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Abstract

Background—Signal-regulatory protein α (SIRPα) is an essential signaling molecule that 

modulates leukocyte inflammatory responses. However, the regulation of selective SIRPα 
synthesis and its dynamic changes in leukocytes under inflammatory stimulation remain 

incompletely understood.

Objective—We sought to identify the microRNAs (miRNAs) that posttranscriptionally regulate 

SIRPα synthesis and their roles in modulating macrophage inflammatory responses.

Methods—SIRPα was induced in SIRPα-negative promyelocytic cells by retinoic acid or 

phorbol 12-myristate 13-acetate, and the differential expression of miRNAs was assessed by 

means of microarray and quantitative RT-PCR assays. The roles of identified miRNAs in 

controlling SIRPα synthesis in leukocytes and leukocyte inflammatory responses were 

determined.

Results—We identified SIRPα as a common target gene of miR-17, miR-20a, and miR-106a. 

During SIRPα induction, levels of these 3 miRNAs were all reduced, and their downregulation by 

retinoic acid or phorbol 12-myristate 13-acetate occurred through suppression of the c-Myc 

signaling pathway. All miR-17, miR-20a, and miR-106a specifically bound to the same seed 

sequence within the SIRPα 3′ untranslated region and correlated inversely with SIRPα protein 

levels in various cells. In macrophages upregulation of miR-17, miR-20a, and miR-106a by LPS 

served as the mechanism underlying LPS-induced SIRPα reduction and macrophage activation. 

Both in vitro and in vivo assays demonstrate that miR-17, miR-20a, and miR-106a regulate 

macrophage infiltration, phagocytosis, and proinflammatory cytokine secretion through targeting 

SIRPα.
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Conclusion—These findings demonstrate for the first time that miR-17, miR-20a, and miR-106a 

regulate SIRPα synthesis and SIRPα-mediated macrophage inflammatory responses in a 

redundant fashion, providing a novel pathway in which a panel of miRNAs can modulate immune 

polarization through regulation of macrophage activation.
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As a member of the immunoglobulin superfamily, signal-regulatory protein α (SIRPα) is a 

receptor-like signaling protein predominantly expressed in myeloid leukocytes, including 

neutrophils and monocytic lineage cells (monocytes, macrophages, and dendritic cells).1–3 

Through its extracellular IgV-like loops, SIRPα binds to its ligand, CD47, a broadly 

expressed cell-surface protein.4 Following a single transmembrane domain, SIRPα has a 

long cytoplasmic tail containing 4 tyrosine residues that form 2 immunoreceptor tyrosine-

based inhibitory motifs (ITIMs).5 It has been proposed that SIRPα trans-binding to CD47 

triggers tyrosine phosphorylation of the SIRPα intracellular ITIMs, which leads to 

association with the SH2 domain–containing protein tyrosine phosphatases SHP-1 or SHP-2 

and initiates negative signaling cascades, resulting in inhibition of leukocyte function.6–11 In 

macrophages this SIRPα-mediated signaling pathway plays a key role in determining the 

phagocytic target.12 Specifically, ligation of SIRPα on the macrophage by CD47 on tissue 

cells elicits phosphorylation of the SIRPα ITIMs and leads to inhibition of phagocytosis, 

whereas the failure of ITIM-mediated signaling promotes macrophage engulfment of the 

cell.3,13 By using anti-SIRPα mAbs and soluble CD47 extracellular domains, previous 

studies have demonstrated that interactions between SIRPα on leukocytes and CD47 on 

endothelial and epithelial cells also inhibit neutrophil (PMN) and monocyte transmigration.
14–18 SIRPα also plays a critical role in controlling alveolar macrophage activity. By binding 

SIRPα, lung collectins, such as surfactant protein A (SP-A) and surfactant protein D (SP-D), 

act as surveillance molecules to suppress macrophage phagocytic function and lung 

inflammation.19,20 Although SIRPα plays an essential role in regulating many aspects of 

inflammatory responses, the regulation of SIRPα synthesis remains largely un-

characterized. At the mRNA level, SIRPα transcripts have been detected in almost every 

tissue; however, the SIRPα protein is only expressed in myeloid cells and certain neuronal 

cells.1–3 Furthermore, SIRPα protein levels in macrophages were rapidly reduced when 

macrophages were stimulated with LPS and thus are inversely correlated with the activation 

of macrophages.21 However, the mechanism underlying this phenomenon is not clear.

Given the disparity between SIRPα mRNA and protein levels in various human and animal 

tissues, it is quite likely that a posttranscriptional regulatory mechanism exists. Recently, a 

class of RNA regulatory genes known as microRNAs (miRNAs) has been discovered and 

adds a new layer of protein regulation at the posttranscriptional level.22,23 As a novel class 

of endogenous sequence-specific suppressors of protein translation, miRNAs can block 

target gene expression. The widespread and important role of these noncoding RNAs, which 

are approximately 22 nucleotides in length, is highlighted by recent discoveries that they 

control a wide range of physiologic processes in eukaryotes, including development, 

differentiation, proliferation, apoptosis, and metabolism.22,23 Thus we propose that miRNAs 
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are involved in posttranscriptional regulation of SIRPα. In the present study we identified 

SIRPα as a common target of the 3 miRNAs miR-17, miR-20a, and miR-106a and 

demonstrated that miR-17, miR-20a, and miR-106a regulate macrophage SIRPα synthesis 

and SIRPα-mediated macrophage inflammatory responses in a redundant fashion. 

Furthermore, regulation of the levels of miR-17, miR-20a, and miR-106a by various 

inducers, including retinoic acid (RA), phorbol 12-myristate 13-acetate (TPA), and LPS, and 

their roles in the modulation of leukocyte maturation and activation have also been studied.

METHODS

Reagents, cells, and antibodies

The human myeloblastic cell lines HL-60 and U937 and the monocyte/macrophage cell line 

THP-1 were purchased from the American Type Culture Collection (Manassas, Va). All 

other human cells, including HT-29, 293T, HeLa, HepG2, MDB231, MCF7, SH-SY5Y, and 

C2C12 cells, were all obtained from the Cell Bank of the Chinese Academy of Sciences 

(Shanghai, China). HL-60 cells were cultured with Iscove modified Dulbecco medium 

(Gibco, Carlsbad, Calif) containing 20% FBS, 100 U/mL penicillin, and 100 μg/mL 

streptomycin. THP-1 and U937 cells were grown in RPMI 1640 (Gibco) containing 10% 

FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.05 mmol/L 2-mercaptoethanol. 

HT-29, 293T, HeLa, HepG2, 231, MCF7, SH-SY5Y, and C2C12 cells were grown in 

Dulbecco modified Eagle medium (Gibco) containing 10% FBS, 100 U/mL penicillin, and 

100 μg/mL streptomycin. The anti-SIRPα (human and mouse) antibodies were obtained 

from BD Biosciences (San Jose, Calif). The anti–glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH; human and mouse) antibodies, and the anti–c-Myc antibody were 

purchased from Santa Cruz Biotechnology (Santa Cruz, Calif). Synthetic RNA molecules, 

including pre–miR-17, pre–miR-20a, pre–miR-106a, anti–miR-17 antisense 

oligonucleotides (ASO), anti–miR-20a ASO, and anti–miR-106a ASO and scrambled 

negative control oligonucleotides (pre-ncRNA and ncRNA), were purchased from Ambion 

(Carlsbad, Calif).

Isolation of mouse peritoneal and alveolar macrophage

Mouse peritoneal and alveolar macrophages were isolated, as previously described24 with 

minor modifications. Male C57BL/6J mice (6–8 weeks old, 20–22 g) were purchased from 

the Model Animal Research Center of Nanjing University (Nanjing, China). Mice were 

administered 3% sterile thioglycollate intraperitoneally to isolate peritoneal macrophages. 

After resting for 6 days, mice were killed, and peritoneal lavage was performed with 10 mL 

of RPMI 1640 (Invitrogen, Carlsbad, Calif). The lavage fluid was centrifuged at 300g for 10 

minutes to collect cells. For alveolar macrophage isolation, mice were anesthetized with 

intraperitoneal pentobarbital and killed by means of exsanguination. Lungs were lavaged 

through an intratracheal catheter with prewarmed PBS supplemented with 0.6 mmol/L 

EDTA. A total of 10 mL was used in each mouse in 0.5-mL increments. The lavage fluids 

were pooled and centrifuged at 300g for 10 minutes to collect cells. Cell preparations were 

generally greater than 95% enriched for peritoneal or alveolar macrophages. All animal 

procedures were approved by the Institutional Review Board of Nanjing University.
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Phagocytosis assays

Phagocytosis of fluorescein isothiocyanate (FITC)–labeled zymosan particles (Sigma-

Aldrich, St Louis, Mo) by macrophages was detected in mouse alveolar macrophages and 

thioglycollate-elicited mouse peritoneal macrophages. Mouse alveolar macrophages were 

cultured in 12-well plates and transfected with 30 nmol/L miRNA inhibitors (10 nmol/L for 

each anti-miRNA ASO) or scramble oligonucleotide (ncRNA). Cells were incubated with 

FITC-zymosan for 30 minutes at 37°C in the presence or absence of 100 ng/mL LPS 

(Sigma-Aldrich). After 2 washes with cold HBSS, cells were evaluated by gating on FITC-

positive cells on a FACSCalibur (BD Biosciences). For thioglycollate-elicited peritoneal 

macrophages, mice were injected intraperitoneally with 2 mL of 4% thioglycollate solution. 

On day 3 after injection, mice were administered intraperitoneally a mixture of PEI/30 

nmol/L miRNA inhibitors or PEI/ncRNA. After 12 hours, FITC-zymosan was injected 

intraperitoneally into mice. Macrophages in the peritoneal exudates were obtained 30 

minutes later by means of washing the peritoneal cavity with cold PBS and evaluated with 

the FACSCalibur (BD Biosciences).

Matrigel invasion and Transwell migration assays

Macrophage invasion and migration experiments were performed, as previously described.25 

Transwell filters (5-μm pore size; Corning Laboratories, Corning, NY) were left uncoated or 

coated with 50 μL of 1 mg/mL Matrigel (BD Biosciences). Macrophages isolated from 

peritoneal exudates (1 × 105) were added to the upper chamber in RPMI 1640 containing 

10% FCS, and RPMI 1640 containing 10% FCS and 35 ng/mL colony-stimulating factor-1 

was added to the lower chamber. Each assay was performed in triplicate. After 24 hours, 

cells and Matrigel in the upper chamber were removed, and cells on the bottom of the 

Transwell filter were fixed and stained with 0.1% crystal violet in 0.1 mol/L borate and 2% 

ethanol. The images of migrated cells were captured with a photomicroscope (Olympus, 

Center Valley, Pa). Cell migration was quantified by means of blind counting of migrated 

cells with 5 fields per chamber.

Cytokine assay and nitrite oxidant detection

Cytokine levels in culture supernatants were determined with commercial ELISA kits for 

TNF-α and IL-6 (R&D Systems, Minneapolis, Minn), according to the manufacturer’s 

instructions. Each value represents the mean of triplicate values. For nitric oxide (NO) 

detection, cells plated in 24-well culture dishes (2 × 105 cells per well) were incubated 

overnight before stimulation. After the cells were treated with 100 ng/mL LPS for 24 hours, 

culture supernatants were collected and analyzed with the Griess Reagent kit (Invitrogen). 

Nitrite concentrations were determined by means of measurement of OD at 570 nm.

Statistical analysis

All images of Western blotting and quantitative RT-PCR are representative of 4 to 6 

independent experiments. Real-time PCR was performed in triplicate, and each experiment 

was repeated at least 3 times. The data shown are presented as means ± SDs of 3 

independent experiments; differences are considered statistically significant at a P value of 

less than .05, as determined by using the Student t test.
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RESULTS

Identification of miR-17, miR-20a, and miR-106a as 3 major miRNAs that target SIRPα

We carefully monitored SIRPα mRNA and protein levels in various tissues and cells by 

using Western blotting and quantitative RT-PCR assays. As shown in Fig E1 in this article’s 

Online Repository at www.jacionline.org, all tissues and cells we tested expressed SIRPα 
mRNA at considerable levels; however, among these tissues and cells, only monocytes, 

neutrophils, and monocytic THP-1 cells produced SIRPα protein. The results strongly 

suggest that a posttranscriptional regulatory mechanism exists for SIRPα. To determine 

whether any miRNAs were involved in posttranscriptional modulation of SIRPα protein 

production, we monitored the alterations of miRNAs in promyelocytic HL-60 cells using an 

miRNA microarray after stimulation with TPA. Consistent with the notion that SIRPα is a 

myeloid differentiation marker, it has been widely reported that treatment of promyelocytic 

cells, such as HL-60 and U937 cells, with cell differentiation agents, including TPA or RA, 

can induce the differentiation of promyelocytic HL-60 cells into mature neutrophils or 

monocytes,26,27 which express high levels of SIRPα. Indeed, as shown in Fig 1, A (upper 

panel) and B, SIRPα protein production was readily detected in HL-60 and U937 cells after 

TPA treatment. In contrast, the mRNA levels of SIRPα in HL-60 and U937 cells were not 

significantly altered by TPA treatment (Fig 1, A [lower panel] C).

When we compared the expression profile of miRNAs between SIRPα protein–negative 

HL-60 cells and SIRPα protein–positive TPA-treated HL-60 cells using a low-density 

human miRNA microarray, we found that a panel of miRNAs, including miR-17, miR-20a, 

miR-106a, miR-320, and miR-25, were significantly downregulated, whereas miR-146a, 

miR-146b, and miR-155 were upregulated after TPA-mediated cell differentiation (Fig 1, D). 

The changes in miRNA expression are detailed in Table E1 in this article’s Online 

Repository at www.jacionline.org (GEO accession no. GSE29620). We next used a TaqMan 

probe–based quantitative RT-PCR assay to further validate the expression levels of 17 miR-

NAs with significantly altered (fold change > 2) expression levels in the microarray data. As 

shown in Fig 1, E, which is consistent with the microarray results, miR-17, miR-20a, 

miR-106a, miR-320, and miR-25 levels were strongly reduced in TPA-treated HL-60 cells 

compared with those seen in control HL-60 cells. We selected miR-17, miR-20a, miR-106a, 

and miR-320 as candidates for further study because of their relatively high levels of 

expression in nontreated promyelocytic HL-60 cells. Other miRNAs with significantly lower 

levels than those of miR-17, miR-20a, miR-106a, and miR-320, suchas miR-92a and 

miR-106b, were not further studied, although they were also downregulated by TPA 

treatment.

The link between the induction of SIRPα protein production and the downregulation of 

miR-17, miR-20a, and miR-106a was confirmed in RA-treated HL-60 cells (Fig 1, F and G). 

The results clearly show that SIRPα protein was detected after 24 hours and that its 

expression level increased in a time-dependent fashion over the course of RA treatment (Fig 

1, F). In contrast, miR-17, miR-20a, and miR-106a levels decreased over the course of RA 

treatment (Fig 1, G). We did not observe the dose-dependent decrease of miR-320 levels 

induced by RA in HL-60 cells (data not shown).
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Next, we determined whether the 3 miRNAs miR-17, miR-20a, and miR-106a are involved 

in SIRPα induction in HL-60 cells during differentiation. As shown in Fig 2, A, 

bioinformatics analysis with the 3 computer-aided algorithms TargetScan, miRanda, and 

PicTar predicted that miR-17, miR-20a, and miR-106a can target the same sequence within 

the 3′ untranslated region (UTR) of SIRPα of various animal species, including human 

subjects, which suggests that SIRPα might be a common target gene of the 3 miRNAs. To 

test this possibility, we characterized the binding of the miRNAs to the SIRPα 3′ UTR and 

the inverse correlation between the levels of miR-17/miR-20a/miR-106a and SIRPα. First, 

we used a luciferase reporter assay to confirm the specific binding of miR-17, miR-20a, and 

miR-106a to the 3′ UTR of SIRPα (Fig 2, B). Second, overexpression of miR-17, miR-20a, 

or miR-106a in THP-1 cells, which greatly increases the levels of each miRNA (see Fig E2 

in this article’s Online Repository at www.jacionline.org), significantly decreased the SIRPα 
level compared with that seen in THP-1 cells transfected with scrambled oligonucleotides 

(Fig 2, C). In contrast, the SIRPα mRNA level in THP-1 cells was not altered by miR-17, 

miR-20a, or miR-106a overexpression (Fig 2, D). When miR-17, miR-20a, and miR-106a 

were depleted from THP-1 cells by means of transfection with a combination of anti–

miR-17, anti–miR-20a, and anti–miR-106a ASOs (termed miRNA inhibitors; Fig 2, E), 

SIRPα protein levels in THP-1 cells were markedly increased (Fig 2, F). However, the 

SIRPα mRNA level in THP-1 cells was not altered by depleting all miR-17, miR-20a, and 

miR-106a (Fig 2, G). Taken together, the results suggest that the 3 miRNAs miR-17, 

miR-20a, and miR-106a, expression levels of which are drastically reduced during 

promyelocytic cell differentiation, can serve as modulators of SIRPα protein production 

through targeting the 3′ UTR of SIRPα.

Modulation of SIRPα protein production in promyelocytic cells by miR-17, miR-20a, and 
miR-106a

To illustrate the role of miR-17, miR-20, and miR-106a in controlling SIRPα protein 

expression at the posttranscriptional level, we further characterized SIRPα protein 

expression in HL-60 cells that had either undergone TPA-induced cell differentiation or had 

endogenous miRNAs depleted. SIRPα protein–producing THP-1 cells served as a positive 

control. In agreement with previous results, HL-60 cells treated with TPA produced SIRPα 
protein. However, when miR-17 was overexpressed in TPA-treated HL-60 cells (Fig 3, A), 

TPA-induced SIRPα protein production was strongly decreased (Fig 3, B). Scramble 

oligonucleotides that were used as controls had no effect on SIRPα protein induction by 

TPA. A similar inhibitory effect on TPA-induced SIRPα protein production was observed by 

overexpressing miR-20a or miR-106a (see Fig E3 in this article’s Online Repository at 

www.jacionline.org). In a separate study TPA-treated HL-60 cells were further transfected 

with miRNA inhibitors to deplete miR-17, miR-20a, and miR-106a. As shown in Fig E4 in 

this article’s Online Repository at www.jacionline.org, although there was some additional 

decrease in miRNA levels after treatment with miRNA inhibitors, no significant increase in 

SIRPα protein levels was observed compared with those seen after TPA treatment alone. We 

next determined SIRPα protein levels in SIRPα-negative HL-60 cells after knockdown of 

individual miRNAs by using miRNA ASOs. As shown in Fig 3, C and D, levels of 

individual miRNAs or multiple miRNAs were successfully reduced by individual miRNA 

ASOs or a combination of miRNA ASOs. However, although knockdown of single miRNAs 
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of miR-17, miR-20a, or miR-106a showed no effect on SIRPα protein levels, knockdown of 

multiple miRNAs of miR-17, miR-20a, or miR-106a with a combination of miRNA ASOs 

significantly induced SIRPα expression in HL-60 cells, even in the absence of TPA 

stimulation. When miR-17, miR-20a, and miR-106a were depleted altogether from HL-60 

cells by means of transfection with miRNA inhibitors, SIRPα protein levels were increased 

to the highest level. Immunofluorescence labeling showed that the SIRPα protein induced 

by depleting miR-17, miR-20a, and miR-106a was predominantly located at cell-surface 

membranes, which is a typical location for SIRPα protein in monocytes (Fig 3, E, arrows). 

Taken together, the results suggest that miR-17, miR-20a, and miR-106a can directly affect 

SIRPα protein production and that induction of SIRPα protein by cell differentiation 

reagents, such as TPA, might also function largely through the downregulation of miR-17, 

miR-20a, and miR-106a.

miR-17 and miR-20a are members of a protumorigenic group of miRNAs known as the 

miR-17-92 cluster. Previous reports have shown that c-Myc is a transcription factor that 

promotes the expression of the miR-17-92 cluster in tumor cells.28,29 To further identify the 

mechanism underlying the downregulation of miR-17, miR-20a, and miR-106a caused by 

cell differentiation reagents in promyelocytic cells, we determined the effect of c-Myc on the 

modulation of miR-17, miR-20a, and miR-106a expression and SIRPα protein levels in 

HL-60 cells treated with TPA or RA. As shown in Fig 4, c-Myc levels were significantly 

reduced in HL-60 cells treated with TPA (Fig 4, A) or RA (Fig 4, B), suggesting that c-Myc 

might positively regulate the expression of miR-17, miR-20a, and miR-106a. When RA-

induced reduction of c-Myc levels in HL-60 cells was reversed by overexpressing c-Myc 

(see Fig E5 in this article’s Online Repository at www.jacionline.org), downregulation of 

miR-17, miR-20a, and miR-106a by RA was also reversed (Fig 4, C). Overexpression of c-

Myc also significantly blocked RA-induced upregulation of SIRPα protein production (Fig 

4, D and E). These results show that the RA-induced downregulation of miR-17, miR-20a, 

and miR-106a in HL-60 cells likely occurs through c-Myc suppression.

Role of miR-17/20a/106a–mediated regulation of SIRPα in the activation of macrophages 
by LPS

Although the mechanism remains unknown, previous reports have demonstrated that LPS 

stimulation reduces murine macrophage SIRPα protein levels, which in turn promotes 

macrophage activation.21 Next, we studied the potential role of miR-17, miR-20a, and 

miR-106a in the LPS-induced downregulation of SIRPα protein in murine macrophages. In 

this experiment macrophages were isolated from mouse lungs.20 In agreement with previous 

findings,21 SIRPα protein levels in mouse alveolar macrophages were rapidly decreased by 

LPS stimulation (Fig 5, A). However, miR-17, miR-20a, and miR-106a levels in 

macrophages were strongly increased by LPS in the same timeframe (Fig 5, B). Given that 

overexpression of any one of these 3 miRNAs, such as miR-17, in murine macrophages 

could reduce SIRPα protein levels (Fig 5, C), we postulated that increased miR-17, 

miR-20a, or miR-106a levels in mouse alveolar macrophages under LPS stimulation might 

cause the LPS-induced SIRPα protein reduction. To test this hypothesis, we performed an 

experiment to determine whether blockade of LPS-induced upregulation of miR-17, 

miR-20a, and miR-106a could block LPS-induced SIRPα protein reduction. As shown in 
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Fig 5, E, treatment with the combined miRNA inhibitors significantly depleted miR-17, 

miR-20a, and miR-106a levels in both control and LPS-stimulated macrophages. More 

importantly, depletion of miR-17, miR-20a, and miR-106a strongly reversed the LPS-

induced SIRPα protein reduction in mouse macrophages (Fig 5, F).

Role of miR-17, miR-20a, and miR-106a in regulating macrophage inflammatory responses 
in vitro and in vivo

Given that miR-17, miR-20a, and miR-106a can target SIRPα and are involved in LPS-

induced SIRPα reduction in macrophages, we studied the role of miR-17, miR-20a, and 

miR-106a in modulating macrophage inflammatory responses.

First, phagocytic activity and inflammatory cytokine secretion were assessed in 

macrophages isolated from mouse lung tissue. Because SIRPα serves as an inhibitory 

modulator of macrophage phagocytosis,1,2,21,30,31 we investigated whether depletion of 

miR-17, miR-20a, and miR-106a in mouse macrophages, which causes an increase in 

SIRPα protein levels, could suppress their phagocytic activity. Macrophages were incubated 

with fluorescently labeled zymosan particles for 30 minutes at 37°C in the presence or 

absence of LPS to stimulate phagocytosis. After washing off free zymosan particles, 

macrophages were assayed by means of flow cytometry, and phagocytosis was presented as 

the ratio of fluorescently labeled macrophages to total cells. As shown by the flow 

cytometric results in Fig 6, A and B, when miR-17, miR-20a, and miR-106a levels were 

decreased in macrophages by means of transfection with miRNA inhibitors, the uptake of 

fluorescently labeled zymosan particles by mouse lung macrophages was significantly 

inhibited.

Second, we investigated whether SIRPα reduction by miR-17, miR-20a, and miR-106a 

directly controls cytokine production in mouse alveolar macrophages on LPS treatment. 

Macrophages overexpressed with or without miR-17, control oligonucleotides, or the 

miRNA inhibitors were stimulated with various concentrations of LPS for 12 hours to 

measure the production of cytokines or for 24 hours to detect NO in the conditioned 

medium. In response to LPS stimulation, miR-17–overexpressing macrophages produced 

substantially more TNF-α, IL-6, and NO than macrophages transfected with the miRNA 

inhibitors or scrambled oligonucleotides (Fig 6, C–E). As expected, because of their higher 

level of SIRPα protein, macrophages transfected with the miRNA inhibitors produced the 

least TNF-α, IL-6, and NO. Interestingly, when maintaining SIRPα levels in miR-17–

overexpressing macrophages through transfection of macrophages with SIRPα-pcDNA3.1, 

the effect of miR-17 on TNF-α, IL-6, and NO production is blocked (Fig 6, C–E). This 

result supports that miR-17 modulates macrophage inflammatory responses through 

targeting SIRPα.

To study the role of miR-17/miR-20a/miR-106a–targeting SIRPα in regulating macrophage 

inflammatory responses under pathophysiologic conditions, we measured the effect of 

depletion of miR-17, miR-20a, and miR-106a on the phagocytic activity of thioglycollate-

elicited peritoneal macrophages from C57BL/6 mice. In this experiment C57BL/6 mice 

were injected intraperitoneally with 2 mL of 4% thioglycollate, and subsequently, mice were 

injected intraperitoneally with a mixture of galactosylated low-molecular-weight chitosan 
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(PEI)/miRNA inhibitors or PEI/scramble oligonucleotides once per day.32 Three days later, 

fluorescently labeled zymosan particles were injected intraperitoneally into mice. After 3 

hours, cells in the peritoneal exudates were isolated by washing the peritoneal cavity with 

ice-cold HBSS. Collected cells were directly assayed for miRNA expression, SIRPα levels, 

and zymosan particle uptake. As shown in Fig 7, miR-17, miR-20a, and miR-106a levels in 

thioglycollate-elicited peritoneal macrophages were significantly reduced by means of PEI 

delivery of miRNA inhibitors (Fig 7, A). In agreement with this, SIRPα protein levels in 

peritoneal macrophages treated with PEI/miRNA inhibitors were increased compared with 

those in normal mice or mice treated with PEI/scramble oligonucleotide (Fig 7, B and C). 

More importantly, flow cytometric data clearly demonstrated that peritoneal macrophages 

treated with PEI/miRNA inhibitors had much lower phagocytic activity than control 

macrophages or macrophages treated with PEI/scrambled oligonucleotide (Fig 7, D). 

Consistent with this observation, peritoneal macrophages in which miR-17, miR-20a, and 

miR-106a were depleted also showed less CSF-1–induced Matrigel invasion (Fig 7, E) and 

migration across Transwell filters (Fig 7, F) than control macrophages or macrophages 

treated with PEI/scramble oligonucleotide. Together, the results suggest that upregulation of 

SIRPα protein in mouse macrophages by depleting miR-17, miR-20a, and miR-106a 

significantly suppresses inflammatory responses, including phagocytosis and migration.

DISCUSSION

In the present study, through miRNA microarray screening of downregulated miRNAs 

during SIRPα protein induction in promyelocytic HL-60 cells and gain-of-function and loss-

of-function assays in various leukocytes, we present the first evidence that the miRNAs 

miR-17, miR-20a, and miR-106a modulate SIRPα protein synthesis at the 

posttranscriptional level. Our results further suggest that miR-17, miR-20a, and miR-106a 

effectively regulate macrophage inflammatory responses through modulating leukocyte 

SIRPα synthesis.

As an important signaling molecule, SIRPα modulates many aspects of leukocyte 

inflammatory responses, including activation, chemotaxis, and phagocytosis. Although the 

molecular basis is unclear, many have noted the disparity between SIRPα mRNA and 

protein synthesis in various tissues and cells. As shown in Fig E1 and Fig 1, most tissues and 

cells tested expressed SIRPα mRNA, but only leukocytes produced SIRPα protein. Our 

finding that miR-17, miR-20a, and miR-106a promote the downregulation of SIRPα 
explains this disparity. In agreement with the notion of miRNA-based posttranscriptional 

regulation of SIRPα, SIRPα-negative cells generally express high levels of miR-17, 

miR-20a and miR-106a (see Fig E6 in this article’s Online Repository at 

www.jacionline.org), whereas downregulation of cellular miR-17, miR-20a, and miR-106a 

levels through miRNA inhibitors or TPA-or RA-induced cell differentiation induced SIRPα 
protein synthesis. Identification of the role of miR-17, miR-20a, and miR-106a in SIRPα 
protein regulation also provides a novel mechanism for the rapidly decreasing or increasing 

SIRPα protein levels in leukocytes during inflammatory stimulation. Instead of de novo 
synthesis or blockade of SIRPα mRNA, leukocytes can effectively control SIRPα protein 

levels through altering levels of miR-17, miR-20a, or miR-106a. For example, when 

macrophages were stimulated with LPS, miR-17, miR-20a, and miR-106a levels were all 
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rapidly increased, and any one of these miRNAs could decrease leukocyte SIRPα protein 

levels. At this stage, it remains unknown whether other proinflammatory or anti-

inflammatory factors can also alter the expression of miR-17, miR-20a, and miR-106a. 

Interestingly, we also observed that levels of several miRNAs, particularly miR-146a, 

miR-146b, and miR-155, are significantly increased in HL-60 cells on TPA treatment (see 

Table E1). Because the increased expression of miR-146a, miR-146b, and miR-155 

generally promotes macrophage or immune cell activation or polarization, our results might 

indicate that TPA-induced promyelocytic HL-60 cell differentiation is a proinflammatory 

process and relevant to macrophage polarization.

miR-17 and miR-20a are members of the miR-17-92 cluster (encoding miR-17, 18a, 19a/b, 

20a, and 92a). Sequence analysis showed that miR-92a contains the same seed sequence 

targeting SIRPα as the 3 miRNAs studied here; however, its role in modulating SIRPα 
expression was not characterized because of its relatively low expression level in 

promyelocytic HL-60 cells. miR-17, miR-20a, and miR-106a are a protumorigenic group of 

miRNAs. They are highly expressed in tumor cells, and overexpression of these miRNAs 

promotes cell proliferation and inhibits the differentiation of lung epithelial progenitor cells.
33,34 These findings are in agreement with our finding that these miRNAs are strongly 

reduced when promyelocytic cells differentiate into mature monocytes and neutrophils (Fig 

2). Many target genes have been identified for miR-17, miR-20a, and miR-106a in their 

modulation of tumorigenesis; these molecules include signal transducer and activator of 

transcription 3,35 suppressor of cytokine signaling 1,36 and hypoxia-inducible factor 1α,37 

which have been shown to play an essential role in modulating macrophage functions. 

However, these 3 molecules are generally rapidly activated or increased by LPS stimulation,
38–40 which is not in agreement with the inhibitory role of miR-17, miR-20a, and miR-106a. 

This might suggest that miR-17, miR-20a, and miR-106a are not directly involved in 

regulating levels of signal transducer and activator of transcription 3, suppressor of cytokine 

signaling 1, and hypoxia-inducible factor 1α under the conditions under which our study 

was performed. Identifying SIRPα as a common target gene of miR-17, miR-20a, and 

miR-106a extends our understanding of the role these miRNAs in controlling cell 

proliferation and differentiation. Because SIRPα-derived signals provide a critical negative 

regulation for cell growth and survival,2,3,21,41 downregulation of SIRPα protein by miR-17, 

miR-20a, and miR-106a would promote tumor-like proliferation and survival, whereas 

induction of SIRPα protein by depleting cellular miR-17, miR-20a, and miR-106a would 

trigger a SIRPα-mediated proapoptotic signal.

In the present study we demonstrate that, in addition to the differentiation of promyelocytic 

cells, miR-17, miR-20a, and miR-106a also play a critical role in dynamically modulating 

leukocyte inflammatory responses. Through targeting SIRPα, miR-17, miR-20a, and 

miR-106a actually serve as activators of macrophage inflammatory reactions. In 

macrophages isolated from mouse lung tissues, forced expression of any one of miR-17, 

miR-20a, and miR-106a strongly enhanced cell phagocytic function and secretion of various 

inflammatory cytokines, whereas depletion of all 3 miRNAs suppressed macrophage 

phagocytosis and cytokine secretion (Fig 6). Furthermore, LPS-induced SIRPα reduction 

and consequent macrophage activation were associated with upregulation of miR-17, 

miR-20a, and miR-106a and could be completely blocked by depleting these 3 miRNAs. 
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The inhibitory effect of the combined miRNA inhibitors on macrophage phagocytic function 

was also confirmed by using thioglycollate-elicited mouse peritoneal macrophages (Fig 7).

In summary, we have shown that SIRPα is posttranscriptionally modulated by miR-17, 

miR-20a, and miR-106a, and through targeting SIRPα, these 3 miRNAs modulate 

macrophage phagocytic function and secretion of various inflammatory cytokines. 

Identification of SIRPα targeting by miR-17, miR-20a, and miR-106a and its associated role 

in modulating leukocyte inflammatory responses provides a novel therapeutic target or 

strategy for anti-inflammatory treatment.

METHODS

Plasmid construction and luciferase reporter assay

A luciferase reporter assay was performed to test the binding of miR-17/20a/106a to the 

target gene SIRPα. A 1954-bp segment of the human SIRPα 3′ UTR containing a 

presumed miR-17/20a/106a complementary site (seed sequence, GCACTTT) was amplified 

by means of PCR with human genomic DNA as a template. The PCR product was inserted 

into the pMIR-REPORT plasmid (Applied Biosystems), and insertion was confirmed by 

means of sequencing. To test the binding specificity, we mutated the seed sequence from 

GCACTTT to CGTGAAA. For the luciferase reporter assays, 1 μg of firefly luciferase 

reporter plasmid, 1 μg of β-galactosidase expression vector (Applied Biosystems), and 30 

nmol/L of each pre-miRNA, anti-miRNA ASO, or scramble control RNA were transfected 

into 293T cells cultured in 24-well plates with Lipofectamine 2000 (Invitrogen), according 

to the manufacturer’s instructions. The β-galactosidase vector was used as a transfection 

control. One day after transfection, the cells were assayed with a luciferase assay kit 

(Promega, Madison, Wis).

Construction of eukaryotic expression vector plasmid and transfection

The full-length human c-Myc gene sequence was amplified by means of RT-PCR with total 

RNA template extracted from HL-60. The primers were designed as follows: sense, 5′-

CCGGAATTCATTCTGCCCATTTGG GGACACTT-3′; antisense, 5′-

CCGCTCGAGTTTTCCTTACGCACAAGA GTTCC-3′. After purification with a 

QIAquick gel extraction kit (Qiagen, Hilden, Germany), the fragment was identified by 

means of dual digestion of the restriction endonuclease EcoRI and XhoI and confirmed 

further by using DNA sequencing. The eukaryotic expression vector pcDNA3.1 (+) was 

digested by EcoRI and XhoI. The digested fragment was purified and then ligated with T4 

ligase at 16°C overnight, followed by transformation into Escherichia coli. The HL-60 cells 

were seeded on 6-well plates overnight and transfected the following day with 

Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions. Briefly, the 

cells were transfected with c-Myc–pcDNA3.1 (+) or pcDNA3.1 (+) as a negative control, 

respectively, and harvested 48 hours after transfection for further analysis.

RNA isolation and quantitative RT-PCR of miRNAs or mRNAs

Total RNA was extracted from cells or tissues with TRIzol Reagent (Invitrogen), according 

to the manufacturer’s instructions. Quantitative RT-PCR was performed with TaqMan 
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miRNA probes (Applied Biosystems). Briefly, total RNA was reverse transcribed to cDNA 

with AMV reverse transcriptase (Takara) and a stem-loop RT primer (Applied Biosystems) 

or RT primer. Real-time PCR was performed with aTaqMan PCR kit and an Applied 

Biosystems 7900 Sequence Detection System (Applied Biosystems). All reactions, including 

no-template controls, were run in triplicate. After the reaction, the cycle threshold values 

were determined by using fixed threshold settings. Expression of miRNA in cells or tissues 

was normalized against U6 small nuclear RNA, and mRNA expression in cells or tissues 

was normalized against GAPDH. Sequences of primers used are as follows: SIRPα sense, 

5′-AGCACTAAGCAACATCTCGCTGTG GACG-3′; SIRPα antisense, 5′-

CAAACTGTTAAACCTCAGACTTCACAA GACCC-3′; mouse GAPDH sense, 5′-

GGTGAAGGTCGGTGTGAACG-3′; mouse GAPDH antisense, 5′-

CTCGCTCCTGGAAGATGGTG-3′; human GAPDH sense, 5′-AGAAGGCTGGGGCTC 

ATTTG-3′; and human GAPDH antisense, 5′-AGGGGCCATCCACAGTCTTC-3′.

Transfection of cells with ncRNA, pre-miRNA, or miRNA inhibitors

Cells were seeded on 6-well plates overnight and transfected the following day with 

Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions. For the 

overexpression of miRNA, 30 nmol/L pre-miRNA was used. For the inhibition of 3 miRNAs 

altogether, a total of 30 nmol/L miRNA inhibitors (10 nmol/L of each anti-miRNA ASO) 

were used. Scrambled oligonucleotides (30 nmol/L) were used as controls for pre-miRNA or 

miRNA inhibitors, respectively. Cells were harvested 24 hours after transfection for real-

time PCR analysis and Western blotting.

miRNA profiling with TaqMan low-density arrays

RNA was extracted from samples by using the mirVana miRNA Isolation Kit (Applied 

Biosystems). For each group of samples (control and stimulated), 1 μg of total RNA was 

used for multiplex reverse transcription reactions with miRNA-specific RT primers 

(Megaple RT Primers, Human Pool Set v3.0, Applied Biosystems). Subsequently, expression 

of miRNAs was tested by using quantitative PCR with the TaqMan Low Density Array 

Human MicroRNA Panel 1.0 (Applied Biosystems) run on an Applied Biosystems 7900HT 

instrument with a detection limit set to a cycle threshold of 33, according to the 

manufacturer’s instructions. The data presented are normalized to U6 and identified as a 

suitable endogenous control.

Immunofluorescence labeling

HL-60 cells transfected with a total of 30 nmol/L miRNA inhibitors (10 nmol/L each) or 

scrambled oligonucleotides were harvested and washed twice in PBS. Cells were fixed and 

permeabilized with cold alcohol (−20°C) for 30 minutes and then blocked for 30 minutes 

with 3% BSA. Cells were stained with rabbit anti-human SIRPα antibodies for 1 hour, 

followed by detection with Alexa Fluor–conjugated mouse anti-rabbit secondary antibodies. 

Samples were mounted with antifade solution for observation under laser scanning confocal 

microscopy (FV1000, Olympus).
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Western blot analysis

Samples were lysed in lysis buffer (50 mmol/LTris-HCl [pH 7.4], 150 mmol/L NaCl, 1% 

NP-40, and 0.1% SDS) at 4°C and centrifuged at 12,000g (4°C for 10 minutes). The 

supernatant fraction was collected, and the protein concentration was determined by using 

the BCA assay (Pierce, Rockford, Ill). Aliquots of proteins (20–40 μg) were separated on 

10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes 

were blocked with 5% non-fat milk and then incubated overnight at 4°C with primary 

antibodies diluted in blocking solution. After 3 × 15-minute washes, the blots were 

incubated with the appropriate horseradish peroxidase–conjugated secondary antibody and 

detected with an enhanced chemiluminescence reagent (Cell Signaling). The 

autoradiographic intensity of each protein band was quantified by using BandScan software 

(Informer Technologies, Inc) and normalized against GAPDH.

Cytokine assay and nitrite oxidant detection

Cytokine levels in culture supernatants were determined with commercial ELISA kits for 

TNF-α and IL-6 (R&D Systems), according to the manufacturer’s instructions. Each value 

represents the mean of triplicate values. For NO detection, cells plated in 24-well culture 

dishes (2 × 105 cells per well) were incubated overnight before stimulation. After the cells 

were treated with 100 ng/mL LPS for 24 hours, culture supernatants were collected and 

analyzed with the Griess Reagent kit. Nitrite concentrations were determined based on the 

measurement of OD at 570 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

ASO Antisense oligonucleotide

FITC Fluorescein isothiocyanate

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

ITIM Immunoreceptor tyrosine-based inhibitory motif

miRNA Micro RNA

ncRNA Normal control RNA

NO Nitric oxide

PEI Galactosylated low-molecular-weight chitosan

pre-ncRNA Pre-normal control RNA

RA Retinoic acid

SIRPα Signal-regulatory protein α
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SP-A Surfactant protein A

SP-D Surfactant protein D

TPA Phorbol 12-myristate 13-acetate

UTR Untranslated region
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Key messages

• SIRPα is a common target gene of miR-17, miR-20a, and miR-106a.

• miR-17, miR-20a, and miR-106a regulate SIRPα production and SIRPα-

mediated macrophage inflammatory responses.

• Inflammatory stimuli, such as LPS, activate macrophages by increasing 

miR-17, miR-20a, and miR-106a levels, leading to reduction of SIRPα.
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FIG. 1. 
Downregulation of expression levels of miR-17, miR-20a, and miR-106a in promyelocytic 

cells during SIRPα protein induction by cell differentiation agents. A–C, Induction of 

SIRPα protein but not SIRPα mRNA by TPA (30 nmol/L) in promyelocytic HL-60 and 

U937 cells. Note that the SIRPα protein level (Fig 1, A, upper panel, and B) was 

significantly increased by TPA, whereas the SIRPα mRNA level (Fig 1, A, lower panel, and 

C) was not altered. D, Microarray analysis of changes in miRNA expression in TPA-

differentiated HL-60 cells. E, TaqMan probe–based quantitative RT-PCR validation of 

differentially expressed miRNAs. F and G, Inverse correlation between SIRPα protein levels 

(Fig 1, F) and levels of miR-17/20a/106a (Fig 1, G) in HL-60 cells during RA-induced 

differentiation process. Data represent means ± SDs of 3 independent experiments 

performed in triplicate. *P < .05 and **P < .01. ND, Undetectable.
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FIG. 2. 
Identification of SIRPα as a common target of miR-17, miR-20a, and miR-106a. A, 
Bioinformatics analysis prediction of the possible target sites of miR-17/20a/106a in the 3′ 
UTR of SIRPα. B, Validation of binding of miR-17, miR-20a, and miR-106a with the 3′ 
UTR of SIRPα by using a luciferase reporter assay. Mut, Mutated SIRPα 3′ UTR; WT, 

wild type SIRPα 3′ UTR. C and D, Levels of SIRPα protein (Fig 2, C) and mRNA (Fig 2, 

D) in THP-1 cells transfected with pre–miR-17, pre–miR-20a, or pre–miR-106a. E–G, 
Levels of miRNAs (miR-17, miR-20a, and miR-106a; Fig 2, E), SIRPα protein (Fig 2, F), 

and SIRPα mRNA (Fig 2, G) in THP-1 after transfection with scrambled or miRNA ASOs. 

Data represent means ± SDs of 3 independent experiments. *P < .05 and **P < .01.
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FIG. 3. 
Regulation of SIRPα protein expression by miR-17, miR-20a, and miR-106a. A and B, 
Effect of over-expression of miR-17 on TPA-induced SIRPα protein production in HL-60 

cells. Note that forced expression of pre–miR-17 significantly increases miR-17 levels (Fig 

3, A) but abolishes SIRPα induction by TPA (Fig 3, B). C and D, Effect of depleting 

miR-17, miR-20a, and miR-106a on SIRPα protein levels in HL-60 cells. Note that 

compared with scrambled oligonucleotides, the combined miRNA ASOs, particularly 

miRNA inhibitors (the combination of 3 miRNA ASOs) in HL-60 cells, strongly decrease 

levels of the 3 miRNAs (Fig 3, C) and lead to SIRPα induction, even in the absence of 

differentiation reagents (Fig 3, D). E, Localization of SIRPα induced by depletion of 

miR-17, miR-20a, and miR-106a in HL-60 cells. Scale bar = 2 α m. Data represent means ± 

SDs of 3 independent experiments. *P < .05 and **P < .01. ND, Undetectable.
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FIG. 4. 
Downregulation of miR-17, miR-20a, and miR-106a in HL-60 cells by TPA or RA through 

suppression of the c-Myc signaling pathway. A and B, Reduction of c-Myc expression in 

HL-60 cells by TPA (Fig 4, A) and RA (Fig 4, B) treatment. C, Overexpression of c-Myc 

inhibits RA-mediated downregulation of miR-17, miR-20a, and miR-106a in HL-60 cells. D 
and E, Overexpression of c-Myc in RA-treated HL-60 cells reverses RA-induced SIRPα 
protein production. Data represent means ± SDs of 3 independent experiments. *P < .05 and 

**P < .01. ND, Not determined.
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FIG. 5. 
Effect of miR-17, miR-20a, and miR-106a on LPS-induced downregulation of SIRPα in 

murine alveolar macrophages. A and B, LPS stimulation (100 ng/mL) significantly reduces 

SIRPα protein levels (Fig 5, A) but increases miR-17, miR-20a, and miR-106a levels (Fig 5, 

B) in macrophages. C and D, Overexpression of miR-17 in macrophages (Fig 5, C) 

decreases SIRPα protein levels (Fig 5, D). E and F, Effect of depleting miR-17, miR-20a, 

and miR-106a on LPS-induced SIRPα reduction in mouse alveolar macrophages. Note that 

transfection with the miRNA inhibitors strongly reverses both LPS-induced miR-17/20a/

106a increase (Fig 5, E) and SIRPα reduction (Fig 5, F) in macrophages. Data represent 

means ± SDs of 3 independent experiments. **P < .01.
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FIG. 6. 
Role of miR-17, miR-20a, and miR-106a in modulating inflammatory responses of mouse 

alveolar macrophages. A and B, Phagocytic activity of macrophages detected by means of 

flow cytometry. Macrophages were transfected with or without scrambled oligonucleotides 

or combined miRNA inhibitors. Cells were then incubated with fluorescently labeled 

zymosan particles at 37°C in the presence or absence of 100 ng/mL LPS. C–E, secretion of 

TNF-α (Fig 6, C), IL-6 (Fig 6, D), and NO (Fig 6, E) by macrophages. Data represent 

means ± SDs of 3 independent experiments. *P < .05 and **P < .01.
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FIG. 7. 
Modulation of mouse macrophage inflammatory responses by depletion of miR-17, 

miR-20a, and miR-106a in thioglycollate-elicited peritoneal macrophages. A, Specific 

downregulation of miR-17, miR-20a, and miR-106a in peritoneal macrophages by PEI/

miRNA inhibitors. B and C, Increased SIRPα protein levels in peritoneal macrophages by 

means of depletion of miR-17, miR-20a, and miR-106a. D, Reduced phagocytic activity of 

peritoneal macrophages with miR-17, miR-20a, and miR-106a depletion. E and F, 
Decreased Matrigel invasion (Fig 7, E) and migration across Transwell filters (Fig 7, F) of 

peritoneal macrophages on depletion of miR-17, miR-20a, and miR-106a. Data represent 

means ± SDs of 3 independent experiments. *P < .05 and **P < .01.
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