. The trafficking event requires formation of a 

neuropilin-1 (Nrp1, another VEGF-A receptor)-synectin-myosin-VI complex. A knockout of 

any of these genes or a knock-in of Nrp1 missing its PDZ domain (Nrp1cyto) that is required 

for its binding to the PDZ scaffold protein synectin (Gipc1) results in reduced Y1175 

phosphorylation and decreased ERK activation. In vivo this manifests itself as impaired 

embryonic and adult arteriogenesis, including reduced arterial vessel density, branching, and 

decreased lumen diameter.4,5

This trafficking-dependent phosphorylation of VEGFR2 suggests the existence of a 

phosphatase that dephosphorylates the Y1175 site. Studies using in vitro siRNA knockouts of 

various protein tyrosine phosphatases in endothelial cells with impaired VEGFR2 trafficking 

(synectin or myosin-VI null knockouts) demonstrate that only phosphotyrosine phosphatase 

1b (PTP1b) knockdown rescues VEGF-induced ERK activation.5 In agreement with this is 

the observation that overexpression of PTP1b in normal endothelial cells reduces, whereas 

knockdown increases, VEGF-induced ERK activation11 while inhibition of PTP1b activity 

using a chemical inhibitor rescues blood flow recovery and arteriogenesis in the hindlimb 

ischemia model in Gipc1−/− mice.5 Finally, VEGFR2 can be immunoprecipitated with 

PTP1b,11 and the 2 proteins have been visualized together on Rab5 endosomes using 

structured illumination microscopy (SIM) super-resolution imaging.4
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These data point to PTP1b as the likely phosphatase regulating VEGF-induced ERK 

activation. However, whether PTP1b actually normally regulates VEGFR2 signaling in vivo 

in an endothelial cell–specific manner and plays a role in its various biological activities 

remains unknown. In this study we set out to examine this question by selectively deleting 

the phosphatase in mouse endothelial cells. We find that endothelial-specific PTP1b 

(PtpN1ECKO) deletion is associated with increased ERK signaling and increased 

angiogenesis and arteriogenesis. These results demonstrate that PTP1b is an important 

endogenous endothelial cell regulator of VEGF-A signaling.

Materials and Methods

Reagents and Antibodies

Human fibronectin (BD Biosciences#356008), Matrigel Basement Membrane Matrix 

Growth Factor Reduced (BD#354230), IGF-1(Sigma), VEGF-A165 (#293-VE R&D 

systems); Antibodies used included the following: anti-CD31 (BD#55370), anti–VE-

cadherin (Santa Cruz#SC6458), antiphospho p44/42 MAP kinase (phospho-ERK, Cell 

Signaling#9106), anti-p44/42 MAP kinase (total ERK, Cell Signaling#9102), anti-PTP1b 

(Santa Cruz#sc-1718), anti phospho IGF-1 receptor β (Tyr1131) (CS#3921), anti IGF-1 

receptor β (CS#3027). We used appropriate secondary antibodies that were conjugated to 

horseradish peroxidase (Vector Laboratories) or fluorescently labeled (Life Technologies). 

IsolectinB4 was purchased from Molecular Probes (Invitrogen).

Mouse Generation

To obtain mice homozygous for a conditional allele of PTP1b (Ptpn1), Ptpn1loxP/loxP mice13 

were crossed with Cdh5-CreERT2 mice (gift of R. Adams, Max-Planck-Institute for 

Molecular Biomedicine).10 Cre activity was induced in 3-week-old mice by 5 consecutive 

daily intra peritoneal injections of tamoxifen (0.1 mL of a 20 mg/mL solution in corn oil). 

The phenotypes of mutant mice were analyzed at 6 to 10 weeks of age, and littermate 

animals were used as controls. All animal experiments were performed under a protocol 

approved by the Institutional Animal Care and Use Committee of Yale University.

Isolation of Murine Endothelial Cells

Primary arterial endothelial cells were isolated from adult mouse dorsal aorta as previously 

described.14 Arteries from 4 mice were harvested, pooled, minced with scissors, and then 

digested in 25 mL collagenase 0.2% (wt/vol) at 37°C for 45 minutes. The crude cell 

preparation was pelleted and resuspended in Dulbecco’s phosphate buffered saline. The cell 

suspension was incubated with platelet endothelial cell adhesion molecule-1–coated beads 

(IgG Dynal beads from Dynal Corp, Great Neck, NY) at room temperature for 10 min. with 

end-over-end rotation. Using a magnetic separator, the bead-bound cells were recovered, 

washed, and resuspended in complete culture medium (DMEM containing 20% fetal calf 

serum, supplemented with 100 ug/mL heparin, 100 ug/mL endothelial cell growth factor 

growth supplement [endothelial cell growth factor: Biomedical Technologies, Stoughton, 

MA], and nonessential amino acids, sodium pyruvate, L-glutamine, and antibiotics at 

standard concentrations), and then plated in a 0.1% gelatin-coated 10-cm tissue culture dish.
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Migration and Proliferation of Endothelial Cells

The xCELLigence RTCA DP analyzer was used to measure migration, adhesion, and 

proliferation of wild-type and PTP1b knockout cells in response to 0.5% FBS, 20% FBS, 

VEGF-A (100ng/mL), and FGF2 (100ng/mL). For migration the CIM-Plate 16 was used, the 

bottom chamber contained the growth factor, and 40 000 cells were added to the top 

chamber and the plate monitored every 5 minutes for 24 hours. For proliferation and 

adhesion the E-Plate 16 was used, the plates were coated with 0.1% gelatin, and 5000 cells 

per well were added to media containing the growth factor. For proliferation the plate was 

monitored every 15 minutes for 80 hours, and for adhesion the plate was monitored every 5 

minutes for 4 hours. For each condition at least 4 replicate wells were used.

siRNA Transfection

siRNAs (FlexiTube siRNA) were purchased from Qiagen. Human umbilical vein endothelial 

cells were transfected with 25 pmol siRNA per 6 wells with 2.5 mL RNAiMax (Invitrogen) 

according to the instructions of the manufacturer. Cells were used for experiments 48 hours 

after transfection.

In Vitro EC Cord Formation

Cells were starved overnight in 0.5% FBS, detached with trypsin, and seeded at a density of 

60 000 cells per well in a 24-well plate containing 0.5 mL per well of reduced-growth factor 

matrigel (BD Biosciences). Cells were in media containing 0.5% FBS, VEGF-A (100 ng/

mL), or FGF2 (100 ng/mL), 1 mL per well. After 8 hours cells were fixed with 4% 

paraformaldehyde and 5 random images were taken of each well (×10 objective) and the 

total length of cord formation was quantified for each field. The mean of 10 total lengths per 

well represent an experimental point. Cord length was assessed using the NeuronJ plug-in of 

ImageJ.

In Vitro Sprouting Assay

After siRNA transfection, human umbilical vein endothelial cells (250 000 cells per well in 

6-well plates) were resuspended in fibrinogen solution (2.5 mg/mL fibrinogen [Sigma-

Aldrich] in EBM-2 [Lonza] supplemented with 2% FBS and 50 mg/mL aprotinin [Sigma-

Aldrich]), and plated on top of a precoated fibrin layer (fibrinogen solution clotted with 1 U 

thrombin [Sigma-Aldrich] for 20 minutes at 37°C). The second layer of fibrin was clotted 

for 1 hour at 37°C. Wi-38 cells (250 000 cells per well), in EBM-2 supplemented with 2% 

FBS and 25 ng/mL VEGF, were then plated on top of the fibrin layers. Cultures were 

incubated at 37°C, 5% CO2. After 4 to 6 days, cultures were labeled with 4 mg/mL Calcein 

AM for 1 hour, and imaged by fluorescence using a standard FITC filter.

Hindlimb Ischemia Model

As previously described,14 the femoral artery was ligated at 2 positions spaced 5 mm apart 

and the arterial segment between the ligatures was excised. Tissue perfusion was assessed 

preoperatively, immediately postoperatively, and 3, 7, and 14 days after surgical 

intervention. Flow images of the foot were acquired using a Moor Infrared Laser Doppler 

Imager (LDI; Moor Instruments Ltd) at 37.0°C to 38.0°C under ketamine/xylazine (80/5 
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mg/kg) anesthesia. Data were analyzed with Moor LDI image processing software V3.09 

and reported as the ratio of flow in the right/left (R/L) hindlimb after background 

subtraction.

Micro-CT Angiography

2D mCT scans were acquired with a GE eXplore MS Micro-CT System, using a 400 cone-

beam with angular increment of 0.5 degrees and 8 to 27 μm slice thickness at a voltage of 

163.2 mAs, 80 kVp. mCT data were transferred to a Dell Dimension computer with 3D 

volume rendering software (version 3.1, Vital Images Inc, Plymouth, MN) and microview 

software (version 1.15, GE medical system). NIH ImageJ (National Institutes of Health, 

Bethesda, MD) and Image Pro Plus (Media Cybernatics) software were used to analyze 

vessel number, diameter, area, volume, and arterial density.

Wound Healing Assay and Analysis

Wound healing studies were provided by the microsurgery core at Yale Cardiovascular 

Research Center. Mice were anaesthetized by intraperitoneal injection of a ketamine (100 

mg/kg)/xylazine (10 mg/kg) solution. Wounds were created with a sterile 6-mm biopsy 

punch in the back skin (Miltex Inc, PA) without injuring the underlying muscle. Wound 

regions were photographed using a Leica M125 microscope with an HC80 HD camera 

(Leica, Germany) on days 0, 1, 3, 5, and 7. Wound area was calculated using NIH ImageJ 

software. Wound sizes at different time points were expressed as percentage of the wound 

area on day 0.

In Vivo Matrigel Assay and Analysis

Growth factor-depleted Matrigel plugs (0.5 mL) containing either FGF2 (100ng/mL) or 

heparin (10U) with VEGF-A165 (100 ng/mL) were injected subcutaneously on both sides of 

C57BL/6 mice. Seven days later, Matrigel plugs were excised and stained with a rat 

antimouse monoclonal CD31 antibody. CD31-positive vessels were counted in randomly 

acquired images using ImageJ.

Immunohistochemistry of Whole-Mount Retinas

P5 pups were euthanized and the eyes removed and prefixed in 4% PFA for 20 minutes at 

room temperature. The retinas were dissected out and blocked overnight at 4°C in blocking 

buffer (0.1 mol/L Tris-HCl, 150 mmol/L NaCl, 1% Blocking Reagent [PerkinElmer)] 0.5% 

Triton X-100). After washing with Pblec (1 mmol/L MgCl2, 1 mmol/L CaCl2, 0.1 mmol/L 

MnCl2, 1% Triton X-100 in PBS), the retinas were incubated with IsolectinB4 in Pblec 

overnight followed by incubation with the corresponding secondary antibody for 2 hours at 

room temperature. Then the retinas were mounted in fluorescent mounting medium (DAKO, 

Carpinteria, CA). Images were acquired using a Perkin Elmer UltraVIEW VoX spinning disc 

confocal microscope. Quantification was performed on wild-type and PTP1bECKO neonates; 

20 to 25 images per group were acquired, and Biological CMM Analyzer software16 was 

used to quantify vascular area and number of vessel branch points per image.
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Statistical Analysis

All data are shown as mean±standard error of the mean (SEM) or standard deviation (SD) as 

bars in the histograms. Differences were considered statistically significant if P≤0.05 by 

Student t test in case of 2-group comparison or by Mann–Whitney U, Kruskal-Wallis, and 2-

way ANOVA followed by Bonferonni analysis as appropriate.

Results

In Vitro Effects of Endothelial Cell PTP1b Deletion

To test the effect of PTP1b deletion on the response of endothelial cells to various growth 

factors, primary mouse endothelial cells (EC) from PtpN1fl/fl mice were treated with an 

adenovirus carrying the Cre gene (Ad-Cre) or control virus (Ad-CMV), growth arrested, and 

then stimulated with IGF-1, VEGF-A165, or FGF2. As expected, PTP1b deletion resulted in 

enhanced activation of IGF1 receptor (IGF1Rβ) and ERK signaling (Figure 1A and 1B). 

Consistent with the hypothesis that PTP1b downregulates VEGF signaling, ERK activation 

by VEGF was also increased in knockout compared with wild-type EC (Figure 1C and 1D). 

On the other hand, stimulation with FGF2 detected no differences in ERK activation, 

suggesting that PTP1b is not involved in FGF signaling (Figure 1E and 1F). In agreement 

with increased ERK activation by VEGF, VEGFR2 phosphorylation was also increased in 

PTP1b−/− compared with control endothelial cells (Figure IA and IC in the online-only Data 

Supplement), despite a decrease in total VEGFR2 levels (Figure IB in the online-only Data 

Supplement). Furthermore, there were no differences in Akt or p38MAPK activation in 

response to VEGF in PTP1b−/− versus control endothelial cells (Figure I in the online-only 

Data Supplement).

In agreement with these data, PTP1b−/− endothelial cells demonstrated faster proliferation 

(Figure 2A–2C) and migration (Figure 2D–2F) in response to VEGF but not FGF2 or fetal 

bovine serum stimulation. Furthermore, cord formation in the in vitro Matrigel assay was 

also accelerated by VEGF-A, but not FGF2 or fetal bovine serum (Figure 2G–2I).

In Vivo Effects of Endothelial Cell PTP1b Deletion: Angiogenesis

Endothelial-specific deletion of PTP1b was achieved by crossing PtpN1fl/fl mice with Cdh5-

CreERT2 line as described in the Methods section. The effectiveness of deletion in the 

resulting PtpN1ECKO mice was assessed by isolating endothelial cells from the heart, lungs, 

and aorta of Ptpn1ECKO and control littermate mice and testing them for PTP1b expression. 

As previously reported for this Cre line, all endothelial cells tested demonstrated nearly 

complete target gene deletion15 (Figure II in the online-only Data Supplement).

To test the role of PTP1b in angiogenesis, we first used an in vitro sprouting assay. Human 

umbilical vein endothelial cells that were exposed to either control or PTP1b siRNA were 

treated with VEGF-A or saline and the extent of sprouting was determined as outlined in the 

Methods. PTP1b knockdown was associated with a highly significant increase in sprouting 

both in the absence or presence of VEGF-A (Figure 3A and 3B). To check the validity of 

this result in vivo, we analyzed vascular sprouting in the retinas of P5 PtpN1ECKO and 

control littermates pups (Figure 3C–3E). As in the case of the in vitro assay, endothelial 
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PTP1b knockout was associated with significantly increased sprouting as demonstrated by 

increased number of branch points and vessel density. At the same time, there was no 

change in the extent of vascular coverage of the retinas (Figure 3F). Finally, Ptpn1ECKO 

mice had larger numbers of tip cells along the vascular front as assessed by the number of 

filopodia per vessel length (Figure 3G and 3H).

We next studied the effect of this knockout in the skin wound healing response that is 

heavily, but not exclusively, angiogenesis-dependent. In agreement with in vitro results 

showing increased proliferation and migration of PtpN1−/− endothelial cells, wounds closed 

significantly faster in PtpN1ECKO compared with littermate control mice (Figure 4A and 4B)

To more specifically explore the effect of this deletion on VEGF-driven angiogenesis, we 

used an in vivo Matrigel model. PtpN1ECKO and littermate control mice were implanted 

with Matrigel pellets containing VEGF-A or FGF2. Quantification of capillary ingrowth 7 

days later demonstrated increased angiogenesis in implants containing VEGF-A but not 

FGF2 in PtpN1ECKO mice (Figure 4C and 4D).

In Vivo Effects of Endothelial Cell PTP1b Deletion: Arteriogenesis

We next evaluated whether PTP1b deletion has an effect on arteriogenesis in adult tissues. 

To this end, hindlimb ischemia was induced in PtpN1ECKO and littermate control mice and 

the kinetics, extent of blood flow recovery, and anatomic extent of arteriogenesis were 

evaluated. PTP1b knockout was associated with accelerated blood flow recovery as early as 

day 3 but the final extent was the same as in controls (Figure 5A and 5B). Micro-CT 

analysis of the hindlimb vasculature at 7 days demonstrated a significantly larger number of 

small arteries in PtpN1ECKO compared with control mice both above and below the knee 

(Figure 5C–5E). There were no differences in arterial vessel density at 14 days when the 

extent of blood flow recovery was the same in both groups (data not shown). These results 

suggest that PTP1b affects the rate but not the extent of new artery formation.

Finally, we studied whether PTP1b deletion would restore blood flow in synectin knockout 

mice because impaired VEGF signaling in this strain is thought to be attributable to the 

reduced rate of VEGFR2 trafficking leading to increased PTP1b-driven receptor 

dephosphorylation. To this end, PtpN1ECKO mice were crossed onto the previously 

described Synectin null (Gipc1−/−) strain.14 The hindlimb ischemia model was then used to 

study arteriogenesis in double knockout mice (PtpN1−/−/Gipc1−/−) versus littermate controls 

(both single knockouts and wild-type animals).

In agreement with previous results, PTP1b deletion was associated with accelerated blood 

flow recovery and increased arteriogenesis, whereas both processes were reduced in synectin 

knockouts (Figure 6A and 6B). PTP1b knockout on the background of synectin deletion 

fully restored arteriogenesis, returning it to levels seen in control animals (Figure 6A and 

6B).
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Discussion

Taken together, the data in this study point to a critical physiological role of PTP1b in the 

regulation of VEGFR2 signaling. Endothelial-specific deletion of this phosphatase resulted 

in a VEGF-driven increase in ERK activation that is central to arterial blood vessel growth 

and formation,6 and an increase in VEGF-driven cell proliferation and migration. In vivo 

this translated into increased angiogenesis and arteriogenesis.

VEGF signaling is one of the most tightly regulated processes in endothelial biology. 

Several tyrosine phosphatases have been reported to be associated with VEGFR2 including 

CD148/Dep1,16–18 VE-PTP,19–22 and PTP1b,4,11 the subject of the current study. As with all 

phosphatases, these molecules have a broad spectrum of activity and are capable of 

dephosphorylating a number of targets.23 However, their precise role in the vasculature has 

not been defined. Mice with an early embryonic inactivation of VE-PTP demonstrate normal 

vasculogenesis but defective yolk sac angiogenesis leading to midembryonic lethality.20 A 

knockout of CD148/DEP1 is also lethal (at E10.5) with the mice demonstrating enlarged 

aberrantly developed vasculature and impaired pericyte investment.18 In contrast, mice with 

global deletion of PTP1b appear grossly normal and no vascular defects have been reported 

to date.24,25

Nevertheless, recent studies have suggested that PTP1b should play an important role in 

VEGF signaling. In particular, we previously reported that PTP1b associates with early 

endosomes containing VEGFR2 and that VEGFR2-dependent activation of ERK is impaired 

in Synectin null (Gipc1−/−) or Nrp1cyto knock-in mice.4,5 This is thought to be attributable to 

prolonged exposure of VEGFR2-containing endosomes to PTP1b leading to a partial 

dephosphorylation of the VEGFR2 Y1175 site that is crucial for ERK activation. In vitro 

overexpression of PTP1b decreases VEGF-induced endothelial ERK activation,11 whereas 

impaired VEGF-induced ERK activation in synectin null endothelial cells can be restored by 

a knockdown of PTP1b expression. Finally, treatment of Gipc1−/− mice with a PTP1b 

inhibitor restored impaired arteriogenesis.5 These results suggest that PTP1b regulates the 

extent of VEGFR2 Y1175 site phosphorylation, thereby regulating the magnitude and 

duration of ERK activation. However, there is no direct genetic demonstration of the role of 

PTP1b in endothelial VEGF signaling, and it is not known how its deletion would affect 

embryonic vascular development or angiogenesis.

The current study was designed to address this gap. Endothelial cells derived from 

PtpN1ECKO mice demonstrated increased Y1175 VEGFR2 phosphorylation and enhanced 

ERK activation in response to VEGF-A165, consistent with the proposed role of PTP1b as a 

phosphatase controlling this site’s phosphorylation. At the same time, we observed no 

change in VEGF-driven Akt and p38-MAPK activation. The mechanism of VEGF-A-

dependent activation of the former is not well established, but it is not dependent on Y1175 

phosphorylation. The activation of the latter is dependent on Y1241 VEGFR2 

phosphorylation,6 the site not controlled by PTP1b activity.4,5

Several assays, in vitro and in vivo, demonstrating increased endothelial sprouting, larger 

numbers of tip cells, faster wound healing, and more extensive neovascularization in 
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Matrigel implants in PtpN1ECKO mice, are consistent with an enhanced angiogenic response. 

Accelerated blood flow recovery and increased arteriolar density in PtpN1ECKO mice in the 

hindlimb ischemia model and the rescue of impaired blood flow recovery in synectin null 

mice by endothelial PTP1b deletion demonstrate the role of PTP1b in regulation of 

arteriogenesis.

PTP1b activity is not specific to VEGFR2. Indeed, we observed increased IGF-induced ERK 

activation as well, a result consistent with the known role of this phosphatase in IGF receptor 

activation.24,25 At same time FGF signaling was not affected. One important difference 

between VEGF and IGF versus FGF signaling pathways is that whereas VEGFR2 undergoes 

clathrin-dependent endocytosis,26 FGFR1, the principle FGF receptor in endothelial cells, 

undergoes macropinocytic uptake.27 It is conceivable that differences in early trafficking of 

these receptors determine their susceptibility to PTP1b-induced dephosphorylation.

Another important consideration is that this study used an endothelial-specific deletion of 

PtpN1 because systemic inhibition of it activity may have affected the function of blood-

derived macrophages, the cell type that is crucial to postnatal arteriogenesis. Finally, this 

study further supports the critical role played by endothelial cells in arteriogenesis,28 as 

selective manipulation of PTP1b expression in these cells had a profound effect on this 

process.

Overall, these studies illustrate that PTP1b-driven dephosphorylation of VEGFR2 is an 

important physiological regulator of vascular growth and emphasize the critical role 

endothelial VEGF signaling plays in angiogenesis and arteriogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Vascular endothelial growth factor A (VEGF-A) is critical to formation of capillary 

(angiogenesis) and arterial (arteriogenesis) vasculature. VEGF-A accomplishes this by 

activating its key signaling receptor, VEGFR2. A failure to fully activate this receptor is 

likely the leading cause of poor arteriogenesis in patients with advanced atherosclerosis 

and diabetes mellitus. Recent studies have demonstrated that a full VEGFR2 activation 

requires its uptake into endothelial cells on ligand binding (endocytosis) and subsequent 

intracellular trafficking. In the absence of the latter step, the receptor is deactivated by an 

intracellular phosphotyrosine phosphatase 1b (PTP1b). This study shows that a disruption 

of PTP1b expression in endothelial cells leads to increased VEGFR2 activation that is 

strong enough to overcome poor arteriogenesis in a genetic model of reduced VEGFR2 

activation. These findings demonstrate the critical role played by PTP1b in regulation of 

VEGF signaling and identify it as a potential new therapeutic target. The latter can be 

particularly important in patients with impaired VEGFR2 activation as frequently seen in 

advanced coronary and peripheral arterial disease.
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Figure 1. 
Increased IGF-1 and VEGF-A signaling in PTP1bECKO cells relative to WT. A, C, and E, 

IGF1, FGF2, and VEGF-A signaling in wild-type and phosphotyrosine phosphatase 1b 

(PTPIb)–null endothelial cells. Western blotting of total cell lysates isolated from floxed 

PTP1b cells treated with control CMV adenovirus or CRE adenovirus for 3 days and then 

starved overnight. Confluent, serum-starved cells were stimulated for the times indicated 

with 50 ng/mL of IGF-1, FGF2 or VEGF-A. A, Phosphorylation of the tyrosine residue 

1131 of the IGF1 receptor and p44/p42 MAP kinase is increased in PTP1bECKO cells 

relative to WT after IGF-1 treatment. C, Phosphorylation of p44/p42 MAP kinase is 

increased in PTP1bECKO cells relative to wild-type after VEGF-A treatment. E, 

Phosphorylation of p44/p42 MAP kinase is not changed in PTP1bECKO cells relative to 
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wild-type following FGF2 treatment. B, D, and F, Quantification of relative pERK induction 

by IGF1, FGF2, and VEGF-A in wild-type and PTP1bECKO cells (n=3; SD, *P<0.05).
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Figure 2. 
Proliferation, migration, and in vitro matrigel analysis of phosphotyrosine phosphatase 1b 

(PTP1b)ECKO primary endothelial cells. A–C, Proliferation of wild-type (WT) and 

PTP1bECKO cells after treatment with FBS, FGF2, or VEGF-A. Proliferation rates of WT 

and PTP1bECKO cells after serum starvation and stimulation with FBS, FGF2, or VEGF-A 

for 72 hours measured using Roche xCELLigence system (n=5000 cells, repeated three 

times). Note the increase in proliferation of PTP1bECKO cells relative to WT when treated 

with VEGF-A (SD, *P<0.05, Student t test). D–F, Migration of Wt and PTP1bECKO cells 

after treatment with FBS, FGF2, or VEGF-A. Migration rates of WT and PTP1bECKO cells 

after serum starvation and stimulation with FBS, FGF2, or VEGF-A for 14 hours measured 

using Roche xCELLigence system (n=5000 cells, repeated 3 times). Note the increase in 
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migration of PTP1bECKO cells in response to treatment with VEGF-A (SD). G–I, In vitro 

matrigel analysis of WT and PTP1b ECKO cells after treatment with FBS, FGF2, or VEGF-

A. Matrigel cord formation after starvation of WT or PTP1bECKO and plating for 8 hours on 

matrigel containing either 0.5% FBS, FGF2 (100ng/mL), or VEGF-A (100ng/mL). Note the 

increase in cord formation of PTP1bECKO cells in response to treatment with VEGF-A (SD, 

* P<0.05, Student t test).
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Figure 3. 
In vitro and in vivo increased angiogenesis in response to phosphotyrosine phosphatase 1b 

(PTP1b) inhibition. A, Representative images of in vitro sprouting cells treated with a 

PTP1b or control siRNA in response to VEGF. B, Quantification of sprouting: note the 

increase in sprouting in cells treated with the PTP1b siRNA (n=6, mean±SEM). C, 

Representative images of P5 retinas from wild-type (WT) and PTP1bECKO mice. D–F, 

Quantification of sprouting of P5 retinas from WT and PTP1bECKO mice. Note the increase 

in sprouting in retinas of P5 PTP1bECKO mice (n=5, mean±SEM). G, Vascular sprouts in 

PTP1bECKO present increased filopodia projections. H, Quantification of filopodia bursts per 

sprouting front length. (n=18, mean±SEM). Statistical significance was assessed using a 

Mann–Whitney U test. *P<0.05, **P<0.01, ***P<0.001.
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Figure 4. 
Phosphotyrosine phosphatase 1b (PTP1b)ECKO mice show increases relative to wild type 

(WT) in wound healing and matrigel angiogenesis assays. A, Representative images of 

wound healing in WT and PTP1bECKO mice after wounding by punch biopsy. B, 

Quantification of area of wound closure, note increased rate of wound closure of 

PTP1bECKO mice relative to WT (n=15, WT and n=16 PTP1bECKO mice, mean±SEM; 

*P<0.05, Student t test; Repeated measures analysis using Kruskal-Wallis 1-way 

nonparametric ANOVA, K.W. statistics 30.08, P<0.001). C, Representative images of CD31 

stained Matrigel sections from Wt (and PTP1bECKO mice with FGF2 and VEGF treatment. 

D, Quantification of CD31 staining of Matrigel sections, note difference in VEGF response 
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between WT and PTP1bECKO mice but not to FGF2 (n=10 each of WT and PTP1bECKO 

mice, mean±SEM,;*P<0.05, Student t test).
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Figure 5. 
Phosphotyrosine phosphatase 1b (PTP1b) endothelial cell knockout (KO) mice show 

increased recovery in the hindlimb ischemia model. A, Representative laser Doppler images 

of the time course of perfusion in hindlimbs of PTP1bECKO and WT mice before and after 

hindlimb ischemia surgery. B, Quantitative analysis of laser Doppler images indicates 

significant alterations in hindlimb reperfusion starting at 3 days after femoral artery ligation 

in PTP1bECKO mice (white bars, n=7 mice) relative to WT mice (black bars, n= mice; mean

±SEM, *P<0.05). C, Representative micro-CT images of wild-type (WT) and PTP1bECKO 

mice 7 days after HLI. D and E, Quantitative micro-CT analysis of arterial vasculature 

above and below the knee in PTP1bECKO mice (white bars, n=7500 cross-sections per 

mouse) and WT mice (black bars, n=5500 cross-sections per mouse) 7 days after common 
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femoral artery ligation. Note a marked increase in total number of <120-μm-diameter vessels 

in PTP1bECKO mice relative to WT littermates in thigh and calf (mean±SEM, * P<0.05). 

Statistical significance was assessed using a Mann-Whitney U test and repeated measures 

analysis performed using 1-way nonparametric ANOVA (Kruskal Wallis test) P<0.001 for 

all trends.
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Figure 6. 
Phosphotyrosine phosphatase 1b (PTP1b) endothelial cell knockout in synectin knockout 

mice rescues blood flow recovery in the hindlimb ischemia model. A, Representative laser 

Doppler images of the time course of perfusion in hindlimbs of PTP1bECKO, synectin KO, 

PTP1bECKO/synectin KO and wild-type mice before and after hindlimb ischemia surgery. B) 

Quantitative analysis of laser Doppler images indicates a significant decrease in hindlimb 

reperfusion after femoral artery ligation in synectin KO mice (black bars, n=7) and an 

increase in reperfusion in PTP1bECKO mice (stippled bars, n=11) relative to wild-type mice 

(white bars, n=7). Note that the decrease in reperfusion in synectin KO mice is rescued by 

crossing with PTP1bECKO mice (grey bars, n=4; mean±SEM, *P<0.05). Statistical 

significance was assessed using Kruskal-Wallis and Mann–Whitney U tests and repeated 
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measures analysis performed using 1-way nonparametric ANOVA (Kruskal Wallis test). 

P<0.001 for all trends.
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