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miR-155 acts as an anti-
inflammatory factor in 
atherosclerosis-associated foam 
cell formation by repressing 
calcium-regulated heat stable 
protein 1
Xiaoyi Li1,2,*, Deyong Kong1,*, Heming Chen3,*, Shuiyi Liu1,4, Hui Hu1, Tangwei Wu1, 
Jing Wang1, Weiqun Chen1,4,5, Yong Ning2, Yong Li1,6 & Zhongxin Lu1,2,4

Atherosclerosis (AS) is chronic inflammation in response to lipid accumulation. MicroRNA-155 (miR-155) 
is being increasingly studied to evaluate its potential as diagnostic biomarkers and therapeutic targets 
in many diseases. However, delineating the role of miR-155 in AS remains difficult. Here, we detected 
constitutive expression of several microRNAs (miRNAs) possibly associated with cardiovascular 
disease in foam cells and clinical specimens from patients with AS. Among them, we found that the 
level of miR-155 in foam cells was the most significantly elevated in a dose- and time-dependent 
manner. In addition, the expression of miR-155 was elevated in the plasma and plaque of patients with 
AS. We also reported for the first time that miR-155 targets calcium-regulated heat stable protein 1 
(CARHSP1), which regulates the stability of tumor necrosis factor alpha (TNF-α) mRNA. Furthermore, 
we investigated the mechanism by which the miR-155 level is elevated. miR-155 upregulation is due to 
transcriptional regulation by nuclear factor (NF)-κB, which is activated by the inflammatory factor TNF-
α. In summary, increased miR-155 relieves chronic inflammation by a negative feedback loop and plays 
a protective role during atherosclerosis-associated foam cell formation by signaling through the miR-
155–CARHSP1–TNF-α pathway.

AS is one of the most common cardiovascular diseases, leading to severe cardiovascular complications1. This 
disease is chronic inflammation in response to lipid accumulation, and macrophages are the main effec-
tor cells that stimulate the vascular inflammatory reaction throughout the pathological process2–4. The role of 
cholesterol loading in macrophage inflammation raises the broader issue of mechanisms and consequences of 
macrophage-mediated inflammation in AS5. In the early stages of AS, monocytes respond to inflammatory fac-
tors and oxidative stress and subsequently differentiate into macrophages6,7. In this process, macrophages are 
recruited to take up oxLDL to form lipid-overloaded foam cells8, which play a crucial role in the formation of 
atherosclerotic plaque and the progression of AS.

miRNAs are endogenous, noncoding, single-stranded RNAs, ~22 nucleotides in length which silence gene 
expression by binding to the 3′ -UTR of target mRNAs, thereby suppressing their translation or promoting their 
degradation9–11. miRNA sequences are highly conserved between different species12. Recent studies suggest 
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that these molecules are closely involved in the pathogenesis and progression of cardiovascular disease and are 
good diagnostic or prognostic biomarkers and therapeutic targets13,14. In this research, we focused on miR-155, 
which is encoded by the MIR155 host gene (MIR155HG) and transcribed from the B-cell integration cluster 
(BIC), located on chromosome 2115. Various reports have indicated that miR-155 is a typical multi-functional 
miRNA that is closely linked to several important inflammation diseases, including AS16,17. This molecule has 
an anti-inflammatory effect and plays a part in the prevention of AS development and progression by targeting 
MAP3K10 in macrophages18. On the other hand, miR-155 may promote AS, as it has been observed to derepress 
BCL6-mediated inhibition of CCL2 transcription in the bone marrow cells of ApoE–/– mice19. These investigations 
have therefore demonstrated that miR-155 has opposite effects in different cell types, pathological stages, and 
animal models of AS.

CARHSP1, also known as CRHSP-24, is a cytoplasmic protein located in processing bodies or exosome gran-
ules and has been identified as a cold shock domain (CSD) protein family member. These proteins are com-
posed of an evolutionarily conserved CSD, which functions as a transcriptional or translational regulator20,21. 
CARHSP1 contains a CSD, making it possible for it to bind to polypyrimidine regions and regulate the stability 
of single-stranded RNA or DNA22,23. CARHSP1 was first identified as a physiological substrate for the Ca2+/
calmodulin-regulated protein phosphatase calcineurin (PP2B). Recently, it was found to be an mRNA stabil-
ity enhancer for tumor necrosis factor alpha (TNF-α ), which is the central mediator of inflammation in mac-
rophages, and several studies have demonstrated that CARHSP1 binds to the AU-rich element (ARE) of the 
TNF-α  3′ -UTR through the CSD24–26. The ARE binding site is critical for the regulation of mRNA translation, 
degradation and stability, and therefore these studies indicate that CARHSP1 is critical for TNF-α  mRNA stabi-
lization and has a significant role in the regulation of inflammation.

In this study, we found that miR-155 is overexpressed in the serum and atherosclerotic lesions of AS patients 
and that expression of miR-155 in oxLDL-treated THP-1 inflammatory macrophages was increased in a dose- 
and time-dependent manner. We also demonstrated that miR-155 inhibits CARHSP1, which affects the stability 
of TNF-α  mRNA, thus involving this cytokine in the process of AS. Furthermore, we confirmed that the tran-
scription factor NF-κ B, which is activated by TNF-α , binds to the promoter of miR-155 and stimulates the tran-
scription of miR-155. In summary, we determined that an increased miR-155 level relieves chronic inflammation 
and plays a protective role by signaling through the miR-155–CARHSP1–TNF-α  pathway.

Results
miR-155 is overexpressed in the plasma and atherosclerotic lesions of patients with AS and is 
induced by oxLDL in human macrophages. To identify novel miRNAs that are involved in atherogen-
esis, we established a foam cell model by inducing THP-1 cells with oxLDL and detected seven miRNAs possibly 
associated with cardiovascular disease by qRT-PCR. Among these miRNAs, miR-155 was the most significantly 
elevated in oxLDL-treated THP-1 cells (Fig. 1A). To confirm that the expression of miR-155 was increased in 
patients with AS, we measured the level of miR-155 in the plasma of patients with AS and in the normal control 
group, and the results showed that the miR-155 level was indeed upregulated in patients with AS (Fig. 1B). The 
relative expression level of miR-155 in 17 pairs of atherosclerotic lesions and normal veins from the same patients 
were also detected by qRT-PCR, and the results showed that the miR-155 level was significantly increased in 
the atherosclerotic lesions compared with the normal veins (Fig. 1C). To determine whether overexpression of 
miR-155 is induced by oxLDL, THP-1 cells were first treated with 100 nM PMA, then stimulated with oxLDL at 
the indicated concentrations (10, 50, and 100 μ g/ml) for 24 h or with 50 μ g/ml oxLDL for specific times (0, 6, 12, 
24, and 48 h), while control cells were treated with PBS27. The results showed that the expression of miR-155 is 
increased by oxLDL stimulation in a dose- and time-dependent manner (Fig. 1D,E).

miR-155 attenuates lipid uptake and suppresses the inflammatory response by repressing the 
expression of TNF-α in foam cell formation. To investigate the role of miR-155 in the inflammatory 
response of AS, the macrophages that were stimulated by 100 nM PMA-treated THP-1 cells were transfected with 
100 nM chemically synthesized miR-155 mimic or miR-155 inhibitor for 0, 6, 12, 24, or 48 hours, followed by 
treatment with 50 μ g/ml oxLDL for 24 hours. The effect of miR-155 overexpression and knockdown on foam cell 
formation was analyzed by Oil Red O staining, and inflammatory factor secretion was examined by ELISA. The 
transfection efficiency of miR-155 mimic or inhibitor was examined by qRT-PCR (Fig. 2A,C). When cells were 
transfected with miR-155 mimic for 0, 6, or 12 hours, the secretion of TNF-α  was invariant and similar to the 
control group. After transfection with miR-155 mimic for 24 or 48 hours, the secretion of TNF-α  was significantly 
suppressed (Fig. 2B). By contrast, when cells were transfected with miR-155 inhibitor for 24 or 48 hours, the 
secretion of TNF-α  increased (Fig. 2D). Furthermore, to determine the effect of miR-155 on foam cell formation, 
Oil Red O staining showed that, after transfection with miR-155 mimic for 12, 24, or 48 hours, lipid uptake was 
remarkably attenuated (Fig. 2E). By contrast, transfection with miR-155 inhibitor led to the inverse outcome of 
enhanced lipid uptake (Fig. 2F).

CARHSP1 is required for TNF-α mRNA stabilization. CARHSP1 was previously identified as a TNF-α  
3′ -UTR-interacting protein by luciferase assays and mRNA stability assays after CARHSP1 overexpression or 
CARHSP1 knockdown26,28. To verify that CARHSP1 is required for TNF-α  mRNA stabilization in foam cells, we 
transfected siRNA control or CARHSP1 siRNA into THP-1 cells, and the cells were then treated with oxLDL to 
form foam cells. qRT-PCR and western blotting were then used to measure the effect of CARHSP1 knockdown on 
TNF-α  mRNA and protein. The transfection efficiency of CARHSP1 siRNA was examined by qRT-PCR (Fig. 3A) 
and western blotting (Fig. 3D), and the results indicate that CARHSP1 knockdown down-regulates TNF-α  pro-
tein production and reduces the level of TNF-α  mRNA (Fig. 3B–D). Additionally, we cloned the CARHSP1 
ORF into the pCMV6-AC-GFP vector to overexpress CARHSP1 and transfected it into THP-1 cells, and the 
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transfection efficiency of the CARHSP1 overexpression plasmid was examined by qRT-PCR (Fig. 3E). The results 
showed that CARHSP1 overexpression increases the level of TNF-α  mRNA and up-regulates TNF-α  protein pro-
duction (Fig. 3F–H). We also validated the role of CARHSP1 in TNF-α  regulation using an mRNA stability assay. 
The TNF-α mRNA half-life was 94 min in cells with the siRNA control and 57 min in the CARHSP1 knockdown 
cells (Fig. 3I). These results suggest that CARHSP1 is required for TNF-α  mRNA stabilization.

CARHSP1 is a functional target of miR-155. To elucidate the mechanism by which miR-155 affects 
macrophage-derived foam cell formation and the inflammatory response, we performed several computational 
analyses available in online miRNA target databases, including MirDB, Targetscan, and PicTar, to identify poten-
tial direct mRNA targets of miR-155. Among many predicted target genes of miR-155 in miRBase, CARHSP1 
(also known as CRHSP-24), which acts as an mRNA stability enhancer for TNF-α , is a newfound target for 

Figure 1. The expression of miR-155 is increased in human macrophages in clinical specimens and is 
induced by oxLDL. (A) The expression of miRNAs in oxLDL (50 μ g/ml)-treated macrophages was determined 
by qRT-PCR. Phosphate-buffered saline was used as control. (B) Levels of miR-155 in plasma from patients 
with AS (n =  70) and normal controls (n =  55). Values were normalized to U6. In this dot plot, the horizontal 
line indicates the mean. (C) qRT-PCR assay of miR-155 in atherosclerotic lesions (n =  17) and normal veins 
(n =  17) from the same patients with AS (P = 0.0095). (D) qRT-PCR analysis of miR-155 expression in THP-1 
cells, which were first stimulated with propylene glycol monomethyl ether acetate (PMA, 100 nM) to induce 
them to differentiate into macrophages, then treated with oxLDL at the indicated doses (0, 10, 50, or 100 μ g/ml). 
(E) qRT-PCR analysis of miR-155 expression in THP-1 cells, which were first stimulated with PMA (100 nM) 
to induce them to differentiate into macrophages, then treated with oxLDL (50 μ g/ml) for the indicated times 
(0, 6, 12, 24, or 48 h). *P <  0.05, **P <  0.01, ***P <  0.001. Results are presented as mean ±  SD of 3 independent 
experiments as determined by Bonferroni’s multiple comparison test after one-way ANOVA (D,E) or Student’s t 
test (A–C).
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miR-155 and has a binding site for miR-155. The binding sites to the miR-155 seed sequence are highly conserved 
in human, mouse, rat, rabbit, and horse (Figure S3). To validate the predicted miRNA binding site, we per-
formed a luciferase reporter assay in HEK293T cells by transfecting luciferase reporters with either the wild-type 
CARHSP1 3′ -UTR or a mutant lacking the miR-155 binding site (Fig. 4A). We found that transfection with the 
miR-155 mimic and a CARHSP1 3′ -UTR reporter vector resulted in a significant reduction of luciferase activity 
(Fig. 4B). By contrast, transfection with the miR-155 inhibitor caused a significant increase in luciferase activity 
(Fig. 4C).

To identify the potential relationship between miR-155 and CARHSP1, qRT-PCR was employed to measure 
the mRNA levels of CARHSP1 in oxLDL-treated macrophages with or without miR-155 involvement. The cyto-
plasmic protein was collected from the cells, which were transfected with miR-control, miR-155 mimic, or miR-
155 inhibitor for 24 h and subsequently stimulated with oxLDL for 24 h to determine whether miR-155 affects 
translation of CARHSP1. Western blot results revealed that overexpressed miR-155 also inhibits CARHSP1 pro-
tein expression (Fig. 4D). Furthermore, the qRT-PCR results indicate that the mRNA levels of CARHSP1 are 
downregulated by overexpressed miR-155 (Fig. 4E).

To further examine whether CARHSP1 is a functional target of miR-155 during foam cell formation, THP-1 
cells were transfected with miR-155 mimic, CARHSP1 siRNA, or a CARHSP1 overexpression vector, and it was 
found that overexpression of CARHSP1 increased the protein level of TNF-α  and lipid uptake in oxLDL-induced 
foam cells (Figs 3H and 4F), while knockdown of CARHSP1 significantly decreased the protein level of TNF-α  
and strongly prevented lipid uptake, as shown by Oil Red O staining (Figs 3D and 4G). Moreover, overexpression 
of CARHSP1 rescued the protein level of CARHSP1 that had been decreased by overexpressed miR-155 (Fig. 4H) 
and reversed the protective effects caused by overexpression of miR-155 on lipid uptake in oxLDL-induced foam 
cells (Fig. 4I). All these results indicate that CARHSP1 is a functional target of miR-155, which directly targets its 
3′ UTR, and that CARHSP1 serves as a mediator of miR-155 by regulating the production of TNF-α  and thereby 
affecting foam cell formation.

Overexpression of miR-155 is induced by NF-κB, which is activated by TNF-α. Previous studies 
have demonstrated that TNF-α  activates NF-kB29,30. To investigate how miR-155 is induced during foam cell for-
mation, THP-1 cells were stimulated by TNF-α  for 6 hours. We measured the mRNA and protein levels of NF-κ B 
to confirm that endogenous NF-kB is induced by TNF-α  at the indicated concentrations and times (Fig. 5A,B). 
Next, a ChIP assay was performed to determine whether NF-κ B directly binds to the pri-miR-155 genomic locus, 
and results showed that this was the case (Fig. 5C,D). Moreover, using the TRANSFAC database tool, we found 

Figure 2. The role of miR-155 in countering inflammation and lipid uptake by repressing the expression 
of TNF-α. (A,C) The expression of miR-155 was examined by qRT-PCR for different times (0, 6, 12, 24, 48 h) 
following transfection of a miR-155 mimic, inhibitor, and control (100 nM) into macrophages that had been 
previously differentiated from THP-1 cells. (B,D) After transfection of the miR-155 mimic, inhibitor, and 
control (100 nM) into macrophages, these cells were then treated with oxLDL (50 μ g/ml) for 24 h, and the 
secreted protein concentration of TNF-α  was determined by ELISA. (E,F) Lipid uptake was measured by Oil 
Red O staining after transfection of the miR-155 mimic, inhibitor, and control (100 nM) into macrophages, 
then treated with oxLDL (50 μ g/ml) for 24 h (magnification 400 ×  ). ***P <  0.001. Results are presented as 
mean ±  SD of 3 independent experiments as determined by Student’s t test (A–D).
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that there were three potential binding sites (referred to as sites 1, 2, and 3) for NF-κ B in the promoter region of 
pri-miR-155, which were located in the region (− 2000 to − 1 bp) upstream of pri-miR-155/BIC (Fig. 5E). Next, 
wild type or each of three different mutant reporter plasmids were transfected into TNF-α -treated THP-1 cells, 
and the luciferase results showed that site 1 was the strongest binding site (Fig. 5F). All these results suggest that 
NF-κ B, which is activated by TNF-α  in THP-1 cells, is a transcriptional enhancer of miR-155.

Discussion
Chronic inflammation driven by cholesterol accumulation in macrophages is instrumental in atheroscle-
rotic lesion formation. It is also known that macrophage exposure to oxLDL leads to formation of lipid-laden 
foam cells31. In this study, we found that oxLDL-induced miR-155 plays a crucial role in the development of 
AS by regulating foam cell formation. We showed that miR-155 functions as an anti-inflammatory rather than 
pro-inflammatory factor in foam cells at the advanced stages of the atherosclerotic condition. The expression of 
miR-155 is critical for the production of TNF-α  by directly targeting CARHSP1, which was previously shown to 
be required for the stabilization of TNF-α  mRNA26. The absence of miR-155 in macrophages induced an inflam-
mation reaction and foam cell formation by upregulating CARHSP1. Moreover, we found that it was NF-κ B 
which was activated by TNF-α  that bound to the promoter of miR-155 and positively regulated the expression of 
miR-155. Therefore, all the results suggest that increased miR-155 levels relieve chronic inflammation and foam 
cell formation by signaling through the miR-155–CARHSP1–TNF-α  pathway.

Many researchers have demonstrated that miRNAs play a vital role in the pathogenesis of AS. Recently, miR-
126-5p was discovered to maintain a proliferative reserve in endothelial cells (ECs) through repression of the 
Notch1 inhibitor delta-like 1 homolog (Dlk1), thereby preventing atherosclerotic lesion formation32. Similarly, 
another group reported that miR-223 was transported to ECs in high-density lipoprotein (HDL) and decreased 
expression of ICAM-1 in ECs, indicating that the anti-inflammatory function of HDL is conferred through 
miRNA33. By contrast, Menghini et al. reported that miR-217 was expressed in human atherosclerotic lesions 

Figure 3. CARHSP1 is required for TNF-α mRNA stabilization. (A,E) qRT-PCR analysis of CARHSP1 
expression to examine the efficiency of overexpression and knockdown. Overexpression group was transfected 
with pCMV6-AC plasmid (Vector, 1 μ g), pCMV6-AC-CARHSP1 plasmid (CARHSP1, 1 μ g). Knockdown group 
was transfected with CARHSP1 siRNA (siCARHSP1, 50 pmol/ml), siRNA control (siCtrl, 50 pmol/ml) for 24 h. 
The control group was a mock transfection. (B,F) qRT-PCR analysis of TNF-α  mRNA expression to determine 
the effect of CARHSP1 overexpression or knockdown on the TNF-α  mRNA level. (C,G) The secreted protein 
concentration of TNF-α  was determined by ELISA to determine the effect of CARHSP1 overexpression or 
knockdown on the TNF-α  secreted protein level. (D,H) The intracellular protein concentration of TNF-α  
was determined by western blot to determine the effect of CARHSP1 overexpression or knockdown on TNF-
α  intracellular protein level, with β -actin as a control. (I) TNF-α mRNA half-life (t1/2) in cells treated with 
actinomycin D (ActD) post transfection with CARHSP1 siRNA or the control. **P <  0.01, ***P <  0.001. Results 
are presented as mean ±  SD of 3 independent experiments as determined by Bonferroni’s multiple comparison 
test after one-way ANOVA (A–C,E–G) and RNA half-life ( t1/2) was calculated by linear regression analysis (I). 
Full-length blots are presented in Supplementary Figures S1 and S2.
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and is negatively correlated with silent information regulator 1 (Sirt1), resulting in endothelial senescence34. 
Interestingly, certain miRNAs, including miR-155, have contradictory effects on the pathogenesis of AS. Most 
reports have supported that miR-155 acts as an anti-inflammatory, atheroprotective microRNA18,27,35–39. Yet sev-
eral studies reported a pro-atherogenic role for this microRNA19,40,41. We believe that the function of miR-155 is 
highly dependent on the context and cell types because of its dynamic expression pattern and its suppression of 
multiple target genes. Zhang et al. use carotid artery ligation model to assess the effect of Tongxinluo (TXL), a 
traditional Chinese medicine, exerts its inhibitory action on neointima formation by suppressing miR-15541. Tian 
et al. use macrophages from mice and Raw264.7 mouse cells to detect lipid uptake42. We use a classic human foam 
cell model in vitro to study the function of miR-155 in AS. Most likely, there is a specie-specific role of miR-155 
in AS.

CARHSP1 was originally identified in pancreatic acinar cells by 32P metabolic labeling43, and a group has 
speculated that CARHSP1 participates in the oxidative stress response via a dynamic and temporal association 
between stress granules and processing bodies44. Although a recent study has demonstrated that CARHSP1 is a 
TNF-α  mRNA stability enhancer required for effective TNF-α  production and the importance of both stabiliza-
tion and destabilization pathways in regulating TNF-α  mRNA half-life26, the biological effects of CARHSP1 have 
remained elusive. Here we found for the first time that miR-155 targets the 3′ -UTR of CARHSP1 and inhibits 
CARHSP1 at the mRNA and protein level, thus indirectly down-regulating the expression of TNF-α . We also 
found that down-regulation of TNF-α  attenuates the inflammation reaction and lipid uptake by macrophages. 
We therefore speculated that CARHSP1 is a functional target of miR-155, which directly targets its 3′ -UTR, and 
that CARHSP1 serves as a mediator of miR-155 by regulating the production of TNF-α  and thereby affecting 
foam cell formation.

After investigating the biological effects of miR-155 and the relationship with its target, we were also interested 
in the question of how miR-155 is upregulated during the pathological process of AS. Recent studies have shown 
that several transcription factors, including AP-1, STAT3, and MYB, up-regulate the expression of miR-155 in the 
immune system45–47. Since TNF-α  is overexpressed at the early stages of foam cell formation, we hypothesized 

Figure 4. Validation of CARHSP1 as a functional target of miR-155. (A) The predicted binding site of miR-
155 in the 3′ -UTR of CARHSP1 is indicated. A CARHSP1 3′ -UTR mutant with a mutation in the miR-155 
binding site is also shown. (B,C) After co-transfection with the pRL-TK plasmid carrying a wild type or mutant 
3′ -UTR sequence and a miR-155 mimic (10 pmol) or a miR-155 inhibitor (10 pmol) into HEK-293T cells for 
48 h, the luciferase activity was measured. (D,E) The protein and mRNA level of CARHSP1 was measured 
by western blot and qRT-PCR after transfection with the miR-155 mimic (100 nM), the miR-155 inhibitor 
(100 nM), the mimic control, or the inhibitor control into THP-1 cells at 48 h. (F,G) Lipid uptake by foam cells 
was detected by Oil Red O staining after transfection of the pCMV6-AC-CARHSP1 plasmid (1 μ g), CARHSP1 
siRNA (siCARHSP1, 50 pmol/ml), plasmid control, or siRNA control (siCtrl) for 24 h in macrophages, which 
were treated with oxLDL for 24 h (magnification, 400 ×  ). (H,I) Western blot analysis and Oil Red O staining 
were employed to examine the protein level of CARHSP1 and TNF-α  after transfection with miR-155 mimic 
control, miR-155 mimic, pCMV6-AC-GFP (defined as Vector), or pCMV6-AC-CARHSP1 or co-transfection 
with miR-155 mimic and pCMV6-AC-CARHSP1, with β -actin as western blot control. ***P <  0.001. Results are 
presented as mean ±  SD of 3 independent experiments as determined by performing a Student’s t test (B,C,E). 
Full-length blots are presented in Supplementary Figures S4 and S5.
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that NF-κ B is activated by up-regulated TNF-α , and bioinformatic tools revealed that there were several binding 
sites in the region of the miR-155 promoter29,30. Our ChIP assay and luciferase results were previously supported 
by some researchers and showed that NF-κ B, which is activated by TNF-α  in THP-1 cells, is a transcriptional 
enhancer of miR-15548,49. We suggest that, at the initial stages of foam cell formation, inflammatory factors such as 
TNF-α  are overexpressed, and NF-κ B is then activated by up-regulated TNF-α , thus resulting in a sharp increase 
in the miR-155 level. Based on our data, it appears that at the early stage of AS, the infiltrating monocytes are stim-
ulated by inflammatory factors like TNF-α  and differentiate into macrophages; due to the hyperlipidemia and 
oxidative modification, macrophages uptake oxLDL and differentiate into foam cells that deposit in endothelium, 
resulting atherosclerotic plaques. During the process, TNF-α  activates NF-κ B to transactivate the expression 
of miR-155, which in turn suppresses TNF-α  production through directly targeting the 3′ -UTR of CARHSP1. 
Therefore, miR-155 is a key component of a negative feedback loop to prevent atherosclerosis-associated foam 
cell formation by repressing CARHSP1.

Figure 5. NF-κB p65 is activated by TNF-α and subsequently induces transcription of miR-155.  
(A,B) The mRNA and protein levels of NF-κ B p65 were measured by qRT-PCR and western blot after treatment 
with TNF-α  (20 ng/ml) for 6 h, with phosphate-buffered saline used as control. (C,D) A ChIP assay was 
performed with nuclear extracts of macrophages, which were differentiated from THP-1 cells treated with TNF-
α  (20 ng/ml) for 6 h using a specific p65 antibody. The ChIP assay input served as a positive control, and normal 
IgG was used as a negative control. (E) Three potential binding sites (referred to as sites 1, 2, and 3) for NF-κ B in 
the promoter region of pri-miR-155 were located in the region (–2000 to –1 bp) upstream of pri-miR-155/BIC.  
(F) Luciferase activity measurements in macrophages (differentiated from THP-1 cells) treated with TNF-α  
(20 ng/ml) for 6 h and transfected with the pRL-TK-pri-miR-155-luciferase wild type reporter or three pRL-
TK-pri-miR-155-luciferase mutant reporters for 24 h. ***P <  0.001. Results are presented as mean ±  SD of 3 
independent experiments as determined by performing Bonferroni’s multiple comparison test after one-way 
ANOVA (D,F) or Student’s t test (A). Full-length blots/gels are presented in Supplementary Figures S6 and S7.
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A notable limitation of this study is that the importance of the miR-155-CARHSP1 axis in atherosclerosis 
needs to be reinforced by transgenic animal data. Another limitation is that beyond macrophages there are other 
types of cells contributing to the elevated plasma miR-155 levels in AS patients.

To summarize, we found that miR-155 is overexpressed in the plasma and atherosclerotic lesions of patients 
with AS, and its induction by oxLDL in human macrophages relieves inflammation and foam cell formation by 
depressing CARHSP1-mediated stimulation of TNF-α  expression. We therefore conclude that miR-155 plays a 
key role in the anti-inflammation activity of macrophages, which thereby attenuates atherosclerosis-associated 
foam cell formation.

Methods
Patient characteristics. We enrolled 70 patients with AS, who were diagnosed by clinical symptoms and 
angiography from the Central Hospital of Wuhan between January 2014 and February 2015. Fifty-five healthy 
volunteers were recruited as the control group. We also identified 17 pairs of atherosclerotic lesions and normal 
veins from the same patients. Patients were excluded who had the following: 1) Any disease that activates mono-
cytes, such as arthritis, bronchial asthma, and infectious diseases caused by bacteria or viruses. 2) Any serious 
cardiovascular disease, such as acute myocardial infarction or heart failure. Informed consent was obtained from 
all human subjects. This study was approved by the Medical Ethics Committee of The Central Hospital of Wuhan 
and all human subject research was performed in accordance with institutional, national, and Declaration of 
Helsinki requirements.

Plasma collection and storage. Peripheral blood plasma from patients and the control group were col-
lected in EDTA tubes and processed within 4 hours by centrifuging at 1000 x g at 4 °C for 10 minutes, gently trans-
ferring the plasma to a fresh RNase/DNase-free 1.5-mL EP tube (Axygen, Union City, CA, USA) while avoiding 
pipetting of the middle layer of white blood cells, and centrifuging again at 16,000 x g at 4 °C for 10 minutes. The 
supernatant was then transferred to fresh RNase/DNase-free tubes and stored at − 80 °C.

Cell culture and establishing the foam cell model. The human monocytic cell line THP-1 and human 
embryonic kidney (HEK)293T cells were purchased from the American Type Culture Collection (ATCC). THP-1 
cells were cultured in RMPI-1640 medium (Gibco, Carlsbad, CA, USA), and HEK-293T cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM, Gibco). Both media were supplied with 10% fetal bovine serum 
(Gibco), 100 μ g/mL streptomycin, and 100 IU/mL penicillin (Thermo Fisher Scientific, Rockford, IL, USA). Cells 
were incubated in a humidified incubator at 37 °C with 5% CO2. To drive monocyte differentiation into mac-
rophages and ultimately establish a foam cell model, THP-1 cells were first seeded at 1 ×  106 per mL with 100 nM 
propylene glycol monomethyl ether acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA) for 12 hours to differen-
tiate them into adherent macrophages18,50. The THP-1 macrophages were then stimulated with 50 μ g/ml oxLDL 
(Luwen, Shanghai, China) for 12 hours to establish the foam cell model51.

Oil Red O staining. Macrophages derived from THP-1 cells were transfected with a miR-155 mimic or a 
miR-155 inhibitor at a working concentration of 100 nM using Lipofectamine®  LTX and Plus reagent (Invitrogen, 
Carlsbad, CA, USA). After 24 h, the cells were washed three times with 1 ×  phosphate-buffered saline (PBS), 
fixed with 4% paraformaldehyde for 30 minutes, then stained with Oil Red O stain (Beisuo, Zhuhai, Shenzhen, 
China) in a 6:4 ratio of 0.5% Oil Red O solution with ddH2O for 20 minutes, followed by destaining with 60% 
isopropanol for 1 minute. The foam cells were then photographed under a microscope (Olympus, Tokyo, Japan) 
at 400 ×  magnification.

RNA isolation and qRT-PCR. Plasma miRNA from AS patients and healthy volunteers was 
extracted using the mirVana PARIS kit (Ambion, Carlsbad, CA, USA) according to the manufactur-
er’s instructions. miRNA reverse transcription was performed using the TaqMan MicroRNA Reverse 
Transcription kit (Applied Biosystems, Carlsbad, CA, USA), and the miRNAs were analyzed by qRT-PCR 
using the TaqMan Small RNA Assay kit and TaqMan universal PCR master mix (Applied BioSystems) 
in an ABI StepOne Plus qPCR instrument (Applied Biosystems). Total RNA from THP-1 macrophages 
and atherosclerotic lesions was isolated using TRIzol reagent (Invitrogen). Total RNA was measured 
using SYBR Green (Applied BioSystems) in an ABI StepOne Plus qPCR instrument, and cDNA for tar-
get gene detection was synthesized from 1 μ g total RNA. The following primers were used: CARHSP1 sense 
(5′-CCTGCACATCTCTGATGTGGA-3′ ) and antisense (5′-TGGTGCCAGGTGAGTGATGA-3′ ); TNF-α  sense 
(5′-GTAGCCCATGTTGTAGCAAACCCTC-3′ ) and antisense (5′ TGAAGAGGACCTGGGAGTAGAT3′ ); 
NF-κ B p65 sense (5′-TCCCATCTTTGACAATCGTGCCC-3′ )and antisense (5′-TCTGCACCTTGTCACA 
CAGTAG-3′ ). PCR results were normalized between samples with U6 as an internal control and expressed as  
2–(CT[miRNA]–CT[U6]), with CT denoting the threshold cycle52.

Western blot. Cells were lysed in RIPA buffer containing protease inhibitors (Beyotime, Shanghai, China), 
and the protein concentration was measured using a BCA protein assay kit (Thermo Fisher Scientific). Soluble 
lysate was mixed with loading buffer and boiled for 10 min. Lysates were separated via 12% SDS-PAGE elec-
trophoresis, then transferred to a 0.22-μ m PVDF membrane and blocked with 5% nonfat milk. The mem-
branes were then incubated with primary antibodies against β -actin (1:1000, Santa Cruz, Delaware, CA, USA), 
CARHSP1 (1:1000, Santa Cruz), or TNF-α  (1:1000, R&D Systems, Minneapolis, MN, USA) overnight at 4 °C. 
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The membranes were then incubated with the HRP-conjugated secondary antibody (1:10,000, Santa Cruz) and 
the protein level detected by chemiluminescence.

Enzyme-linked immunosorbent assay (ELISA) for cytokine detection. Secreted pro-inflammatory 
cytokines (TNF-α ) were detected in aliquots of THP-1 macrophage supernatants and quantitated by ELISA 
(R&D Systems). The entire procedure was performed according to the manufacturer’s instructions.

Luciferase reporter assay. The prediction of miRNA target genes was performed using online soft-
ware packages, including MirDB, Targetscan, and PicTar. A fragment of the CARHSP1 3′ -UTR con-
taining a putative miR-155 binding site was amplified from human genomic DNA from THP-1 cells 
by PCR using specific primers (sense, 5′-TATCTAGAGGAGGAGGCAGCAGACACT-3′ ; antisense, 
5′-ATGCGGCCGCAAAGGCAACATCCGTCCAAT-3′ ). A mutant 3′ -UTR lacking the miR-155 seed sequence 
was also amplified with specific primers (sense 5′ -TATCTAGAGGAGGAGGCAGCAGACACT-3′ ; antisense, 
5′-AATGCTTTTGGGCGGCTTCAGATGGTGAGAGG-3′ ). The amplified products were restricted and 
ligated to the XbaI and NotI (New England Biolabs, NEB, Ipswich, MA, England) sites of the pRL-TK vector 
(Promega, Madison, WI, USA), and the reporter plasmids were confirmed by DNA sequencing. Approximately 
1 ×  104 HEK-293T cells were seeded into 96-well plates 24 hours before transfection, and the cells were then 
co-transfected with pRL-TK-CARHSP1-3′ UTR or pRL-TK-CARHSP1-3′ UTR mutant vectors (100 ng), 10 ng 
of pGL3 control (Promega), and 10 pmol miR-155 mimic or miR-155 inhibitor using Lipofectamine®  LTX and 
Plus reagent (Invitrogen). After a 48-hour transfection, luciferase activity was detected using the Dual-Glo lucif-
erase reporter assay system (Promega), according to the manufacturer’s protocol. miR-155 mimic and miR-155 
inhibitor were purchased from GenePharma (Suzhou, Jiangsu, China). The mimic is a chemically synthesized 
double-stranded RNA oligonucleotide that mimics the effects of endogenous miR-155. The inhibitors are chemi-
cally synthesized miRNA hairpin inhibitors that effectively inhibit endogenous miR-155 function.

Transfection of miR-155 promoter constructs and luciferase assay. The human miR-155 promoter 
region containing NF-κ B p65 binding sites, extending from –1 bp to –2000 bp relative to the transcription start site, 
was generated by PCR using the following primers: sense, 5′-TATCTAGAGCGAGTTATATTGGCTGGGGTGG-3′ ;  
antisense, 5′-ATGCGGCCGC TGTGATACAAGCAATGGAGGT-3′ . The genomic DNA of THP-1 cells was iso-
lated for use as template. The purified fragment was digested using XbaI and NotI and inserted into the XbaI- and 
NotI-cut pRL-TK luciferase reporter vector. The promoter region was sequenced and compared with sequences 
in Genbank. The miR-155 promoters mutated at the p65 binding site 1 (–1108 bp to –1099 bp), site 2 (–978 bp to 
–969 bp), and site 3 (–714 bp to –704 bp) were generated by site-directed mutagenesis using a special polymerase 
contained in the PhusionTM High-Fidelity PCR kit (NEB).

Chromatin immunoprecipitation (ChIP) assay. To detect which putative binding site within the miR-
155 promoter binds to NF-κ B p65, chromatin immunoprecipitation assays were performed using the Magna 
ChIP™  HiSens kit (Millipore, Temecula, CA, USA), according to the manufacturer’s instructions. In brief, pro-
teins and DNA were first cross-linked using 37% formaldehyde for 10 minutes, and the cells were then lysed in 
lysis buffer for 15 minutes to release cross-linked protein–DNA complexes. In the next step, the isolated chroma-
tin was sonicated on wet ice to shear the DNA, yielding chromatin fragments of 200–1000 bp, and the final step 
was immunoprecipitation (IP) of cross-linked protein–DNA complexes using p65 antibody (4 μ g, Millipore) after 
incubation overnight at 4 °C. The ChIP results were semi-quantified by agarose gel electrophoresis.

CARHSP1 overexpression or knockdown. The open reading frame (ORF) sequence of CARHSP1 
was searched using the UCSC and Ensemble genome browsers, and the ORF clone was amplified by PCR 
in order to append cloning sites to the 5′  and 3′  ends of the sequence using the following primers: sense, 
5′-GAGGCGATCGCCATGTCATCTGAGCCTCCCCC-3′ ; antisense, 5′-GCGACGCGTGGAGCTGA 
TGACATGTCCAGACCA-3′ . The RNA was first isolated from THP-1 cells, and the full-length cDNA clone used 
as the template for CARHSP1 ORF cloning using the Phusion TM High-Fidelity PCR kit (NEB). The size of the 
amplification product was confirmed by agarose gel electrophoresis. The amplification product was digested using 
Sgf I and MIu I (NEB) and inserted into the Sgf I- and MIu I-cut pCMV6-AC-GFP vector (Origene, Rockville, 
MD, USA). The CARHSP1 overexpression plasmid sequences were confirmed by DNA sequencing, and the trans-
fection efficiency was determined by qPCR. CARHSP1 siRNA was purchased from Santa Cruz Biotechnology, 
and 50 pmol/ml siRNA was transfected into THP-1 cells according to the manufacturer’s instructions.

mRNA stability assay. OxLDL stimulated THP-1 cells were treated with actinomycin D (ActD) (5 μ g/ml) to 
inhibit transcription after transfection with CARHSP1 siRNA or control. Total RNAs were extracted at different 
time points after ActD administration and TNF-α  mRNA was measured by qRT-PCR. RNA half-life ( t1/2) was 
calculated by linear regression analysis53,54.

Statistical analysis. Student’s t-test was performed for comparison between two groups, and the data was 
also analyzed by one-way analysis of variance (ANOVA ) among multiple groups using GraphPad Prism software. 
All measurements were performed at least three times independently. P value <  0.05 were considered to be a sta-
tistically significant difference. *P <  0.05, **P <  0.01, ***P <  0.001.
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