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Abstract

BACKGROUND: Hematopoietic stem cell (HSC) therapy has shown promise for tissue 

regeneration after ischemia. Therefore, there is a need to understand mechanisms underlying 

endogenous HSCs activation in response to ischemic stress and coordination of angiogenesis 

and repair. SHP-1 plays important roles in HSC quiescence and differentiation by regulation of 
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TGF-β1 signaling. TGF-β1 promotes angiogenesis by stimulating stem cells to secrete growth 

factors to initiate the formation of blood vessels and later aid in their maturation. We propose that 

SHP-1 responds to ischemia stress in HSC and progenitor cells (HSPC) via regulation of TGF-β1.

METHODS: A mouse hind limb ischemia model was used. Local blood perfusion in the limbs 

was determined using laser doppler perfusion imaging. The number of positive blood vessels 

per square millimeter, as well as blood vessel diameter (μm) and area (μm2), were calculated. 

Hematopoietic cells were analyzed using flow cytometry. The bone marrow transplantation assay 

was performed to measure HSC reconstitution.

RESULTS: After femoral artery ligation, TGF-β1 was initially decreased in the bone marrow 

by day 3 of ischemia, followed by an increase on day 7. This pattern was opposite to that in the 

peripheral blood, which is concordant with the response of HSC to ischemic stress. In contrast, 

SHP-1 deficiency in HSC is associated with irreversible activation of HSPCs in the bone marrow 

and increased circulating HSPCs in peripheral blood following limb ischemia. In addition, there 

was augmented autoinduction of TGF-β1 and sustained inactivation of SHP-1-Smad2 signaling, 

which impacted TGF-β1 expression in HSPCs in circulation. Importantly, restoration of normal 

TGF-β1 oscillations helped in the recovery of limb repair and function.

CONCLUSIONS: HSPC-SHP-1-mediated regulation of TGF-β1 in both bone marrow and 

peripheral blood is required for a normal response to ischemic stress.
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Vascular remodeling that manifests as inflammation and fibrosis is a major consequence of 

ischemic stress seen in both physiological injuries and cardiovascular diseases, including 

myocardial infarction, cardiomyopathy, and peripheral vascular disease. Hind limb ischemia 

(HLI) models of varying severity and animal background are frequently used to mimic 

the physiological and pathological mechanisms for vascular remodelling under conditions 

of ischemic stress. The healing in both physiological and pathological processes is often 

times challenging due to poor cell/tissue regeneration and maladaptive repair. There are data 

supporting a major role for endogenous stem cells in the response to ischemic stress due to 

their rapid activation, mobilization, and secretion of angiogenic factors.1 Specifically, studies 

show that bone marrow (BM)-derived stem cells, such as hematopoietic stem cells (HSCs), 

play obligatory roles in vascular repair.1-5 Therefore, there is keen interest in utilizing and 

enhancing the potential of HSCs in ischemic repair. HSCs switch from a quiescent status 

during homeostasis and become activated to proliferate and differentiate in response to 

different stressors, such as ischemia, infection, chemotherapy, or radiation.6,7 For example, 

FGF1 (fibroblast growth factor 1) signaling has been shown to stimulate HSC expansion 

under a chemotherapeutic challenge.8 However, the mechanisms that lead to the switch in 

HSC status during ischemia stress are not well understood.9

Src homology region 2 domain-containing phosphatase 1(SHP-1) homology region 2 

domain-containing phosphatase 1(SHP-1), a Src homology 2 domain–containing protein 

tyrosine phosphatase, is primarily expressed in hematopoietic cells, with low expression 

in muscle, bone, and connective tissue. SHP-1 is a negative regulator in the signaling 
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pathways of many growth factors and cytokine receptors.10-12 Previously, we identified 

SHP-1 as a novel intrinsic regulator of HSC quiescence in the BM that functions via binding 

to the immunoreceptor tyrosine-based inhibitory motif (ITIM) of Transforming growth 

factor beta-1 proprotein (TGF-β1) receptor (TβR1) and facilitates TGF-β1 signaling.13 

Intriguingly, the role of SHP-1 is context-dependent. On the one hand, deficiency of 

SHP-1 has been associated with several human inflammatory diseases, including psoriatic 

inflammatory skin disease,14 multiple sclerosis,15 and human allergies and asthmatic 

disease,16,17 and overexpression of SHP-1 leads to potent suppression of hepatocellular 

carcinoma and metastasis.18 On the other hand, SHP-1 is an oncogene in the context of 

acute myeloid leukemia.19 However, the role of SHP-1 in the regulation of HSCs response to 

ischemic stress is unknown.

Cytokines are known to regulate HSC function through autocrine or paracrine effects. 

Several cytokines, such as TGF-β1, CXCL12, GM-CSF, and G-CSF that are differentially 

expressed under ischemia stress, have been shown to regulate HSC function.19-22 TGF-β1 

is believed to play a crucial role in mediating the function of HSC in inflammation, vessel 

formation, and fibrosis in injured tissues.23,24 TGF-β1 is a pleiotropic cytokine that plays 

an essential role in angiogenesis during ischemic stress,25 as well as a pivotal role in 

BM homeostasis.26 We and others have previously shown that TGF-β1 in concert with 

SHP-1 signaling is required for the maintenance of HSCs quiescence in the BM as well as 

angiogenesis.13,27 Because TGF-β1 has other functions beyond vascular biology, its effects 

are complex and pathways are not always well defined.25,28 Therefore, the precise regulation 

of TGF-β1 under conditions of ischemic stress needs further understanding, which can 

facilitate the targeting of TGF-β1 in cardiovascular diseases.

To understand the role of SHP-1 and its interaction with TGF-β1 in regulating the function 

of HSC under ischemia stress, we used a 1-step HLI model. We performed HLI in C57BL/6J 

mice because the blood flow recovery after femoral artery ligation (FAL) is fast and reliable 

as this strain has an extensive pre-existing collateral artery network, and a greater capacity 

to recruit collateral arteries.29 We examined the dependence of HLI repair on SHP-1 in 

endogenous HSC and progenitors cells (HSPC) by utilizing a HSPC-specific deletion of 

the SHP-1 mouse model and the mechanisms underlying the dependence. We found that 

TGF-β1 dysregulation in both BM and peripheral blood (PB) in SHP-1-deficient mice leads 

to a defective response of HSPCs to ischemic stress and repair.

METHODS

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Mice

C57BL/6J, CD45.2, CD45.1 mice were purchased from Charles River, Inc. To obtain an 

HSPC-specific deletion of Shp-1, C57BL/6J mice carrying the loxP-flanked Shp-1 gene 

(B6.129P2-Ptpn6tm1Rsky/J [Shp-1fl/fl], Jackson laboratory)30 were crossed with transgenic 

C57BL/6J mice expressing the tamoxifen-inducible Cre recombinase under the control of 

stem cell leukemia (Scl) HSC enhancer (Scl-Cre ER mice were provided by J.R. Gothert).31 
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Shp-1 genotyping PCR primers were the following: (1) 5’-ACC CTC CAG CTC CTC 

TTC-3’, (2) 5’-TGA GGT CCC GGT GAA ACC-3’, and (3) 5’-TGT TAT GCA TGT 

GTG TAT CG-3’. The Scl-Cre-ER genotyping PCR primers were the following: (1) 5’-

GAACCTGAAGATGTTCGCGAT-3’ and (2) 5’-ACCGTCAGTACGTGAGATATC-3’. To 

induce expression of Cre-ER recombinase, mice received tamoxifen via intraperitoneal 

injection (Sigma, 1 mg/0.1 ml of corn oil) as described.31

All mouse strains used in this study had a C57BL/6J genetic background. Animals were 

randomly assigned to the experiments after genotyping with the same sex, similar age 

group (6–8 weeks old) and approximately same weight. For HLI model, only male mice 

were used because of the higher blood flow recovery after ischemic stress.32 The figure 

legends detail the number of animals used per study. The investigators were not blinded 

to the allocation of animals during the experiments and outcome assessment. The major 

content of the standard laboratory diet is formulated with 20% protein diet and 4.5% 

fat. The source and diet number can be found (https://www.labdiet.com/cs/groups/lolweb/

@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028436.pdf) All procedures 

were approved in advance by the Institutional Animal Care and Use Committee of the 

University of Missouri (MU) and performed in the animal facility of MU.

Creation of Hind Limb Ischemia Model, Blood Flow, and Functional Measurement of 
Ischemic Hind Limb

FAL was performed to affect hind limb ischemia in the mice as described.33,34 Briefly, 

mice were anesthetized with air anesthesia (1.25% isoflurane/O2), and the animal’s body 

temperature was maintained at 37±0.5 °C. The left femoral artery was exposed through a 

3-mm incision with minimal retraction and tissue disturbance. A 7.0-ligature was placed 

distal to the origin of the lateral caudal femoral and superficial epigastric arteries (the 

latter was also ligated) and proximal to the genu artery. The femoral artery was transected 

and separated by 1 to 2 mm between the sutures. The incision was cleaned and treated 

with saline before being closed. Local blood perfusion in the limbs was determined using 

laser Doppler perfusion imaging (LDPI, Moor Instruments, Devon, United Kingdom) pre-

operatively, 30 minutes post-operatively and at day 3, 7, 14, and 21 post-operatively. Before 

imaging, excess hair was shaved from the limbs of mice, and the animals were placed on a 

heating pad set to 37 °C to reduce temperature variance. Blood flow in the right limb was 

also monitored as a baseline control. Blood flow recovery was measured using the ratio of 

left ischemic limb blood flow/right normal limb blood flow. Treadmill test was performed 

as described33 to evaluate functional recovery of the ischemic limb. Functional recovery was 

reflected by running time for each mouse on a rodent treadmill equipped with an electric 

grid at the rear. Mice were made to run continuously until fatigued (indicated by falling on 

the electric grid twice) at days 3, 7, and 21 after limb ischemia and the running time was 

recorded. Two different experiments were carried out, each with 8 Shp-1+/+ and Shp-1−/− 

mice.

Immunofluorescence Staining and Quantification

Femurs or tibias were perfused with PBS before removal and fixed with 4% 

paraformaldehyde. Frozen sections were retrieved using 1 μg/ml proteinase K in TE buffer 
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(100 mM Tris-HCl, pH 8.0, and 50 mM EDTA) at 37 °C for 30 minutes. Blocking was 

done with Universal Blocking Reagent (HK112-5K; BioGenex). Sections were incubated 

overnight with α - Smooth Muscle Actin Antibody (R&D system) at 4 °C. Secondary 

staining was done with donkey anti–mouse AF555 (Invitrogen; 1:500) at room temperature 

for 1 hour. DAPI stock solution was diluted to 300 nM in PBS, and 300 mL was added 

to the coverslip preparation for 1 minute. Sections were rinsed 3× in PBS, excess buffer 

drained from the coverslip, and mounted with Thermo Scientific Shandon ImmuMount 

medium. Image stitching was done to capture the entire specimen at high magnification and 

seamlessly create a single high-resolution image. For high-resolution 3-dimensional images, 

images were captured with Keyence BZ-8000 fluorescence microscope with a 20× objective 

(resulting in ≈ 200× magnification; the zoom function of the camera was also employed). 

The number of positive blood vessels per square millimeter, as well as blood vessel diameter 

(μm) and area (μm2), were calculated from 5 tissue sections (8 μm) in each mouse (from the 

low frontal muscles).

Flow Cytometry

We used BD Accuri C6 Plus Flow Cytometer or Cytek Aurora flow cytometry machines 

to analysis of mouse PB, BM, hematopoietic cells were labeled with antibodies from 

Biolegend (San Diego, CA) unless specifically indicated. The intracellular staining was 

performed using the Foxp3/Transcription factor staining set (eBioscience, Grand Island, 

NY) and Fixation/Methanol protocol (eBioscience, Grand Island, NY) provided by the 

manufacturers. After harvesting 1 million mononuclear cells and analyzing them using 

Flowjoo software, HSPCs are sequentially gated through single-cell gate, nucleated cell 

gate, and lineage-negative cell gate, and then selected as Sca-1+cKit+CD150+CD48−, or 

Sca-1+cKit+CD34− FLK2−. The antibodies used have been listed in Major Resources 

Table. Please see the Major Resources Table in the Supplemental Material.

Mouse Competitive Reconstitution Analyses

Five hundred Sca-1+cKit+CD150+CD48− BM HSC (CD45.2) isolated by flow cytometry 

sorting machine (Beckman Coulter MoFlo XDP) from Shp-1+/+ and Shp-1−/− mice 3 days 

after FAL surgery were mixed with 2×105 CD45.1 competitor BM cells, and the mixture 

was injected intravenously into 6 to 8-week-old CD45.1 mice irradiated with a total dose 

of 10 Gy. To measure reconstitution, PB was collected at the indicated time points after 

transplantation, and CD45.2+ cells were measured as described before.13

Cytokine Analyses

Cytokine concentrations in plasma and BM extracellular fluid were determined using the 

LEGENDplex Multi-Analyte Flow Assay Kit (BioLegend, San Diego, CA), a bead-based 

immunoassay that quantifies multiple soluble analytes in biological samples simultaneously 

by flow cytometry. Briefly, a custom mouse cytokine and chemokine panel was employed to 

measure the concentrations of the designated cytokines/chemokines. For measurements with 

the LEGENDplex Multi-Analyte Flow Assay Kit, FACSVerse (BD Biosciences, San Jose 

CA) was employed, and data were evaluated with the LEGENDplex Data Analysis software. 

Specific to TGF-β1, measurements were further analyzed using the mouse TGF-β1 ELISA 

kit (LEGEND MAXTM free active TGF-β1 ELISA Kit No. 437707, BioLegend). The 
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assays were performed in 96-well plates, following the manufacturer’s instructions and were 

recorded using a microplate photometer (Fisherbrand, Pittsburgh, PA).

TGF-β1 Luciferase Assay

We used Poly J (SignaGen Laboratories) to transiently transfect 293T cells with a TGF-β1-

responsive luciferase reporter construct8 and a Renilla luciferase (pRL-SV40; Promega) 

vector. Twenty-four hours after transfection, cells were serum starved in 1% FBS Opti-

MEM and then incubated for 16 hours with bone marrow supernatant (harvested as BM 

extracellular fluid in PBS) from Shp-1+/+ and Shp-1−/− mice. PBS or 5 ng/mL TGF-β1 

(BioLegend) were used as negative and positive controls, respectively. Experiments were 

performed in triplicate. We used the Dual Reporter Assay (Promega) to quantify luciferase 

reporter activity and calculated relative luciferase activity as the ratio of luciferase units to 

Renilla units, as described before.35

Colony Assays

Mouse BM cells were diluted to the indicated concentration in IMDM with 2% FBS 

and were then seeded into methylcellulose medium M3434 (2×104/ml; STEMCELL 

Technologies, Cambridge, MA) for colony formation analysis, as previously described.36

Western Blotting

Cells were lysed in Laemmli sample buffer (Sigma-Aldrich, St. Louis, MO) supplemented 

with protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Samples were 

separated on SDS–PAGE gels (Bio-Rad, Hercules, CA) and transferred to nitrocellulose 

membranes (Bio-Rad, Hercules, CA) for protein detection as described. The antibodies used 

have been listed in Major Resources Table in the Supplemental Material.

Quantitative RT-PCR

RT-PCR was performed on 5 ng total RNA with gene-specific primers (as shown below) 

and a QIAGEN One Step RT-PCR kit (210210; Qiagen, Germantown, MD) according to the 

manufacturer’s protocol. β-actin was used as the reference gene to normalize the relative 

expression for quantitative RT-PCR analysis. RT-qPCR primers used in this study were as 

follows: shp-1: forward (5′- ACT ACC AGA GAG GTG GAG AAA-3′) and reverse (5′- 
GGT CAC AGA GTA GAG ACC ATA GAT-3′), tgfb1: forward (5′-AAG ACC TGG GTT 

GGA AGT G-3′) and reverse (5′-CTT CTC CGT TTC TCT GTC ACC CTA T-3′), β-actin: 

forward (5′-GCT CTT TTC CAG CCT TCC TT-3′), and reverse (5′- CTT CTG CAT CCT 

GTC AGC AA-3′).

Chromatin Immunoprecipitation Assay

A ChIP assay was performed as described previously.37 In brief, formaldehyde-

crosslinked chromatin was prepared from PB Lin− cells and immunoprecipitations 

were performed using the Chip Assay Kit according to the manufacturer’s 

recommended protocol (Upstate Biotechnology). DNA was recovered with the PCR 

Purification Kit (QIAGEN) and then subjected to real-time PCR analysis. Pairs of 

real-time PCR primers were used for amplification of promoter segments of the 
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mouse tgfb1 gene (forward: 5’-GCGGATCCTCCAGACAGCCA-3’ and Reverse 5’-

ACTCCGAGTGCGGCTCAGAG-3’).38

TGF-β1 Blocking Assay

Shp-1+/+ and Shp-1−/− mice were given one of the following antibodies, intravenously for 4 

days, after the hind limb ischemia model was established as described39,40: anti-TGF-β1 

(19D8, Biolegend, 150 μg/shot) or IgG (RTK2758, Biolegend, 150 μg/shot). All mice 

participated in treadmill test, blood flow and blood vessel measurements on day 21 to assess 

for recovery.

Quantification and Statistical Analysis

Data are expressed as mean±SEM. Median and IQR are given in Appendix A. Statistical 

analyses were performed using GraphPad Prism Version 9.0 (Graph Pad Prism Software, 

Inc, San Diego, CA) and SAS version 9.4. Specific details on how many independent 

biological samples or mice were included in an experiment or how many times experiments 

were repeated independently are given in the corresponding figure legends. Two-group 

comparisons were performed using Mann-Whitney Rank-sum test, and multigroup 

comparisons were performed using the Kruskal-Wallis 1-way ANOVA on ranks test with 

Dunn post hoc test. P<0.05 was considered statistically significant. Test for Median score 

was performed to compare median outcomes between 2 groups overall or at fixed time 

point (see Appendix A). Boxplots were used for visualization of the quantiles (see Appendix 

B). To compare outcomes between 2 groups, for the repeated data (repeated measure on 

same subjects at different days), Friedman’s 2-way nonparametric ANOVA was performed 

by computing the ranks for the outcome variables by “Day” variable and then using the 

ANOVA procedure on ranks (see Appendix C). The R-squared measure was used to assess 

the goodness of model fit.

RESULTS

Loss of Shp-1 in HSCs Impairs Recovery of Blood Flow and Function After Limb Ischemia

To examine the role of SHP-1 in HSPC response to ischemic injuries, we generated 

tamoxifen-inducible deletion of shp-1 in HSCs (Scl-cre+ER; Shp1flox/flox mice, Shp-1−/− 

knockout [KO] mice)31,41 and utilized a classic HLI model. We chose to create the 

ischemia model in C57BL/6J mice over other strains, such as nude mice, to allow fast 

recovery of circulation in the ischemic leg and to prevent possible critical limb ischemia, 

fluctuations in blood pressure and heart rate, and to prevent ongoing immune complications 

more common in strains other than C57BL/6J. Shp-1−/− mice and control Scl-cre−ER; 
Shp1flox/flox(Shp-1+/+) mice were subjected to limb ischemia by FAL of the left hindlimb 

(Figure 1A). Shp-1 deficiency in HSC significantly increased the incidence of defective 

repair compared with wild type (WT, Shp-1+/+ mice) control (P corresponding to Fisher 

exact test are 0.0014, 0.0256 for limb salvage, and toe necrosis, respectively). Shp-1−/− HLI 

mice underwent limb loss (12.5%, 1 of 8) or toe necrosis (62.5%, 5 of 8) with only 1 

case of limb salvage. On the other hand, all the Shp-1+/+ HLI mice exhibited limb salvage 

(Figure 1B). The ratio of blood flow (left ischemic limb blood flow/right normal limb blood 

flow) and treadmill running time were measured at different time points to evaluate recovery 

Wang et al. Page 7

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 March 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of blood flow and muscle function in mice after acute HLI. Post-FAL, there was gradual 

recovery of blood flow in Shp-1+/+ control mice, with 25.3%, 32.5%, and 71.5% of blood 

flow recovered on day 3, day 7, and day 21 after ischemia, respectively. The recovery 

of blood flow correlated with functional recovery of the ischemic limb as determined by 

an increase in treadmill running time from 56±11 minutes at day 7 to 216±35 at day 21. 

In contrast, following an initial recovery of blood flow on day 3 (17.6%), blood flow in 

Shp-1−/− mice did not recover further. In fact, it dropped lower at days 7 (14.3%), and 

21 (9.6%) post-FAL (Figure 1C and 1D), indicating a lack of recovery. Consistent with a 

lack of blood flow recovery, functional recovery of the ischemic limb of Shp-1−/− mice was 

absent (Figure 1E). Visual assessment of capillary density in limb tissue revealed that on 

day 3, both Shp-1+/+ and Shp-1−/− mice possessed an equal number of capillaries. However, 

further increase in capillary density was mitigated in Shp-1−/− mice, while the Shp-1+/+ 

control mice exhibited continuous increase through Day 21. Upon quantitation, capillary 

density levels in Shp-1+/+ mice increased after FAL (by 2.4-fold at day 21 versus day 3) 

in Shp-1+/+ mice, whereas they decreased drastically in Shp-1−/− mice (0.4-fold less at day 

21 versus day 3; Figure 1F and 1G). In addition, both the density and vessel diameter 

size of arterioles in the ischemic area of Shp-1−/− mice significantly decreased on day 21 

compared with day 3 (P were P=0.0122 and 0.0027 corresponding to MWU test and Median 

test, respectively), while Shp-1+/+ mice exhibited an increase, which is consistent with 

the capillary density analysis above (Figure 1H through 1J). Taken together, these results 

indicate that Shp-1 deficiency in HSCs impairs the angiogenic response to ischemic injury.

SHP-1 Deficiency Is Associated With Excessive and Irreversible Activation of HSPCs in the 
BM of the HLI Model

To investigate how SHP-1 deletion affects HSC after ischemic injury, we examined the 

phenotype of HSPCs in the BM of Shp-1−/− and compared with Shp-1+/+ control mice. 

Ischemic stress leads to the activation of quiescent HSC in Shp-1+/+ control mice, followed 

by the sequential expansion of HSPCs from day 3 to day 7, which we consider to be the 

critical period of HSC regeneration. We observed small but significant increases in the 

frequency and absolute number of long-term HSCs (LT-HSCs; CD34−FLK2−Lin−Sca1+c-

KIT+ (LSK); 41%- and 26%-increase at day 3, P were <0.001 for both MWU and Median 

tests), short-term HSCs (ST-HSCs; CD34+FLK2− LSK; 38%- and 21%-increase at day 3, 

P were <0.001 for both MWU and Median tests), and multipotent progenitor cells (MPPs; 

CD34+FLK2+ LSK; 27%- and 33%-increase at day 3; 35%- and 42%-increase at day 7, P 
were <0.001 for both MWU and Median tests) at different time points (Figure 2A through 

2D). Twenty-one days after FAL, these changes reverted to normal levels in Shp-1+/+ 

control mice. In contrast, Shp-1−/− mice exhibited a larger increase in HSC expansion 

under ischemic stress 3 days after FAL, the frequency, and the numbers of LT-HSC (78%- 

and 82%-increase), ST-HSC (46%- and 48%-increase), and MPP (56%- and 54%-increase) 

intensely increased (Figure 2A through 2D). At 21 days after FAL, the increase in total 

HSPC number remained persistent in Shp-1−/− mice compared with Shp-1+/+ control mice, 

which is consistent with the changes of downstream progenitors of different lineages, 

including granulocyte-macrophage progenitor, common myeloid progenitor, megakaryocyte-

erythroid progenitor, and common lymphoid progenitor (Figure 2E). Moreover, further 

downstream lineage changes, such as the dynamic shift in macrophage polarization toward 
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M1 in Shp-1−/− mice at day 21 (Figure S1A and S1B), corroborates with the opinion that 

macrophage plasticity plays an important role in coordinating muscle repair.42 To identify 

whether SHP-1 deficiency persistently increased HSC activation during ischemic stress, we 

analyzed the cell cycle profile of HSCs at different time points after FAL. Consistent with 

increases in the number of HSPCs, we observed small but significant changes in the cell 

cycle phases of HSC in Shp-1+/+ control mice (G0 phase 10.1% decrease, G1 phase 13.0% 

increase, and S/G2/M phase 21.2% increase) on day 3 after FAL, while HSC activation 

in Shp-1−/− mice was greater in magnitude and persistently elevated at day 3 (G0 phase 

18.6% decrease, G1 phase 18.3% increase, and S/G2/M phase 66.7% increase) and beyond, 

suggesting that SHP-1 controls the degree and duration of HSC activation in response to 

ischemic stress (Figure 2F through 2H; Figure S2). In summary, HSCs in the BM undergo a 

SHP-1-dependent transition from activation to quiescence in response to ischemic stress.

HSC Activation in Response to Ischemia Stress Is Controlled by SHP-1 In Vivo

To assess the direct ischemia healing effect of SHP-1-deficient HSCs, we first performed a 

competitive repopulation assay by using Shp-1+/+ or Shp-1−/− HSC and then evaluated the 

blood flow recovery in these experimental mice (Figure 3A). We transplanted 500 LT-HSCs 

from the BM of Shp-1+/+ or Shp-1−/− mice 3 days after FAL, together with competitor 

cells, into lethally irradiated CD45.1 recipient mice. Consistent with the in vitro finding 

that ischemic stress enhances HSC activation, BM cells from both Shp-1+/+ and Shp-1−/− 

mice showed a high level of donor cell reconstitution at an earlier time point (54.6% versus 

60.4%; P=0.083; Figure 3B). However, the engraftment of Shp-1+/+ HSCs decreased after 4 

weeks (48.2% at 8 weeks, 45.4% at 12 weeks, 43.7% at 16 weeks, and 44.3% at 24 weeks), 

while the engraftment of Shp-1−/− HSCs continued to maintain at a high level (61.2% at 8 

week, 59.9% at 12 weeks, 63.4% at 16 weeks, and 61.9% at 24 weeks). We performed FAL 

surgery on these hematopoietically reconstituted mice 8 months following HSC grafting. 

Consistent with the findings in Figure 1, there was increase in toe necrosis (66.7%, 4 of 6) 

in SHP-1 deficient HSCs reconstituted mice, when compared with WT HSCs reconstituted 

mice (Figure 3C). Furthermore, both the blood flow ratio (Figure 3D and 3E) and treadmill 

running time (Figure 3F) measured at 21 days after FAL showed significant reductions 

in SHP-1-deficient HSCs reconstituted mice. Consistent with the functional measurements, 

the angiogenic response to ischemic injury evaluated by the density of both capillaries 

(Figure 3G) and arterioles (Figure 3H and 3I) decreased greatly in the ischemic area of 

SHP-1-deficient HSCs reconstituted mice compared with that of WT HSCs reconstituted 

mice. Overall, these results directly support the premise that SHP-1 modulates the level of 

HSC activation in vascular repair and functional recovery in response to ischemic stress.

TGF-β1 Regulation of HSC Activation in Ischemic Stress Is Impaired by SHP-1 Deficiency

TGF-β1 is the dominant signal in the BM that maintains HSC quiescence by suppressing 

HSC proliferation.8,43 We previously demonstrated that SHP-1 interacts with TβR1 and is 

required for TGF-β1 signaling in HSC for maintenance of HSC quiescence.13 However, it is 

not known if the TGF-β1 signal responds to ischemic stress and whether SHP-1 modulates 

this response. First, we analyzed the alterations in concentration of several cytokines known 

to be involved in the regulation of HSC upon stress, including TGF-β1, CXCL12, G-CSF, 

GM-CSF in BM extracellular fluid at different time points after surgery.19-22 Ischemic 
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stress led to a sharp decrease in free-active TGF-β1 in the BM of both Shp-1+/+ mice and 

Shp-1−/− mice. In Shp-1+/+ mice, the concentration of TGF-β1 in the BM started to return 

to baseline by the seventh day after FAL and was fully back to baseline level after 21 days, 

while in Shp-1−/− mice, the TGF-β1 levels remained low in the BM at both time points 

(Figure 4A, Figure S3A). When the other cytokines were screened, they were all low at 

Day 0 and increased to their peak by Day 7 or Day 21. Moreover, this pattern was not 

significantly different between the Shp-1+/+ and Shp-1−/− mice (Figure S3B through S3D). 

Next, we measured the change in biological activity of TGF-β1 by stimulating a luciferase 

reporter with BM extracellular fluid from Shp-1+/+ and Shp-1−/− mice that underwent FAL. 

We observed that TGF-β1 activity mimicked the in vivo cytokine levels at Days 0, 3, 7, 

and 21 (Figure 4B). The concentration changes and the biological activity of TGF-β1 in 

the BM correlated well with the activation of HSPCs we observed in Figure 2, which 

suggests that TGF-β1-SHP-1 signaling is an important intrinsic regulatory mechanism for 

HSC quiescence and activation in response to ischemia stress. Next, to assess how SHP-1 

mediated TGF-β1 signaling regulates HSC activation in ischemia stress, we performed the 

colony-forming unit assay. TGF-β1 treatment significantly suppressed the colony-forming 

unit activity of BM HSCs obtained from Shp-1+/+ mice 3 days after FAL. In contrast, 

there was no discernible difference in the colony forming ability of corresponding HSCs 

from Shp-1−/− mice after TGF-β1 treatment (Figure 4C). Furthermore, the Shp-1+/+ BM 

HSCs exhibited an increased G0 phase fraction (from 52% to 58.3%) and concomitantly a 

reduced G1 phase fraction (from 42.3% to 39.1%) and a G2/M phase fraction (from 4.3% to 

2.5%) after TGF-β1 treatment. In contrast, the cell cycle profile of Shp-1−/− BM HSCs did 

not change significantly after TGF-β1 treatment (Figure 4D). Taken together, these results 

indicate that SHP-1 is necessary for the shift of the HSC state back from activation to 

quiescence in the BM during resolution of ischemia stress.

SHP-1-Deficient HSPCs Accumulate in the PB After FAL

HSPCs that are mobilized from the BM to the peripheral circulation by ischemic stress, play 

a key role in the ischemic angiogenesis process.9,44,45 To assess the response of HSPCs 

to ischemic stress from FAL, we measured the circulating HSPCs in the PB of Shp-1+/+ 

and Shp-1−/− mice. In Shp-1+/+ mice, the number of HSPCs (LSK cells) in the PB rapidly 

increased by day 3, remained high at day 7 (30.7- and 19.7-fold, respectively) and then 

reverted toward baseline numbers at day 21 (2.8-fold). In contrast, the increase of HSPCs 

in the PB of Shp-1−/− mice was similarly rapid but sustained at high levels (30.1-, 50.3-, 

and 68.9-fold at day 3, 7, and 21, respectively; Figure 5A and 5B), which parallels the 

accumulation of SHP-1-deficient HSPCs in the BM after FAL (Figure 2). Consistent with 

Shp-1 deletion only in HSPCs (Figure 5C) and not other hematopoietic cells in PB, the 

assessment of cell frequency of other hematopoietic cells in the PB, such as dendritic 

cells, natural killer cells, T cells, B cells, monocytes, and megakaryocytes/platelets, did 

not show significant differences between Shp-1+/+ mice and Shp-1−/− mice upon ischemic 

stress (Figure S4A through S4G), although they were differentially regulated in response to 

stress. Furthermore, cytokines involved in HSPC trafficking, such as CXCL12, G-CSF, and 

GM-CSF, reacted similarly to the ischemic stress in the BM and PB of Shp-1+/+ mice and 

Shp-1−/− mice (Figure S5A through S5C). Together, these results suggest that overactivation 
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of HSPCs in the BM in response to ischemic stress is likely responsible for the accumulation 

of Shp-1−/− HSPCs in the circulation.

SHP-1-Smad2 Signaling Suppresses Autoinduction of TGF-β1 in HSPCs in the Circulation 
in Response to Ischemic Stress

SHP-1 is considered as a negative regulator of inflammation and fibrosis that functions 

via inhibiting the production of proinflammatory cytokines, including TGF-β1.46-49 To 

explore how accumulated Shp-1−/− PB HSPCs affect angiogenesis in ischemic limb, we first 

measured the free/active TGF-β1 in PB at different time points after surgery (Figure 6A; 

Figure S6A). Surprisingly, the change in TGF-β1 levels in PB, is polar opposite of the trend 

in BM after FAL. TGF-β1 levels in the PB of both Shp-1−/− and Shp-1+/+ mice increased 

3 days after FAL, but they remained high in Shp-1−/− mice even at 21 days after surgery. 

In comparison, the TGF-β1 levels returned to baseline in Shp-1+/+ mice. To determine the 

source of the TGF-β1 level shift, we measured the LAP (latency-associate peptide, latent 

TGF-β1) in hematopoietic cells, in circulation at different time points after FAL, by flow 

cytometry analysis. Interestingly, LAP levels in HSPCs changed in the same direction that 

HSPC concentrations did, in Shp-1+/+ mice and Shp-1−/− mice after ischemic stress, that 

is, LAP increased dramatically in HSPCs after ischemic stress (Day 3) and returned to 

baseline levels in Shp-1+/+ mice but remained high in Shp-1−/− mice (Figure 6B). To test 

whether LAP level change in HSPCs is dependent on SHP-1, we measured the LAP levels 

in other lineage cells in both Shp-1−/− and Shp-1+/+ mice at 21 days after FAL. Indeed, 

there was no significant difference in LAP levels of natural killer cells, dendritic cells, and 

MKs/platelets, which are known to secrete TGF-β1 (Figure S6B). Furthermore, we isolated 

PB HSPCs from Shp-1−/− and Shp-1+/+ mice at 21 days after FAL and cultured them for 

6 hours and measured the concentration of TGF-β1 secreted into the culture medium by 

ELISA. We found that HSPCs of Shp-1−/− mice produce 43.2× more active TGF-β1 than 

that of Shp-1+/+ mice (Figure 6C). Together, these findings suggest that HSPCs are the major 

sources of TGF-β1 over-production in the PB of Shp-1−/− mice after FAL.

Next, we explored the mechanisms for dysregulated TGF-β1 secretion by SHP-1-deficient 

HSPCs that accumulated in the PB after FAL. TGF-β1 transcription is induced by ischemia 

stress in both Shp-1+/+ and Shp-1−/− HSPCs. While the transcripts declined to normal levels 

in Shp-1+/+ mice, they remained at very high levels in Shp-1−/− HSPCs at day 21 (Figure 

6D), which suggests that autocrine induction (autoinduction) of TGF-β1 might underlie 

activation of HSPCs in PB in the absence of SHP-1.38 To investigate this possibility, we 

added TGF-β1 (5 ng/ml) to HSPCs and discovered that exogenous TGF-β1 induced TGF-β1 

mRNA level in both Shp-1+/+ and Shp-1−/− HSPCs. Interestingly, Shp-1−/− HSPCs are more 

sensitive to this autoinduction (Figure 6E), which is consistent with endogenous TGF-β1 

upregulation in Shp-1−/− HSPCs and with the reports that SHP-1 negatively regulates 

TGF-β1 transcription level.13,18 Because Smad2 is a well-known transcriptional factor of 

TGF-β1 signaling in various cells50,51 and Smad2 negatively regulates TGF-β signaling in 

inflammatory cells,38 we further investigated Smad2 activity after FAL. We observed that 

ischemia stress can suppress Smad2 activity in Lin− cells in PB (Figure 6F and 6G; Figure 

S7). Importantly, the activity of SHP-1 and Smad2 changed synchronously in cells from 

Shp-1+/+ mice (Figure 6F), while SHP-1 deficiency led to persistently low levels of Smad2 
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activity, even at 21 days after FAL (Figure 6G). Notably, the total protein level of Smad2 

remained unchanged. Smad2 has been reported to be bound to the Smad-binding element 

(SBE)-rich region around the transcription initiation site of the Tgfb1 gene.38 To investigate 

the mechanism by which Smad2 activation regulates transcription of Tgfb1 in ischemic 

stress (Figure 6H), we quantitated the interaction between Smad2 and the promoter of Tgfb1 
via a chromatin immunoprecipitation (ChIP) assay. Consistent with the notion of Smad2 

inactivation and Tgfb1 transcription induction, Smad2 binding was quickly reduced after 

ischemic stress, and returned to the baseline levels 7 days later in Shp-1+/+ HSPCs, while 

this binding was similarly reduced but remained at the low levels after FAL in Shp-1−/− 

HSPCs (Figure 6I). Thus, we conclude that SHP-1-Smad2 signaling negatively regulates 

TGF-β1 production in HSPCs accumulated in PB after ischemic stress, and this negative 

regulation is absent in SHP-1-deficient HSPCs leading to persistence of TGF-β1 at high 

levels.

Restoration of TGF-β1 Oscillations and Signaling in PB Leads to Repair of the Ischemic 
Limb

To confirm whether the sustained increase and lack of oscillation in TGF-β1 levels in the PB 

of Shp-1−/− mice critically affects angiogenesis after ischemic stress, we treated mice with a 

TGF-β1 blocking antibody (19D8) and control IgG between day 3 and day 7 after FAL and 

checked for angiogenesis on day 21 (Figure 7A).40 TGF-β1 antibody treatment of Shp-1−/− 

HLI mice, reduced limb loss and limb necrosis, and increased the ratio of limb salvage 

(Figure 7B). Moreover, in vivo blockade of TGF-β1 in Shp-1−/− HLI mice, led to blood flow 

recovery (Figure 7C and 7D), significant functional restoration of the ischemic limb (Figure 

7E), as well as increased collateral vessel density and vessel diameter in the ischemic area 

(Figure 7F through 7H). Thus, our in vivo data demonstrates that SHP-1 controls TGF-β1 

signaling enforced regulation of angiogenesis under ischemic stress.

DISCUSSION

Ischemic injury in cardiovascular, musculoskeletal, and dermatological systems leads to 

induction of a stress response, whereby several different cell types and signaling events work 

in coordination to repair injured tissue.52-54 Depending on the context, the repair may lead 

to restoration of normal structure and function or lead to defective repair/fibrosis with loss of 

normal structure and function. Endogenous HSPCs are understood to contribute majorly to 

the repair process both via differentiation into cell types important in repair and the secretion 

of cytokines/chemokines that aid in repair.55,56 Herein, we demonstrate the dependence of 

endogenous HSPCs on SHP-1 for normal repair in the HLI model. Furthermore, it seems 

that SHP-1 regulation of TGF-β1 oscillations is important in the postischemic period as 

loss of this pattern in the PB and BM likely led to derangement of repair. Blockade of 

TGF-β1 on Day 3 after ischemia and restoration of normal TGF-β1 oscillation assisted in 

the recovery of limb function, highlighting the importance of SHP-1 control of TGF-β1 

oscillation as central to normal repair.

There is a keen interest in the use of stem cells in post-ischemic regeneration and repair. 

Exogenous stem cell therapy with endothelial progenitor cells, mesenchymal stem cells, and 
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BM-derived myeloid cells has been tested for their repair potential in various conditions of 

ischemia stress.54,57,58 However, these therapies have not lived up to their promise due to 

various factors, such as graft versus host disease, need for immunosuppression and resultant 

toxicity from antirejection medications, transformation of stem cells to a proinflammatory 

phenotype, and unsuccessful/inadequate homing and engraftment. In contrast, endogenous 

stem cells overcome many of these issues, although in some contexts, such as diabetes or 

other vascular disease, endogenous stem cell–mediated repair is not adequate. Therefore, 

there is a need to understand the mechanisms by which stem cell–mediated repair can be 

optimized.1 HSCs are capable of striking a balance between activation and quiescence in 

response to a broad variety of stresses.7,59 Our findings indicate that BM HSC are capable 

of a rapid response to ischemic stress and return to a stable quiescent state in 7 to 21 days 

post-ischemia. This “normal response” was disrupted in HSC-specific SHP-1-deficient mice, 

implicating SHP-1 as an important regulator of both HSC activation and quiescence. We 

previously demonstrated that SHP-1 interacts with TβRI and coordinates TGF-β signaling to 

regulate HSC quiescence in the BM during homeostasis,13 and in support of these findings, 

we found that ischemic injury could overactivate and persistently activate BM HSC in the 

presence of SHP-1 deficiency, which slowed down angiogenesis, blood flow, and recovery of 

limb function. In addition to its role in TGF-β1 regulation, SHP-1 is believed to function as 

a negative signal regulator associated with the phosphorylated ITIM of cell surface receptors 

in other cells, such as myeloid,60 T cells,61,62 and B cells,63 which suppresses activation of 

these immune cells and dependent immune diseases.62 However, further studies are needed 

to understand the long-term effects of SHP-1 deficiency in differentiated HSPCs. In the short 

term, our experiment was designed to establish ischemia rapidly after the introduction of 

tamoxifen, to confine the effect of SHP-1 to HSPCs while minimizing the influence on other 

hematopoietic cells due to differentiation.

In comparison to our study in nondiabetic conditions, studies in diabetic conditions showed 

that specific deletion of SHP-1 in smooth muscle cells partially restores blood flow 

reperfusion in the diabetic ischemic limb11,64 and deletion of angiotensin II type 2 receptor 

suppresses SHP-1 activation mediated suppression of VEGF. These results seem contrary 

to our findings, but actually may be in agreement with SHP-1’s role in the suppression 

of TGF-β1 secretion. Under conditions of diabetes, SHP-1 upregulation in smooth muscle 

cells may lead to suppression of TGF-β1 secretion (important for initiation of repair), 

which in turn leads to suppression of VEGF and PDGF secretion, thereby impairing 

ischemic repair. Therefore, the secretion of TGF-β1 found in different ischemic models 

and tissue-specific knockout systems likely underscores the context-dependence of SHP-1 

function. Other studies using siRNA targeting of Shp-1 observed that SHP-1 deficiency 

accelerates angiogenesis via increased VEGF signaling, likely through suppression of SHP-1 

in different cells that are not HSCs.10 Furthermore, SHP-1 may be important in maintaining 

the quiescence of HSCs in the BM and preventing the differentiation of HSCs peripherally.65 

When SHP-1 is not present, it may lead to activation of HSCs and differentiation into 

hematopoietic cells and secretion of TGF-β1.65 In our study, in addition to HSPCs, 

endothelial cells may have played a minor role in ischemic repair, as SCl-Cre is weakly 

expressed in endothelial progenitor cells,31 thereby affecting VEGF/PDGF secretion, factors 

that are important for ischemic repair.25
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A number of pro- and anti-inflammatory mediators have been implicated in the 

pathophysiology of cardiovascular diseases and in ischemia repair.23 Cytokines and 

chemokines are known to orchestrate the various steps of repair that either lead to successful 

repair or failure to heal. HSPCs and other cells involved in repair secrete and respond to 

these signals (autocrine and paracrine). Prominent among the signals are TGF-β1, CXCL12, 

G-CSF, and GM-CSF. TGF-β1 is known to be activated in the ischemic zone, and free/

active TGF-β1 (C-terminal peptide) is a major player in the maturation of blood vessels in 

angiogenesis after it is cleaved from LAP.66 In the BM, we found high levels of TGF-β1 

prior to ischemia at baseline, which plummeted to very low levels upon FAL, and these 

levels recovered gradually from Day 3 to Day 21, which is consistent with its role in 

maintaining homeostatic quiescence and promoting post-injury regeneration of HSCs.8,51 

We previously demonstrated that inhibition of TGF-β1 signaling significantly promoted 

HSC proliferation in homeostasis.13 Consistent with a role in maintaining quiescence, in this 

study, we discovered that in vitro TGF-β1 treatment of HSCs derived from animals at Day 3 

post-ischemia inhibited proliferation and colony formation. Furthermore, the switch between 

HSC activity and quiescence, regulated by TGF-β1, is SHP-1 dependent in both homeostasis 

and ischemic stress.

In contrast to the change in BM, the levels of active TGF-β1 in the circulation changed 

in the opposite direction following ischemia stress in HSPC-SHP-1 replete animals. There 

was an acute increase of TGF-β1 by Day 3 in the PB, which was followed by a steep 

decline to baseline by Day 21. This pattern was somewhat unexpected as ischemic tissues 

are believed to continuously secrete TGF-β1 to induce angiogenesis and repair. In the 

SHP-1-deficient mice, TGF-β1 levels increased in PB as expected, in response to ischemia. 

However, TGF-β1 levels never dropped to baseline by Day 21. The persistently high levels 

and loss of normal oscillations of TGF-β1 in the plasma of SHP-1-deficient mice correlated 

with high LAP protein and TGF-β1 mRNA expression in HSPCs and increased sensitivity to 

stimulus by TGF-β1. TGF-β1 has a pro- or antiangiogenic effect on blood vessel formation 

depending on the context.25,67 Studies have shown that latent TGF-β1 overexpression 

in keratinocytes may result in a severe psoriasis-like skin disorder, similar to SHP-1 

deficiency.68,69 Another study found that at Day 1 post-ischemia, wound macrophages 

secrete more TNF-alpha and IL-6, and less TGF-β1 than at Day 7.70 Yet another study 

found that expression of TGF-β1 is persistent in defective repair compared to normal wound 

healing, where receptor expression decreases during the remodeling phase. Investigators in 

this study suggest that the persistence of TGF-β receptor expression may trigger a feedback 

loop, resulting in a fibrotic phenotype.71 In agreement with these studies, we observed 

that the ischemic limb of Shp-1−/− mice had much greater fibrosis surrounding the surgery 

area 21 days after FAL, which could be linked to the persistently high level of TGF-β1 

in PB (Figure S8). Surprisingly, the number of HSPCs in circulation followed a similar 

pattern of fluctuation to TGF-β1 levels. We found that HSPCs and not MKs/platelets, 

natural killer cells, or DCs were mainly responsible for the fluctuation in TGF-β1 levels. 

We did not measure tissue TGF-β1 levels, which may also contribute to the TGF-β1 

fluctuation.72 When we looked at why TGF-β1 levels remained high, PB-HSPCs had a 

reduction in p-SHP-1 levels following ischemia, parallel to reduction in p-Smad2 levels, 

which were never restored to baseline levels. Autocrine induction has been suggested as 
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another important mechanism by which cells sense and respond to their surroundings.73 

Autoinduction of TGF-β1 is known in tumor cells74,75 and other hematopoietic cells38 and 

is an essential mechanism for TGF-β1 interaction with the environment. Our study supports 

the contribution of autoinduction to the persistently high TGF-β1 levels that we observed in 

the PB of SHP-1-deficient mice.

Previously, ischemic stress has been reported to trigger the mobilization of HSPCs from 

BM into PB,9 but the role of HSPCs in repair is unclear. Studies have shown that 

platelet infusion promotes bone marrow–derived cells mobilization into the circulation, bone 

marrow–derived cell recruitment into growing neovasculature, tumor vascularization, and 

blood flow restoration in ischemic limbs, whereas platelet depletion inhibits these effects. 

Thus, platelets are required for bone marrow–derived cell recruitment into ischemia-induced 

vasculature.76 Our data indicate that HSPCs play an important role in revascularization 

and function recovery likely by appropriately secreting TGF-β1, which is regulated by 

SHP-1. Although several other hematopoietic lineage cells including MKs/platelets,77 

dendritic cells,38,78 and natural killer cells79 produce high amounts of TGF-β1 in response 

to ischemic stress, we posit that HSPCs-derived TGF-β1 in PB is responsible for the 

fluctuation of TGF-β1 levels in our Shp-1−/− FAL model due to several lines of evidence we 

gathered about the response of HSPCs to TGF-β1. Furthermore, SHP-1 deficiency in HSC 

did not result in differences in the mobilization of cytokines such as, CXCL12, G-CSF, and 

GM-CSF (Figure S3B and SBC), as they all increased in response to ischemia and stayed 

high regardless of SHP-1 status. The mechanism for the increased number of HSPCs in 

circulation after SHP-1 deletion in the ischemic model needs further characterization.

Our study revealed the mechanism for suppression of TGF-β1 production in HSPCs 

by SHP-1 and Smad2 in the circulation after ischemia stress. We found that in SHP-1 

replete conditions, the activity of SHP-1 and Smad2 decreased and was gradually restored 

after FAL, while SHP-1 deficiency maintained Smad2 activity at a low level, which is 

consistent with the change in transcriptional level of TGF-β1. SHP-1 has been shown to 

negatively regulate a variety of cytokines, and its absence lets cytokine signaling proceed 

unchecked, resulting in aberrant or pathogenic responses.12,80 Smad transcription factors 

play a pivotal role in relaying signals from the plasma membrane to the nucleus to activate 

or repress TGF-β1 signaling in the cardiovascular system.25 In addition, SHP-1 is a negative 

regulator of TGF-β1 signaling through both the Smad-dependent and Smad-independent 

mechanism.18,81,82 The role of Smad2 protein on Tgfb1 expression has been reported in 

stem cells,83 and DCs,38 and a Smad2-mediated Tgfb1 transcriptional suppression region on 

the Tgfb1 promoter has been identified. However, the signaling upstream of this regulation 

is unknown. Indeed, we observed that Smad2 binding at this location is associated with 

its own activity, which is completely congruent with SHP-1 activation. Because SHP-1 

activation causes downstream substrates to dephosphorylate, it is unlikely that Smad2 will 

be activated directly by SHP-1. More studies are needed to understand how Smad2 is 

regulated by SHP-1.

Results from our study suggest that wound healing may be potentially improved by 

increasing SHP-1 levels in the HSPCs/other cells in the early stages of ischemia (3–7 

days post-FAL). Conditions where SHP-1 levels are reduced in HSPCs at baseline and 
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under ischemic stress and remain low through wound healing, such as in SHP-1 mutations, 

polymorphisms, and medications leading to such a decrease, may be potentially improved 

by giving SHP-1 enhancers/stimulators such as SC-43, a sorafenib derivative. In contrast, 

in other conditions such as diabetes, where SHP-1 levels are abnormally high at baseline in 

tissues, may result in an inappropriate response to ischemic stress by inadequately increasing 

TGF-β1 in the initial stage of wound healing. These conditions may benefit from SHP-1 

suppression in the PB by providing SHP-1 inhibitors, such as sodium stilbogluconate, during 

the initial phase of ischemic injury.

In summary, SHP-1 regulation of TGF-β1 signaling is different in BM versus PB after FAL. 

In the BM, TGF-β1 levels fall sharply post-ischemia and recover gradually to baseline, 

whereas in the PB, TGF-β1 levels rise sharply post-ischemia and return gradually to 

baseline. SHP-1 deficiency leads to dysregulation of normal TGF-β1 oscillations in response 

to ischemic stress, that is, TGF-β1 levels do not return to their normal levels both in BM and 

PB due to lack of suppression from SHP-1 and autoinduction by persistently high TGF-β1 

levels. The derangement of TGF-β1 levels is likely responsible for the defective repair.
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Nonstandard Abbreviations and Acronyms

BM bone marrow

FAL femoral artery ligation

FGF1 fibroblast growth factor 1

HLI hind limb ischemia

HSC hematopoietic stem cell

HSPC HSC and progenitor cell

LAP latency-associate peptide
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PB peripheral blood
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Highlights

• In a mouse model that recapitulates human angiogenesis under ischemic 

stress, Shp-1 deficiency in hematopoietic stem cell and progenitor cells 

impaired recovery of blood flow and function after limb ischemia.

• SHP-1 regulation of TGF-β1 oscillations is important in the post-ischemic 

period as loss of this pattern in the BM and PB resulted in repair disarray.

• SHP-1-Smad2 signaling suppressed the autoinduction of TGF-β1 in 

hematopoietic stem cell and progenitor cells in circulation in response to 

ischemic stress.
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Figure 1. Loss of Shp-1 in hematopoietic stem cells impairs recovery of blood flow and function 
after limb ischemia.
A, Schema for tamoxifen treatment, femoral artery ligation (FAL, left limb) surgery, 

and animal/sample analysis time points. TMX, tamoxifen; D, day (n=8 mice/group). B, 

Representative photographs and ratio quantification of ischemic limbs physiological status 

3 weeks after hind limb ischemia. C, Representative images of mouse hind limb blood 

flow measured with laser doppler perfusion imaging (LDPI) before (BL), immediately after 

ligation (PL) and at day 3, 7, and 21. D, Graphical representation of blood flow recovery 

showing significant reduction in Shp-1−/− mice. E, The limb function was measured by 

treadmill test (n=8 mice/group). F and G, CD31 staining to measure the capillary density 

on ischemic limb muscle (n=5 mice/group), Scale bar: 100 μM. H–J, Immunofluorescent 

images were taken to measure vascular density and diameter size of arteriole by using 

anti-mouse smooth muscle α-actin (red) and DAPI (blue) before FAL, at day 3 and day 21, 

Scale bar: 100 μM (n=5 mice/group). Error bars, SEM.
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Figure 2. Shp-1 deficiency is associated with excessive and irreversible activation of 
hematopoietic stem cell (HSC) and progenitor cell (HSPCs) in the bone marrow (BM) of the 
hind limb ischemia model.
A–E, Flow cytometric analyses to determine the frequency (of total nucleated cells [TNCs]; 

A) and absolute numbers of HSPCs (LT-HSCs, ST-HSCs, and MPPs) in the BM of Shp-1+/+ 

and Shp-1−/− mice (B–D) at indicated time points and the population of progenitors 

(granulocyte-macrophage progenitor, common myeloid progenitor, megakaryocyte-erythroid 

progenitor, common lymphoid progenitor) at day 21 after femoral artery ligation (E; n=8 

mice/group). F–H, Cell cycle analysis of HSC in Shp-1+/+ and Shp-1−/− mice (n=8 mice per 

group) at indicated time points by flow cytometry. Error bars, SEM.
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Figure 3. Hematopoietic stem cell (HSC) activation in response to ischemia stress is controlled by 
SHP-1 in vivo.
A, Schema for competitive reconstitution analysis using 500 HSCs from tamoxifen-treated 

Shp-1+/+ and Shp-1−/− mice 3 days after femoral artery ligation (FAL) together with 

wild-type competitive cells, 8 months after bone marrow transplantation, FAL surgery 

was performed on the reconstituted receipt mice, and animal/sample analysis at day 21 

time point. TMX, tamoxifen; D, day; M, month (n=6 mice/group). B, Peripheral blood 

analysis for total engrafted donor cells at the indicated number of weeks after transplantation 

(n=6 mice/group). C, Representative photographs and ratio quantification of ischemic limbs 

physiological status 3 weeks after hind limb ischemia. D and E, Representative images and 

conclusion of mouse hind limb blood flow measured with laser doppler perfusion imaging 

(LDPI) before ligation (BL), and 21 days after ligation. F, The limb function was measured 

by treadmill test (n=6 mice/group). G, CD31 staining to measure the capillary density on 

ischemic limb muscle BL and day 21 after ligation (n=6 mice/group). H and I, Measurement 

of vascular density and diameter size of arteriole BL and day 21 after ligation (n=6 mice/

group).
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Figure 4. TGF-β1 regulation of hematopoietic stem cell (HSC) activation in ischemic stress is 
impaired by SHP-1 deficiency.
A, Free active TGF-β1 protein levels were measured in bone marrow (BM) extracellular 

fluid (BMEF) of Shp-1+/+ and Shp-1−/− mice by ELISA (n=5 mice per group) at indicated 

time points. Repeated measure ANOVA is used to analysis the data overall time points. B, 

Bioactive TGF-β1 was determined by a luciferase reporter assay in BM from Shp-1+/+ and 

Shp-1−/− mice at indicated time points after femoral artery ligation (FAL). PBS and TGF-β1 

treatment were used as negative and positive controls, respectively. C and D, Shp-1-deficient 

HSC and progenitor cells (HSPCs) are resistant to the inhibitory effect of TGF-β1 in vitro 

after FAL. HSPCs (LSK cells) isolated from the BM of Shp-1+/+ and Shp-1−/− mice 3 days 

after FAL were treated with or without 5 ng/ml TGF-β1 in CFU medium. Seven days later, 

the total CFU numbers were calculated (C; n=3 wells). These cells were also used for HSC 

cell cycle analysis 10 hours after TGF-β1 treatment (D; n=3 wells). Error bars, SEM.
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Figure 5. SHP-1-deficient hematopoietic stem cell and progenitor cells (HSPCs) accumulate in 
the peripheral blood (PB) after femoral artery ligation (FAL).
A and B, Representative flow cytometry measurements of the frequency (A) and 

concentration (B, cells/μl) of HSPCs (LSK, Lin−Sca-1+Kit+) in PB of mice after FAL at 

indicated time points (n=5 mice per group). C, Shp-1 was specifically deleted in HSPCs in 

PB measured at 21 days after FAL. HSPC, MK/platelet, natural killer, dendritic cells, and 

monocytes were collected by cell sorters and analyzed by RT-PCR. β-actin was used as the 

reference gene to normalize the relative expression for quantitative RT-PCR analysis. Cells 

were pooled from 3 mice. Error bars, SEM.
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Figure 6. SHP-1-Smad2 signaling suppresses the autoinduction of TGF-β1 in the HSC and 
progenitor cells (HSPCs) in circulation in response to ischemic stress.
A, Free active TGF-β1 protein levels were measured in plasma of Shp-1+/+ and Shp-1−/− 

mice by ELISA (n=5 mice) at indicated time points. Repeated measure ANOVA is used 

to analysis the data overall time points. B, HSPCs were stained with an anti-mouse LAP 

(latency-associated peptide; TGF-β1) antibody and were assessed by flow cytometry (n=5 

mice per group; C) TGF-β1 protein levels as determined by ELISA after isolated HSPCs 

were cultured for 6 hours. D, Quantitative RT-PCR (q-PCR) analysis of Tgfb1 mRNA 

amounts in HSPCs isolated from PB of Shp-1+/+ and Shp-1−/− mice on indicated days 

after femoral artery ligation (FAL). Expression is normalized to 18S control. Each sample 

was obtained by pooling cells from 3 mice, and the PCR was repeated 3 times. E, HSPCs 

isolated from Shp-1+/+ and Shp-1−/− mice were stimulated with TGF-β1 (5 ng/ml) for 8 

hours. Tgfb1 mRNA amounts were measured using qRT-PCR. Cells were pooled from 5 

mice and PCR repeated 3 times. F and G, Lin− PBMCs from Shp-1+/+ and Shp-1−/− mice 

were collected on indicated days after FAL for immunoblotting of denoted proteins. Actin 

was used as a loading control. Each sample was obtained by pooling cells from 3 mice. H, 

Schema for Smad2 regulated regions on the Tgfb1 promoter and the primers to amply the 

−196 to −113 region used for the ChIP assay. SBE, Smad responsive region. I, Lin− PBMCs 

from Shp-1+/+ and Shp-1−/− mice after FAL were fixed, and the ChIP assay was performed 

with Smad2 antibody. IgG antibodies were used as a control. Each sample was obtained by 

pooling cells from 3 mice, and experiment was repeated twice. Error bars, SEM.
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Figure 7. Restoration of TGF-β1 oscillations and signaling in peripheral blood (PB) leads to 
repair of the ischemic limb.
A, Schema for tamoxifen treatment, femoral artery ligation (FAL) surgery, control (IgG) or 

TGF-β1 blocking antibody (19D8) treatment and animal/sample analysis time points. TMX, 

tamoxifen; D, day (n=5 mice/group). B, Physiological status of ischemic limbs 3 weeks after 

surgery. TGF-β1 blocking antibody treatment improved the salvage of ischemic limbs of 

Shp-1−/− mice compared with IgG control (n=5 mice/group). C, Representative images of 

mouse hind limb blood flow measured with laser Doppler perfusion imaging after blocking 

antibody treatment at day 21 post-FAL. D, The blood flow ratio (left to right limb) was 

measured at day 21 post-FAL (n=5 mice/group). E, The limb function was measured by 

a treadmill test (n=5 mice/group). F, CD31 staining to measure the capillary density on 

ischemic limb muscle in the 4 indicated groups (n=5 mice/group). G and H, The number of 

vessels and diameter size were measured in the 4 indicated groups (n=5 mice/group). Error 

bars, SEM.
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