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Abstract

Signal regulatory protein-α (SIRPA/SIRPα) is a transmembrane protein that is expressed in 

various tissues, including the heart. Previous studies have demonstrated that SIRPA is involved in 

multiple biological processes, including macrophage multinucleation, skeletal muscle 

differentiation, neuronal survival, protection against diabetes mellitus, and negative regulation of 

immune cells. However, the role of SIRPA in cardiac hypertrophy remains unknown. To examine 

the role of SIRPA in pathological cardiac hypertrophy, we used SIRPA knockout mice and 

transgenic mice that overexpressed mouse SIRPA in the heart. Cardiac hypertrophy was evaluated 

by echocardiographic, hemodynamic, pathological, and molecular analyses. We observed 

downregulation of SIRPA expression in dilated cardiomyopathy human hearts and in animal 

hearts after aortic banding surgery. Accordingly, SIRPA−/− mice displayed augmented cardiac 

hypertrophy, which was accompanied by increased cardiac fibrosis and reduced contractile 

function, as compared with SIRPA+/+ mice 4 weeks after aortic banding. In contrast, transgenic 

mice with the cardiac-specific SIRPA overexpression exhibited the opposite phenotype in 

response to pressure overload. Likewise, SIRPA protected against angiotensin II–induced 

cardiomyocyte hypertrophy in vitro. Mechanistically, we revealed that SIRPA-mediated protection 

during cardiac hypertrophy involved inhibition of the Toll-like receptor 4/nuclear factor-κB 

signaling axis. Furthermore, we demonstrated that the disruption of Toll-like receptor 4 rescued 

the adverse effects of SIRPA deficiency on pressure overload–triggered cardiac remodeling. Thus, 
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our results identify that SIRPA plays a protective role in cardiac hypertrophy through negative 

regulation of the Toll-like receptor 4/nuclear factor-κB pathway.
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Many clinical and epidemiological studies have shown that sustained cardiac hypertrophy 

contributes to an increased risk for cardiovascular events and mortality.1–4 In fact, it is an 

important independent risk factor for chronic heart failure, coronary heart disease, 

arrhythmia, and sudden cardiac death.1–4 Cardiac hypertrophy is a complex dynamic process 

that occurs when the heart endures injury or an elevated workload.5 Although cardiac 

hypertrophy originates as a compensatory response to adverse stress, long-term cardiac 

overload can lead to maladaptive hypertrophy, which is often characterized by progressive 

ventricular cavity expansion and wall thinning.2,4 In addition to increased myocyte size, 

cardiac hypertrophy is also associated with proliferation and activation of cardiac 

fibroblasts, which lead to fibrosis, increased myocardial stiffness, and subsequent 

irreversible deterioration.6,7 Several studies have implicated multiple signaling pathways in 

the progression of pathological cardiac hypertrophy; however, effective therapies for 

antagonizing this process have not yet been developed.

Signal regulatory protein-α (SIRPA/SIRPα), which is also known as Src homology 2 

domain containing protein tyrosine phosphatase (SHP) substrate-1, is an ≈115 kDa 

transmembrane protein that belongs to the SIRP family.8,9 The SIRPA gene is located on 

chromosome 20p13 in humans and in chromosome 2 in mice, and the other SIRP family 

genes are all distributed on the same chromosome.10 SIRPA expression can be detected in 

multiple tissues, including the tissues of the heart, brain, spleen, lung, liver, muscle, kidney, 

and testis.11,12 Structurally, SIRPA consists of an extracellular region with 3 

immunoglobulin-like domains, a transmembrane domain, and a cytoplasmic region that 

contains 4 tyrosine phosphorylation sites that mediate the binding of SHP-1 and SHP-2.8,13 

In addition, SIRPA contains several potential N-glycosylation sites and multiple serines and 

threonines.12,14 The following conclusions have been well established: (1) SIRPA functions 

as a docking protein to recruit and activate SHP-1 or SHP-2; (2) the tyrosine 

phosphorylation of SIRPA can be regulated by integrin and by various growth factors/

cytokines; and (3) SIRPA is involved in various biological processes, including the 

suppression of anchorage-independent cell growth, the negative regulation of immune cells, 

control of macrophage multinucleation, and skeletal muscle differentiation.13–15 We 

recently demonstrated that SIRPA protects against the oxidative stress and brain injury that 

are induced by acute cerebral ischemia.8 Although SIRPA has been identified as a cell 

surface marker for cardiomyocytes,9 it is not known whether SIRPA participates in the 

development of pathological cardiac hypertrophy. In the present study, we sought to 

determine the effects of SIRPA deficiency and cardiac-specific SIRPA overexpression on 

aortic banding (AB)-induced cardiac remodeling.
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Our findings have indicated that SIRPA expression was strikingly reduced in human dilated 

cardiomyopathy (DCM) hearts and in pressure overload–induced hypertrophic mouse hearts. 

Moreover, we found that disruption of SIRPA accelerated the hypertrophic responses in both 

in vivo (aortic-banded hearts) and in vitro (angiotensin II [Ang II]-treated neonatal 

cardiomyocytes) models. In contrast, cardiac-specific overexpression of SIRPA dramatically 

mitigated pressure overload–induced cardiac hypertrophy. We further revealed that SIRPA-

mediated cardioprotection was associated with a downregulation of Toll-like receptor 4 

(TLR4) and the inactivation of nuclear factor-κB (NF-κB). Importantly, loss of TLR4 

rescued the adverse effects of SIRPA deficiency on cardiac hypertrophy. Taken together, we 

identify that SIRPA acts as a novel negative modulator of pathological cardiac hypertrophy 

via regulation of the TLR4/NF-κB signaling axis.

Materials and Methods

An expanded Methods section is available in the online-only Data Supplement.

Mouse Models

All the experimental procedures involving animals were approved by the Animal Care and 

Use Committee of Renmin Hospital of Wuhan University. SIRPA knockout (SIRPA−/−) 

mice (B6.129P2-Sirpa<tm1Nog>; C57BL/6 background) were kindly provided by Takashi 

Matozaki (Gunma University) and shipped by RIKEN (RBRC01544).16 Cardiac-specific 

SIRPA transgenic (TG) mice were generated by cloning full-length mouse SIRPA cDNA 

(OriGene; MC218099) downstream of the α-myosin heavy chain (α-MHC) promoter. TLR4 

knockout (TLR4−/−) mice (B6.B10ScN-Tlr4lps-del/JthJ) were ordered from Jackson 

Laboratory (stock number 007227). The SIRPA−/− mice were crossed with TLR4−/− mice to 

generate SIRPA/TLR4 double knockout mice.

Aortic Banding

We established a model of pressure overload–induced cardiac hypertrophy via AB as 

previously described.4,17,18

Echocardiography and Hemodynamic Measurements

Echocardiography and invasive hemodynamic measurements were performed on mice as 

described previously.4,17–20

Recombinant Adenoviral Vectors

Replication-defective adenoviral vectors were used to overexpress rat SIRPA (AdSIRPA) 

under the control of the cytomegalovirus promoter, and a similar adenoviral vector 

expressing green fluorescent protein (GFP) was used as a control. And shSIRPA adenoviral 

constructs were purchased from SABiosciences (KR50731G).

Cultured Neonatal Rat Cardiac Myocytes

Neonatal rat cardiomyocytes (NRCMs) were prepared as previously described.17
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Immunoprecipitation and Confocal Microscopy

Immunoprecipitation and coimmunostaining were performed as previously described.21

Statistical Analysis

Data are represented as means±SD. Two-tailed Student t tests were used to compare the 

means of 2 sample groups, and 1-way ANOVA tests with least significant difference (equal 

variances assumed) or Tamhane T2 (equal variances not assumed) were applied to multiple 

groups. Statistical significance was set at P<0.05.

Results

SIRPA Expression Is Downregulated in DCM Human Hearts and AB-Operated Mouse 
Hearts

To investigate the correlation between SIRPA and cardiac hypertrophy, we first examined 

SIRPA expression in heart samples collected from human patients with DCM and from mice 

that had been subjected to AB. Our data revealed that the protein levels of various inducers 

of cardiac hypertrophy, including atrial natriuretic peptide and β-MHC, P-p65, and P-IκBα, 

were dramatically increased in DCM hearts compared with normal hearts (Figure 1A and 

1B; Figure S1A and S1B in the online-only Data Supplement); moreover, relative to normal 

hearts, the DCM hearts demonstrated decreased SIRPA expression (Figure 1A and 1B; 

Figure S1C). Information on DCM patients is available in Table S1. In particular, at 4 and 8 

weeks after AB surgery, AB-treated mice exhibited cardiac SIRPA levels that were also 

reduced by ≈36% and 74%, respectively (Figure 1C and 1D; Figure S1D; P<0.05 versus 

sham). Similarly, the expression of endogenous SIRPA was strikingly downregulated in Ang 

II- or phenylephrine-induced hypertrophic cardiomyocytes (Figure 1E and 1F; Figure S1E). 

Also, SIRPA luciferase activity was significantly reduced in H9C2 cells treated with 1 

μmol/L of Ang II compared with PBS control (Figure S1F). Moreover, the phosphorylation 

level of SIRPA was increased in response to Ang II stimulation in NRCMs (Figure S1G). 

These results suggest that SIRPA may be involved in the development of cardiac 

hypertrophy.

SIRPA Prevents Cardiomyocyte Hypertrophy In Vitro

To identify whether SIRPA regulated the progression of cardiac hypertrophy, we infected 

NRCMs with either AdSIRPA to overexpress SIRPA or AdshSIRPA to knockdown SIRPA 

(Figure S2A). Subsequently, these adenovirus-infected myocytes were treated with Ang II (1 

μmol/L) for 48 hours to induce hypertrophy. Cell sectional area was then measured by 

immunostaining with α-actinin. Importantly, under control conditions (PBS treatment), 

neither the overexpression (by AdSIRPA) nor the knockdown (by shSIRPA) of SIRPA 

affected the size of neonatal cardiomyocytes compared with appropriate control cells 

(AdGFP- and AdshRNA-infected cells, respectively; Figure S2B–S2D). However, following 

Ang II stimulation, there was significantly greater cell sectional area in cells with SIRPA 

knockdowns (by 1.4-fold) compared with AdshRNA-infected controls (Figure S2B and 

S2C). In addition, Ang II–induced cardiomyocyte hypertrophy was remarkably attenuated in 

AdSIRPA-infected cells compared with GFP controls (Figure S2B and S2D). In line with 
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these findings, Ang II–induced expression of the hypertrophic hallmarks atrial natriuretic 

peptide and β-MHC and the ratio of protein/DNA were profoundly activated in shSIRPA 

cells (Figure S2E and S2G) and were significantly suppressed in SIRPA-overexpressing 

cardiomyocytes (Figure S2F and S2H), compared with the respective controls. Overall, 

these data suggest that increased expression of SIRPA could produce an antihypertrophic 

effect, whereas reduced levels of SIRPA may contribute to the progression of cardiac 

hypertrophy.

SIRPA Deficiency Augments Pressure Overload–Induced Cardiac Hypertrophy and 
Fibrosis

We then performed AB surgery on SIRPA−/− mice to further define the role of SIRPA in 

cardiac hypertrophy. The ablation of SIRPA in SIRPA−/− mice hearts was confirmed by 

Western blotting (Figure S3A). Although SIRPA−/− mice exhibited a normal cardiac 

phenotype at baseline (Table S2), these mice demonstrated aggravated cardiac hypertrophy 

after 4 weeks of AB, as evidenced by higher ratios of heart weight (HW)/body weight (BW), 

HW/tibia length (TL), and lung weight (LW)/BW, compared with SIRPA+/+ mice (Figure 

2C–2E). In parallel, both H&E and WGA staining consistently demonstrated that 

cardiomyocyte cell sectional area was significantly increased in SIRPA−/− hearts in relation 

to SIRPA+/+ samples (Figure 2A and 2B). Accordingly, the expression levels of examined 

hypertrophy markers (atrial natriuretic peptide, type B natriuretic peptide, and β-MHC) were 

greatly increased in AB-treated SIRPA−/− hearts compared with control hearts (Figure S3B). 

Furthermore, SIRPA deficiency was also associated with accelerated left ventricular (LV) 

dilation and dysfunction, as evaluated by LV end-diastolic diameter, LV end-systolic 

diameter, and fractional shortening (Table S3). Hemodynamic analyses also revealed worse 

systolic and diastolic LV function in SIRPA−/− mice than in control mice, as determined by 

the maximum and minimum rates of pressure increase during LV isovolumic contractions 

(dp/dt max and dp/dt min, respectively; Table S3).

Given that fibrosis is an integral hallmark of cardiac hypertrophy,22,23 we next assessed 

cardiac fibrosis in AB-operated SIRPA−/− and SIRPA+/+ mice. Heart sections were stained 

with picrosirius red to evaluate their degrees of fibrosis. Our results revealed that the extent 

of cardiac fibrosis was more prominent in SIRPA−/− mice compared with control SIRPA+/+ 

mice on 4-week AB (Figure 2F and 2G). It is well known that the most abundant heart 

collagens are type I and III, which contribute to pressure overload–induced collagen 

deposition,24 and that connective tissue growth factor is a major extracellular signal that 

promotes fibrosis in the hypertrophic heart.7,22,24 Therefore, we next aimed to determine 

whether mRNA levels of connective tissue growth factor, collagen Iα, and collagen III were 

altered in these hypertrophic hearts relative to normal hearts. RT-PCR results demonstrated 

that pressure overload triggered much greater induction of connective tissue growth factor, 

collagen Iα, and collagen III in SIRPA−/− hearts than in SIRPA+/+ samples (Figure S3C). 

Collectively, these data indicate that loss of cardiac SIRPA leads to exaggerated hypertrophy 

and fibrosis on chronic pressure overload.
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SIRPA Overexpression Mitigates AB-Induced Cardiac Remodeling

We subsequently sought to determine whether SIRPA overexpression could prevent the 

progression of cardiac hypertrophy in vivo. To achieve this objective, we used an α-MHC 

promoter to create a TG mouse model with cardiac-specific overexpression of SIRPA 

(Figure S3D). In total, 4 lines of TG mice were created (Figure S3E). Notably, all these TG 

lines were viable and fertile, and there were no abnormalities in cardiac size and structure at 

16 weeks of age (Table S2). Importantly, our preliminary studies demonstrated that these 

established lines exhibited no obvious differences in their responses to hypertrophic stress 

(data not shown). Hence, for our subsequent experiments, we selected Tg9, which would 

moderately express SIRPA. After 8 weeks of AB, the SIRPA TG hearts revealed an 

attenuated hypertrophic response compared with AB-treated nontransgenic (NTG) hearts 

(Figure 3A–3E). Moreover, histological results showed that cardiomyocyte size was 

dramatically decreased in TG mice compared with NTG mice after 8 weeks of AB (Figure 

3A and 3B). In addition, the HW/BW, LW/BW, and HW/TL ratios were significantly lower 

in AB-treated TG hearts than in AB-treated NTG hearts (Figure 3C–3E). In accordance with 

these results, after 8 weeks of AB, myocardial contractile function, as measured by 

echocardiography and hemodynamic analyses, was greatly improved in TG mice compared 

with NTG mice (Table S4).

We also evaluated the effect of SIRPA overexpression on AB-induced cardiac fibrosis. 

Picrosirius red staining revealed a remarkable decrease in perivascular and interstitial 

fibrosis in TG mice compared with NTG mice in response to AB (Figure 3F and 3G). In 

combination, these gain-of-function data support the notion that elevated SIRPA levels 

could retard the progression of pressure overload–induced cardiac hypertrophy.

SIRPA Inhibits the TLR4 Signaling Pathway

The present results demonstrated that SIRPA plays a protective role in cardiac hypertrophy. 

However, the potential mechanism through which SIRPA prevents cardiac hypertrophy and 

diminishes predisposition to heart failure remains unknown. To examine this mechanism, we 

used microarray hybridization to identify the differentially expressed genes in the hearts of 

wild-type (WT) and SIRPA−/− mice at 2 weeks after AB surgery. We found that, at the 

indicated times after AB surgery, the expression levels of hypertrophy-related genes, 

fibrosis-related genes, and inflammation-related genes were significantly increased in 

SIRPA−/− mice relative to WT mice, whereas the expression levels of certain other genes 

were decreased in the knockout mice relative to WT controls (Figure S4A). Unexpectedly, 

TLR4 is rather distinct from other changed genes because TLR4 demonstrates an ≈6.5-fold 

increase in SIRPA−/− mice compared with WT controls; these results were confirmed 

through RT-PCR and Western blotting in cultured cardiomyocytes and in SIRPA−/− and TG 

mice at 2 weeks after AB (Figure S4B–S4D; Figure 4A and 4B). In particular, RT-PCR and 

Western blot data revealed that the loss of SIRPA significantly increased the expression of 

TLR4 (Figure S4B; Figure 4A), whereas the overexpression of SIRPA attenuated AB-

triggered TLR4 expression compared with the appropriate controls (Figure S4B; Figure 4B). 

Furthermore, TLR4 expression was induced in cultured cardiomyocytes that had been 

exposed to 1 μmol/L of Ang II; this induced expression was enhanced by SIRPA 

knockdown (Figure S4C) and blocked by SIRPA overexpression (Figure S4D). We then 
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performed coimmunostaining and coimmunoprecipitation experiments to validate whether 

SIRPA physically interacts with TLR4. Our results consistently indicated that TLR4 

colocalized with SIRPA (Figure 4C) and that TLR4 and SIRPA coimmunoprecipitated each 

other (Figure 4D), which is consistent with the results of coimmunoprecipitation for 

endogenous proteins in NRCMs (Figure S4E and S4F). Collectively, these results 

demonstrate that SIRPA inhibits TLR4 expression and directly interacts with TLR4.

Given that NF-κB is a signaling molecule that lies downstream of TLR4,25 we tested 

whether NF-κB activation is altered in SIRPA-overexpressing and SIRPA-deficient hearts 

after AB. At present, it is well established that dimeric NF-κB family members (primarily 

p50/p65) are inactivated by becoming bound to IκBs in cells at rest.26 The stimulation of 

cells by stress signals causes the phosphorylation of IκB, which releases IκB from binding 

to the NF-κB complex, resulting in the translocation of p65/p50 from the cytosol to the 

nucleus.26 Subsequently, phosphorylated IκB will be degraded.26 Therefore, we evaluated 

the levels of total and phosphorylated IκBα in AB-treated SIRPA−/− and SIRPA TG hearts. 

Western blotting results demonstrated that the levels of phosphorylated IκBα were 

significantly increased and the total levels of IκBα were greatly reduced in SIRPA−/− hearts 

compared with WT hearts after 2 weeks of AB (Figure 4E). In contrast, SIRPA 

overexpression reduced AB-triggered activation of IκBα, as evidenced by remarkably 

decreased phosphorylation of IκBα and increased total levels of IκBα in SIRPA TG hearts 

compared with control hearts (Figure 4F). In accordance with these results, the nuclear 

translocation of NF-κB was restricted by the overexpression of SIRPA, as evidenced by the 

presence of lower levels of phosphorylated P65 in AB-treated SIRPA TG hearts than in AB-

treated NTG hearts (Figure 4F). Conversely, SIRPA−/− hearts demonstrated significantly 

increased AB-triggered phosphorylation of P65 compared with control hearts (Figure 4E).

In addition, NF-κB activation has been implicated in the upregulation of inflammation in 

many cell types, including cardiac myocytes.27 Thus, we next measured the expression 

profiles of NF-κB–dependent inflammatory factors of tumor necrosis factor-α, monocyte 

chemoattractant protein-1, and interleukin-1β in animal hearts after chronic AB. Both RT-

PCR analysis (Figure S4H) and Western blotting (Figure S4J) revealed that the 

overexpression of SIRPA remarkably blunted AB-induced increases in the expression levels 

of tumor necrosis factor-α, monocyte chemoattractant protein-1, and interleukin-1β. By 

contrast, the loss of SIRPA produced the opposite effect (Figure S4G and S4I). These results 

further support the notion that SIRPA protects against cardiac hypertrophy by inactivating 

the TLR4/NF-κB signaling pathway.

SIRPA-Mediated Antihypertrophic Effects Are Largely Dependent on the Inactivation of 
TLR4

To determine whether SIRPA-elicited antihypertrophic effects are directly or indirectly 

associated with the inhibition of TLR4, we induced cellular hypertrophy in SIRPA-

overexpressing NRCMs by treating these cells with 1 μmol/L of Ang II, in the presence or 

absence of lipopolysaccharide (LPS) (an agonist of TLR4) for 48 hours. The results of cell 

size analysis revealed that Ang II–induced myocyte hypertrophy was more pronounced in 

LPS-treated GFP-infected cells than in PBS-treated GFP-infected cells (Figure S5A); these 
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findings are consistent with previous reports that reveal that LPS promotes myocyte 

hypertrophy.28 However, we observed that significantly larger cross-sectional cell area was 

observed in the LPS plus Ang II plus AdSIRPA treated group than in the PBS plus Ang II 

plus AdSIRPA control group (Figure S5A). This suggests that the treatment of myocytes 

with LPS relieved the antihypertrophic effects of SIRPA. Simultaneously, we treated 

myocytes that exhibited reduced SIRPA levels (AdshSIRPA cells) with eritoran, an 

antagonist for TLR4, in the presence of Ang II and culture medium. Similarly to previous 

observations,29 the inhibition of TLR4 with eritoran limited Ang II–induced cell 

hypertrophy (Figure S5B). Interestingly, the prohypertrophic effects that were induced by 

SIRPA knockdown were dramatically mitigated by eritoran (Figure S5B). Collectively, 

these data suggest that the negative effects of SIRPA on pathological cardiac hypertrophy 

are at least partially dependent on the inhibition of TLR4.

Disruption of TLR4 Rescued the Adverse Effect of SIRPA Deficiency on Cardiac 
Hypertrophy

We know that (1) SIRPA is downregulated in DCM human hearts and hypertrophic animal 

hearts (this study; Figure 1); (2) increased TLR4 expression has been observed in animal 

hypertrophic hearts (this study; Figure S4A and S4B; Figure 4A), failing human hearts, and 

ischemic hearts30; and (3) TLR4-deficient mice showed attenuated cardiac hypertrophy after 

AB.31 Therefore, we next assessed whether the disruption of TLR4 could rescue the 

detrimental effects on cardiac hypertrophy that were observed in SIRPA knock down 

cardiomyocytes/knockout hearts. To accomplish this objective, we generated TLR4 and 

SIRPA double knockout mice by crossing TLR4−/− mice with SIRPA−/− mice (Figure S6A 

and S6B). Double knockout mice, TLR4−/− mice, SIRPA−/− mice, andWT mice (SIRPA+/+ 

mice) were subjected to AB surgery. We could observe that the loss of TLR4 suppressed 

AB-induced cardiac hypertrophy (Figure 5A–5E); this finding was consistent with previous 

reports.31 Remarkably, prohypertrophic effects induced by SIRPA deficiency were also 

blocked by TLR4 ablation, as determined by histological analyses; myocyte cross-sectional 

areas; and the ratios of HW/BW, LW/BW, and HW/TL (Figure 5A–5E). In accordance with 

our results, myocardial dysfunction and fibrosis that were caused by SIRPA deficiency after 

AB were significantly eliminated in the double knockout mice (Table S5 and Figure S6C 

and S6D). Mechanistically, the increased phosphorylation of IκBα and p65 in SIRPA−/− 

hearts as a result of pressure overload was abolished by the disruption of TLR4 (Figure 5F 

and 5G). In combination, these results suggest that TLR4 targeting may limit the 

prohypertrophic effects of SIRPA decreases in hearts.

Discussion

Our novel results have demonstrated that SIRPA plays a protective role in cardiac 

hypertrophy and fibrosis through the inhibition of the TLR4 signaling pathway. Major 

findings of our study include: (1) SIRPA expression was strikingly decreased in DCM 

human hearts and in pressure overload–induced hypertrophic animal hearts; (2) SIRPA 

deficiency accelerated the hypertrophic response of mouse hearts on AB, whereas the 

overexpression of SIRPA protected against pressure overload–triggered cardiac 

hypertrophy; (3) SIRPA-mediated cardioprotection was associated with the inhibition of 
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TLR4/NF-κB signaling axis; and (4) TLR4 disruption rescued the adverse effects of SIRPA 

deficiency on cardiac hypertrophy. Altogether, these data suggest that SIRPA elevation may 

serve as a novel approach to the treatment of pathological cardiac hypertrophy.

Currently, SIRPA has been implicated in various biological processes, including the 

suppression of anchorage-independent cell growth, the negative regulation of immune cells, 

controlling of macrophage multinucleation, skeletal muscle differentiation, neuronal 

survival, and the development of contact hypersensitivity.8,14,32 In addition, SIRPA plays 

important roles in negatively regulating both TLR3 and cytoplasmic pathways in type I 

interferon induction,33 promoting insulin secretion, and protecting against diabetes 

mellitus.34 Notably, SIRPA is expressed in heart tissue and has been identified as a cell 

surface marker of cardiomyocytes.9,12 In this study, we found that cardiac SIRPA 

expression was suppressed not only in AB-treated mice hearts but also in the hearts of 

human DCM patients. This suggests that SIRPA may be involved in the development of 

pathological cardiac hypertrophy. We observed that loss of SIRPA augmented AB-induced 

cardiac hypertrophy, indicating that the reduction of SIRPA levels that normally occurs in 

hypertrophic hearts may promote the progression of cardiac hypertrophy and failure. 

Meanwhile, our results also found that phosphorylation level of SIRPA was increased in 

response to Ang II stimulation in NRCMs (Figure S1G). Many studies have showed SIRPA 

to be tyrosine-phosphorylated by binding to cluster of differentiation 47 (CD47)/integrin-

associated protein, or various growth factor stimulants (eg, brain-derived neurotrophic 

factor, epidermal growth factor, insulin).12,35–38 Moreover, TLR4- and LPS-induced SIRPA 

phosphoyrlation and degradation play an essential role in activation of mitogen-activated 

protein kinases and NF-κB pathways in macrophage.39 However, further study is needed to 

clarify whether phosphorylation of SIRPA plays a role in the degradation of SIRPA or in the 

development of cardiac hypertrophy.

A key finding in the current study is that SIRPA regulates cardiac hypertrophy and fibrosis 

by targeting TLR4 signaling. TLR4 is a pattern recognition receptor expressed mainly on 

myeloid cells, but has also been found on nonprofessional immunocytes, such as 

cardiomyocytes and microvascular endothelial cells.25,30 Moreover, recent evidence has 

suggested that TLR4 is involved in cardiovascular diseases. For example, increased TLR4 

expression has been observed in failing human hearts and in ischemic hearts.30 Furthermore, 

TLR4-deficient mice displayed reduced cardiac hypertrophy and fibrosis relative to WT 

mice in response to AB.31 In our study, we found that the expression of TLR4 was 

downregulated by SIRPA after pressure overload and that SIRPA can directly interact with 

TLR4. These data suggest that SIRPA-mediated antihypertrophic effects may be associated 

with the inhibition of TLR4 signaling axis. In support of this, NF-κB, a critical downstream 

transcription factor of the TLR4-mediated signaling pathway,25 was inhibited in SIRPA-

overexpressing hearts. Hamid et al40 revealed that cardiomyocyte NF-κB promotes adverse 

remodeling (fibrosis and hypertrophy) in heart failure. In addition, we showed that TLR4 

disruption rescued the adverse effects of SIRPA deficiency on cardiac hypertrophy, which 

suggested that TLR4 activation may be required for the generation of the prohypertrophic 

effects of SIRPA deficiency. Both loss-of-function and gain-of-function data consistently 

support the notion that SIRPA negatively regulates pathological cardiac remodeling by 

targeting the TLR4/NF-κB signaling pathway.
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Another interesting finding of this study is that SIRPA causes the reduction of TLR4 in 

hypertrophic hearts. Both SIRPA and TLR4 are known to be membrane-resident 

proteins,8,31 and we verified their localization pattern in this study (Figure 4C). Thus, it may 

be hard to explain how SIRPA causes the reduction of TLR4 in hypertrophic hearts. The 

studies of Husebye et al41 and Zanoni et al42 may provide an explanation for this finding. 

Husebye et al41 revealed that in nonstimulated human monocytes TLR4 was found in the 

endoplasmic reticulum, the plasma membrane, and the Golgi of cells and was sporadically 

detected in endosomal structures. After LPS stimulation, TLR4 accumulated in the 

endosomes and was subsequently transported to the lysosomes for degradation. Therefore, 

LPS-mediated TLR4 reduction occurs through the endocytic pathway. Zanoni et al42 

reported that CD14 controls the LPS-induced endocytosis of TLR4. In addition, CD47 is the 

ligand of SIRPA, and CD47/SIRPA interaction is the major determinant of escape from 

phagocyte-mediated cell clearance.43 In our study, we demonstrated that SIRPA physically 

interacted with TLR4; therefore, SIRPA may behave similarly to CD14,42 which promotes 

the endosome/lysosome-mediated degradation of TLR4. Future studies will be required to 

clarify how SIRPA modulates the TLR4 degradation pathway in hypertrophic hearts.

In conclusion, our present work provides in vitro and in vivo evidence to support the notion 

that increased SIRPA expression attenuates pressure overload–induced cardiac hypertrophy 

and failure via negative regulation of TLR4/NF-κB signaling axis. Our observations 

implicate SIRPA as a novel therapeutic target for the treatment of pathological cardiac 

hypertrophy.

Perspectives

Our in vitro and in vivo studies demonstrated that SIRPA, a transmembrane protein, was 

downregualted in hypertrophic heart and plays a protective role during cardiac hypertrophy 

by inhibition of the TLR4/NF-κB signaling axis. These findings will provide potential 

therapeutic targets for cardiac hypertrophy and heart failure.
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Novelty and Significance

What Is New?

• Signal regulatory protein-α (SIRPA) expression levels were markedly decreased 

in the left ventricles in response to pressure overload.

• SIRPA plays a protective role in cardiac remodeling after pressure overload by 

negative regulation of the Toll-like receptor 4 (TLR4)/nuclear factor-κB (NF-

κB) pathway.

What Is Relevant?

• Multiple signaling pathways have been elucidated to contribute to the 

progression of pathological cardiac hypertrophy.

• The effects and molecular mechanisms of SIRPA on hypertension-induced 

cardiac remodeling are not elucidated.

• This finding provides additional information for further understanding the effect 

of SIRPA on cardiac remodeling and implications for the development of 

strategies for the treatment of cardiac remodeling and heart failure.

Summary

Our results demonstrate that SIRPA expression levels were down-regulated in 

pathological human and animal hearts. SIRPA knockout mice displayed augmented 

cardiac hypertrophy, fibrosis, and cardiac dysfunction, whereas overexpression of 

myocardial SIRPA protects hearts against chronic pressure overload–induced cardiac 

hypertrophy via inhibition of TLR4/NF-κB signaling axis. These observations suggest 

that SIRPA could be considered a therapeutic target for the prevention of cardiac 

remodeling, although warranting additional validation and investigation.
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Figure 1. 
Signal regulatory protein-α (SIRPA) expression is downregulated in dilated cardiomyopathy 

(DCM) human hearts and aortic banding (AB)-operated mouse hearts. A and B, Protein 

levels of β-myosin heavy chain (β-MHC), atrial natriuretic peptide (ANP), and SIRPA in 

samples from donor hearts and DCM hearts (n=3; *P<0.05 vs donor hearts). C and D, 

Protein levels of β-MHC, ANP, and SIRPA in samples from wild-type mice at the indicated 

times after sham or AB surgery (n=3; *P<0.05 vs sham). E and F, Protein levels of β-MHC, 

ANP, and SIRPA in samples from neonatal rat cardiomyocytes treated with angiotensin II 

(Ang II; 1 μmol/L) or phenylephrine (PE; 100 μmol/L) for 48 h (n=3; *P<0.05 vs PBS). 

Representative blots (A, C, and E) and quantitative results (B, D, and F). n indicates number 

of independent experiments.
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Figure 2. 
Signal regulatory protein-α (SIRPA) deficiency augments pressure overload–induced 

cardiac hypertrophy and fibrosis. A, Images of heart sections stained with H&E and WGA 

from wild-type (WT) and knockout mice 4 weeks after sham or aortic banding (AB) surgery 

(n=6–10 mice per experimental group). B, Statistical results for the cell sectional area 

(n=>100 cells). C–E, Statistical results for the ratios of (C) heart weight (HW)/body weight 

(BW), (D) lung weight (LW)/BW, and (E) HW/tibia length (TL) in the indicated groups 

(n=13–15 mice per experimental group). F, Images of heart sections stained with picrosirius 

red from WT and knockout mice 4 weeks after sham or AB surgery (n=6–10 mice per 

experimental group). G, Statistical results for the left ventricular (LV) collagen volume (%; 

n=>40 fields). *P<0.05 vs WT/sham; #P<0.05 vs WT/AB.
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Figure 3. 
Signal regulatory protein-α overexpression mitigates aortic banding (AB)-induced cardiac 

remodeling. A, Images of heart sections stained with H&E and WGA from nontransgenic 

(NTG) and transgenic (TG) mice 8 weeks after sham or AB surgery (n=6 mice per 

experimental group). B, Statistical results for the cell sectional area (n=>100 cells). C–E, 

Statistical results for the ratios of (C) heart weight (HW)/body weight (BW), (D) lung 

weight (LW)/BW, and (E) HW/tibia length (TL) in the indicated groups (n=14–15 mice per 

experimental group). F, Images of heart sections stained with PSR from NTG and TG mice 

8 weeks after sham or AB surgery (n=6 mice per experimental group). G, Statistical results 

for the left ventricular collagen volume (%; n=>40 fields). *P<0.05 vs NTG/sham; #P<0.05 

vs NTG/AB.
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Figure 4. 
Signal regulatory protein-α (SIRPA) inhibits the Toll-like receptor 4 (TLR4) signaling 

pathway. A and B, Protein expression levels of TLR4 are upregulated in the SIRPA 

knockout mice but downregulated in the SIRPA transgenic mice 2 weeks after aortic 

banding (AB) surgery (n=3; *P<0.05 vs wild-type [WT] or nontransgenic (NTG)/sham; 

#P<0.05 vs WT or NTG/AB). Representative blots (top); quantitative results (bottom). C, 

Representative colocalization images of SIRPA and TLR4 in HEK293T cells. Red, TLR4; 

green, SIRPA; blue, nucleus. D, SIRPA interacts with TLR4. Western blot with the Flag or 

Myc antibody after the coimmunoprecipitation of TLR4 from HEK293T whole-cell lysates 

using the Flag antibody (left). Western blot with the Flag or Myc antibody after the 

coimmunoprecipitation of SIRPA from HEK293T whole-cell lysates using the Myc 

antibody (right). E and F, Phosphorylation and total protein levels of IκBα and P65 in 

samples from (E) WT and SIRPA knockout mice and (F) NTG and SIRPA transgenic mice 

2 weeks after AB surgery (n=3; *P<0.05 vs WT or NTG/AB). Representative blots (top); 

quantitative results (bottom). n indicates number of independent experiments.
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Figure 5. 
Disruption of Toll-like receptor 4 (TLR4) rescued the adverse effect of signal regulatory 

protein-α (SIRPA) deficiency on cardiac hypertrophy. A, Images of heart sections stained 

with H&E and WGA from the indicated groups (n=5 mice per experimental group). B, 

Statistical results for the cell sectional area (n=>100 cells). C–E, Statistical results for the 

ratios of (C) heart weight (HW)/body weight (BW), (D) lung weight (LW)/BW, and (E) 

HW/tibia length (TL) in the indicated groups (n=11 mice per experimental group). F and G, 

Phosphorylation and total protein levels of IκBα and P65 in samples from the indicated 

groups 4 weeks after aortic banding(AB) surgery (n=3 independent experiments). 

Representative blots (F); quantitative results (G). DKO indicates double knockout.
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