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HIGHLIGHTS

expression on monocytes is significantly upregulated in coronary artery disease.
• NFAM1
of NFAM1 suppresses the expression of chemokine receptors and chemotactic migration of monocytic cells.
• Knockdown
of NFAM1 downregulates chemokine-induced p38 MAPK signalling in monocytic cells.
• Knockdown
• NFAM1 is positively correlated with CCR2 expression on monocytes.
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Background and aims: Circulating monocytes have been proven to be critical mediators in the propagation and
progression of atherosclerosis and myocardial infarction. The present study was designed to characterise a new
transmembrane protein—NFAT activating protein with ITAM motif 1 (NFAM1)—on monocytes and uncover the
potential effects and underlying mechanisms in coronary artery disease.
Methods: Monocytes from a population of four controls, five stable coronary artery disease patients and five
acute coronary syndrome patients were isolated for RNA sequencing. A potential monocyte biomarker molecule
was discovered and then validated with a group of 79 controls, 70 stable coronary artery disease patients and
183 acute coronary syndrome patients. A stable cell line was generated as an in vitro model to determine chemotaxis migration and chemokine receptor expression.
Results: NFAM1 was identified through RNA sequencing analysis. The validation results confirmed that NFAM1
expression on monocytes was significantly increased by coronary artery disease status. A higher expression level
of NFAM1 on classical and intermediate monocytes was observed compared with that on nonclassical monocytes. As shown in the in vitro cell model, knockdown of NFAM1 significantly attenuated chemotactic migration
of monocytes by downregulating chemokine receptor expression and the p38 MAPK signalling pathway.
Multivariable regression analysis of a group of 16 individuals suggested that NFAM1 was positively correlated
with CCR2 expression.
Conclusions: The present study reported for the first time that distinctive alterations of NFAM1 expression on

∗
Corresponding author. State Key Laboratory for Bioactive Substances and Functions of Natural Medicines, Beijing Key Laboratory of New Drug Mechanisms and
Pharmacological Evaluation Study, Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College, No.2A, Nanwei Road,
Xicheng District, Beijing, 100050, China.
∗∗
Corresponding author. State Key Laboratory of Cardiovascular Disease, Department of Cardiology, Fuwai Hospital, National Center for Cardiovascular Diseases,
Chinese Academy of Medical Sciences and Peking Union Medical College, No.167 Bei Li Shi Road, Xicheng District, Beijing, 100037, China.
E-mail addresses: yangyjfw@126.com (Y. Yang), zhuhaibo@imm.ac.cn (H. Zhu).

https://doi.org/10.1016/j.atherosclerosis.2020.06.001
Received 13 February 2020; Received in revised form 14 May 2020; Accepted 3 June 2020
Available online 05 July 2020
0021-9150/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Atherosclerosis 307 (2020) 39–51

J. Long, et al.

monocytes may correlate with atherosclerosis pathobiology and serve as a potential monocyte biomarker and
therapeutic target for coronary artery disease.

1. Introduction

while a group of 332 patients admitted between April and November
2018 were enrolled for biomarker validation. A small group of 16 patients admitted in September and October 2019 were enrolled for correlation analysis. The sample size was determined by the number of
qualified cases in selected wards during the study period. This study
was approved by the ethics committee of Fuwai Hospital and was
conducted under the restriction of the ethical guidelines of the 1975
Declaration of Helsinki. Written informed consent was obtained from
all participants included in the study.
The study population included control subjects and patients with
stable coronary artery disease (CAD) or acute coronary syndrome
(ACS). The diagnoses of CAD and ACS were made based on the
guidelines from the American College of Cardiology/American Heart
Association task force [11,12].The control subjects were defined as
those exhibiting < 50% stenosis in coronary arteries, while CAD patients were diagnosed if coronary angiography showed ≥50% stenosis
in at least one main coronary artery. Patients that had myocardial infarction with or without ST-T elevation or unstable angina pectoris
were considered eligible for the ACS group. Exclusive criteria included
Type 2–5 myocardial infarction, severe heart failure or cardiogenic
shock, mechanical complication, cardiac arrest/cardiopulmonary resuscitation (CPR), infections, chronic intestinal and kidney diseases,
tumours, rheumatic immune disease, and trauma or surgery within
three months.

Although there are many effective diagnoses and therapies, cardiovascular disease is still the leading cause of death worldwide [1].
Atherosclerosis and its thrombotic complications are important contributors to the risk of myocardial infarction and stroke, associated with
multiple risk factors and pathophysiological complexity.
The prevailing paradigm demonstrates that monocytes are not only
the initiating factor of plaque formation, but also one of the triggers in
the progression and destabilisation of atherosclerosis. The recruitment
of monocytes to inflamed endothelium and migration into the artery
wall has been considered as the fundamental step in the development of
atherosclerotic plaque [2]. Concomitantly, elevated lipid burden and
increased pro-inflammatory stimulation induced by monocyte-derived
foam cells accelerate the transition from a stable to an unstable lesion
[3]. Thus, circulating monocytes may serve as a promising source for
the development of a non-invasive early prediction and intervention
methodology for coronary artery disease [4].
The chemokine-chemokine receptor network directs the transendothelial migration of monocytes in homeostatic and inflammatory
conditions. The functional heterogeneity of monocytes presents diverse
expression profiling of surface markers, which divides them into different subsets [2]. Recent studies on mouse models suggest that classical Ly6Chigh monocytes preferentially infiltrate into atherosclerosisprone vessel walls and predominantly differentiate into aortic macrophages through an overlapping network of CX3CR1, CCR2 and CCR5
signalling, while CCR5 is required for the migration of Ly6Clow subsets,
although additional chemokines may also be involved [5]. A combined
intervention of MCP-1, CX3CR1 and CCR5 displayed reduced atherosclerotic plaque formation in Apoe−/−mice [6]. Atherosclerotic lesions
in Cx3cl1−/−Ccr2−/−Apoe−/− mice are dramatically reduced compared with Ccr2−/−Apoe−/− and Cx3cl1−/−Apoe−/−mice, indicating
a complex network between ligands and receptors and a necessity to
block multiple chemokine receptors simultaneously [7].
NFAM1 is a transmembrane protein containing an extracellular Iglike-V-type region and an intracellular ITAM domain, which have been
shown to activate the calcineurin/NFAT signalling and downstream
transcription of IL-13 and TNF-α promoters [8,9]. Previous studies have
defined an NFAM1 signalling involved in accelerating osteoclast formation and resorption activity in Paget's disease of the bone [10]. In
addition, NFAM1 has been reported to modulate B cell receptor signalling and development [8]. The pathobiological properties of NFAM1
have not yet been well characterised, however, and its function remains
unclear.
Although NFAM1 has been reported to be highly expressed on
monocytes [9], the potential effects of NFAM1 on monocyte function
and its implications in the pathobiology of coronary artery disease remain totally unknown. Here we report for the first time that the expression of NFAM1 on monocytes is positively correlated with coronary
artery disease status. Our observations imply that NFAM1 may trigger
the chemotactic migration of monocytes to the site of inflamed or activated endothelium by targeting CCR2 and CCR5 signalling as well as
MAPK pathways essential for coronary artery development.

2.2. Cell culture and preparation of conditioned medium
The human monocytic U-937 cells were from the American Type
Culture Collection (Manassas, VA, USA) and the THP-1 cells were
purchased from the National Infrastructure of Cell Line Resource
(Beijing, China). Cells were harvested in RPMI 1640 medium, supplemented with 10% foetal bovine serum and penicillin/streptomycin
(Corning) at 37 °C with 5% CO2 in a humidified atmosphere. Human
umbilical vein endothelial cells (HUVECs) were obtained from
ScienCell (San Diego, CA, USA) and maintained according to the vendor's instructions.
The conditioned medium was prepared as previously described
[13], with modifications. U-937 cells were differentiated in growth
medium containing 100 ng/mL phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich) for 48 h. U-937 macrophages were stimulated with
50 μg/mL Ox-LDL (Yeasen) for 24 h, and supernatant was collected as
conditioned medium. Conditioned medium from unstimulated U-937
macrophages and empty RPMI-1640 medium were used as the control
and basal media, respectively.
2.3. Lentivirus transduction and siRNA interference

2. Materials and methods

To construct a stable NFAM1 knockdown monocytic cell line, lentivirus mediated NFAM1 and scrambled shRNA (Syngentech, Beijing,
China) were transduced into U-937 cells, followed by puromycin selection (Gibco). For siRNA interference, THP-1 cells were transiently
transfected with NFAM1 siRNA or negative control (Syngentech,
Beijing, China) using Lipofectamine 3000 (Gibco) according to the
manufacturer's instructions. The oligo sequences are listed in
Supplementary Table S1.

2.1. Study population

2.4. Flow cytometry and cell sorting

A total of 14 patients admitted to Fuwai Hospital from November
2016–January 2017 were recruited in the study of RNA sequencing,

For sequencing sample preparation, monocytes from human peripheral blood were labelled with FITC mouse Anti-human CD14 and PE
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Normal distributions are presented as mean ± SD and compared by one-way ANOVA. Skewed distributions are presented as median with inter-quartile range and compared by Kruskal-Wallis test. Categorical variables
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Demographics
Sex (male/female)
Age, year
BMI, kg/m2
Laboratory parameters
WBC, 109/L
NEUT, %
Glucose, mmol/L
TG, mmol/L
TC, mmol/L
HDL, mmol/L
LDL, mmol/L
HBA1c, %
Creatinine, μmol/L
LDH, U/L
Hs-CRP, mg/L
ApoA, g/L
ApoB, g/L
Lp(a), mg/L
Ka, mmol/L
NT-proBNP, pg/mL
Risk factors, Y/N
Hypertension
Diabetes mellitus
Hyperlipidaemia
Family history
Current smoker
Alcohol consumption
Treatment, Y/N
Beta-blocker
AECI/ARB
Aspirin
Statins
Metformin
NFAM1 on
lymphocytes, %
NFAM1 on monocytes,
%

Characteristics

Table 1
Baseline characteristics of the study population.
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Fig. 1. NFAM1 expression on monocytes was upregulated in coronary artery disease.
(A) Venn plot illustrating the overlapping transcripts with differential expression profiles among the three groups in RNA sequencing. (B) Hierarchical clustering of
TOP 30 transcripts that were differentially expressed between controls and patients (CAD and ACS) (p < 0.02). Expression profiles are represented as shades of blue
and red, indicating downregulation or upregulation, respectively, while small to large circle sizes indicate low to high fold change values, respectively. (C-G) NFAM1
was validated in a group of 332 patients by flow cytometry (CON, n = 79; CAD, n = 70; ACS, n = 183; CAD + ACS, n = 253). The differential expression profiles on
monocytes (C) and lymphocytes (D) are expressed as median with inter-quartile range and compared by Kruskal-Wallis test. (E) Spearman correlation coefficients
between NFAM1 expression and clinical parameters are represented in shades of blue and red, indicating negative- or positive-correlation, respectively. (F) Flow
cytometry was performed to study NFAM1 expression on each monocyte subset (n = 19). Classical (CM), intermediate (IM) and nonclassical (NM) monocytes were
characterised by CD14 and CD16 expression. (G) The differential NFAM1 expression on each monocyte subset is presented in a before-after scatter plot (Friedman
with Dunn's multiple comparison test). p < 0.05 was considered statistically significant, whereas p > 0.05 indicated no significance. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

mouse Anti-human CD16 (BD Biosciences) and then sorted with a BD
FACS Aria SORP sorter (BD Biosciences) and submitted to RNA sequencing. The purity of isolated monocytes was about 90%. For validation, purified peripheral blood mononuclear cells were stained with
anti-NFAM1 antibody (Abcam) and FITC goat anti-rabbit IgG (BD
Pharmingen). For chemokine receptor analysis, U-937 cells were labelled with APC anti-human CCR2, PE/Cy7 anti-human CCR5 or
PerCP/Cy5.5 anti-human CX3CR1 (BioLegend). Human monocytes
were stained with antibodies against CD14 and CD16 to classify
monocyte subsets and then labelled with NFAM1 and chemokine receptor antibodies. Labelled cells were analysed using a BD
FACSMelody™ flow cytometer (BD Biosciences). The normalised frequency of surface staining (%) (frequency of surface staining – frequency of isotype control) was used for the quantification of NFAM1
expression, while median fluorescence intensity was used for other
molecules, unless otherwise stated.

2.8. Western blot analysis
Cells were starved for 24 h and then stimulated with 100 ng/mL
human MCP-1 or CCL5 (PeproTech), p38 inhibitor SB203580 (50 μM)
or SB202190 (20 μM), or p38 activator anisomycin (100 nM)
(MedChemExpress) for indicated time. Total cell proteins were prepared using RIPA lysis buffer (Applygen) with protease and phosphatase inhibitors cocktail (Roche). Equal amounts of protein were separated by 10% SDS-PAGE gel electrophoresis and bands were transferred
to PVDF membranes. Plots were probed with primary antibodies
against p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), p42/44
MAPK (ERK1/2), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(Cell Signalling Technology), NFAM1 (Sigma-Aldrich), β-actin
(TransGene) and β-tubulin (Proteintech). Corresponding secondary
anti-rabbit (Abcam) or anti-mouse (Zhongshanjinqiao) HRP antibodies
were added, and bands were detected using Amersham ECL Select reagent (GE Healthcare) and a chemiluminescence system (Clinx Science
Instruments).

2.5. RNA sequencing and data analysis
The high-throughput RNA sequencing was conducted by LC
Sciences (Hangzhou, China). Briefly, total RNA from isolated monocytes was extracted, qualified and then used as input for library construction. The sequencing process was performed on an Illumina HiSeq
platform following the vendor's instructions. The data yield for each
sample was qualified and analysed as previously described [14]. Differentially expressed transcripts among groups were determined via
edgeR using the OmicShare platform (http://www.omicshare.com/
tools). GO annotations were enriched by the Metascape [15] and
DAVID databases [16,17]. Results were plotted using TBtools [18] and
OmicShare.

2.9. Confocal microscopy
For visualisation of the colocalisation of NFAM1, CCR2 and CCR5,
cells were fixed and incubated with rabbit anti-NFAM1 antibodies or rat
anti-human CCR5 antibodies at 4 °C for 1 h, followed by co-staining
with Alexa Fluor 594 anti-rabbit IgG antibody or Alexa Fluor 647 antirat IgG antibody (Abcam) or anti-human CCR2 (BioLegend) at 4 °C for
1 h. The labelled cells were then spread onto the slides and mounted
using Mounting Medium with DAPI (Abcam).
For characterisation of p38 MAPK activation, cells were stimulated
with 100 ng/mL recombinant human MCP-1 or CCL5 for 2 h, fixed and
permeabilised. Stimulated cells were then labelled with Phospho-p38
MAPK (Thr180/Tyr182) antibody and Alexa Fluor 594 anti-rabbit IgG
antibody, followed by staining with Phalloidin-iFluor™ 555 (AAT
Bioquest) and mounting using Mounting Medium with DAPI.
Fluorescence images were acquired using a confocal microscope (Leica
TCS SP8X).

2.6. Chemotaxis assays
The assays were carried out in a 24-well Transwell apparatus
(6.5 mm, 5 μm pore size, Costar) as previously described [19], with
modifications. The lower chamber contained 600 μL 0.5% FBS-1640
with or without 100 ng/mL recombinant human MCP-1 or CCL5 (PeproTech). 100 μL of 1 × 105 serum-starved cells were then added to the
upper chamber. After being incubated at 37 °C for 4 h, the number of
cells that migrated through the membrane were counted by a BD
FACSMelody™ flow cytometer.

2.10. Quantitative PCR analysis
Total RNAs were extracted using Trizol reagent (Invitrogen) and
reverse transcription was performed with TransScript®One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGene), following the
vendors’ instructions. For quantification, PCR reactions were run on the
ABI 7900HT system (Applied Biosystems) with TransStart® Tip Green
qPCR SuperMix (TransGene), and the appropriate primers are listed in
Supplementary Table S2. Results were calculated as the 2-ΔΔCt value
normalised with GAPDH and wild-type control.

2.7. Transmigration assay
The transmigration assay was performed as previously described
[20], with modifications. HUVECs were seeded onto the fibronectin
coated (Sciencell) insert of a 24-well Transwell apparatus (6.5 mm,
8 μm pore size, Costar). HUVECs were cultured until confluent and then
stimulated with 50 μg/mL ox-LDL (Yeasen) for 24 h. 1 × 105 U937 cells were labelled with Calcein-AM (BioLegend) and added into
the upper chamber. The number of cells that transmigrated to the
bottom chamber in response to the conditioned medium or control
medium were imaged using a confocal microscope (Leica TCS SP8X)
and quantified by ImageJ software.

2.11. Statistical analysis
Normal distributed data are presented as mean ± SD, and skewed
distributions are presented as median with inter-quartile range.
Categorical variables are displayed as yes/no counts and compared by
chi-squared test. For continuous variables, the two-tailed Student's t-test
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was used for normal distributions, and the Kruskal-Wallis or MannWhitney test was used for abnormal distributions or comparisons between the two groups. One-way or two-way ANOVA together with the
pairwise multiple comparison method was used for multiple group

comparisons. Receiver-operating characteristic (ROC) curves were
plotted and area under the curve (AUC) was calculated to assess the
predictive value of NFAM1. Pearson correlation coefficients or
Spearman's rho was used to assess the correlations and nonparametric

Fig. 2. Knockdown of NFAM1 in U-937 cells downregulated the expression of chemokine receptors.
The efficiency of NFAM1 knockdown in U-937 cells was determined through qPCR (A), flow cytometry (B) and Western blotting (C) (one-way ANOVA with Tukey's
multiple comparison test). The concomitant reductions of chemokine receptors, including CCR2, CCR5 and CX3CR1, were measured with qPCR (E) and flow
cytometry (D and F) (two-way ANOVA with Holm-Sidak's multiple comparison test). Relative expression level was normalised to the wild-type control. Data are
representative of at least three independent experiments. (G and H) The subcellular distribution of NFAM1 and CCR2 or CCR5 was representatively imaged with
confocal microscopy. Scale bar = 8 μm. p < 0.05 was considered statistically significant.
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correlations between NFAM1 expression and other parameters, respectively. Multivariable regression was performed to characterise the
association of NFAM1 with coronary artery disease. Unless otherwise
specified, a p value < 0.05 was considered statistically significant. All
statistical analyses were performed with SPSS Statistics 26 (SPSS Inc.,
Chicago, IL, USA) and GraphPad Prism7 (GraphPad Software, San
Diego, CA, USA).

white blood cells (WBCs), neutrophils, glucose, total cholesterol (TC),
high-density lipoprotein (HDL), low-density lipoprotein (LDL), HBA1c,
dehydrogenase (LDH), high-sensitivity CRP (Hs-CRP), ApoA, ApoB, Ka
and N-terminal pro-B-type natriuretic peptide (NT-proBNP) also differed among the three groups.

3. Results

To determine the profile of monocytes associated with coronary
artery disease, high-throughput RNA sequencing was conducted on the
isolated total monocytes obtained from peripheral human blood.
Compared with CON subjects, 172 transcripts were found to be significantly modulated in CAD and ACS patients simultaneously (fold
change ≥ 1.5 and p < 0.05). No transcript was found presenting
different expression profiles in each of the three groups, however
(Fig. 1A and B). To facilitate the biomarker detection, transcript-encoding transmembrane proteins with increased expression levels in
both the CAD and ACS groups were selected. Finally, a transmembrane
protein NFAT activating molecule 1 (NFAM1) was identified, featuring
signal transduction, cytokine production and B cell signalling based on
GO annotations (Supplementary Fig. S1).

3.2. Identification of NFAT activating protein with ITAM motif 1 (NFAM1)

3.1. Baseline clinical characteristics
The study population was divided into three groups based on coronary artery CT/angiography; the baseline characteristics are summarised in Table 1. The study population for RNA sequencing consisted
of four controls (CON), five stable coronary artery disease (CAD) patients and five acute coronary syndrome (ACS) patients. The CAD and
ACS patients exhibited higher ratios of males, diabetes mellitus,
smoking, alcohol consumption and a higher level of C-reactive protein
(CRP). Another 332 subjects were enrolled for biomarker validation
(n = 79 CON, n = 70 CAD, and n = 183 ACS). The frequency distributions of sex, age, hypertension, diabetes mellitus, hyperlipidaemia,
family history, smoking, and medications (beta-blocker, aspirin, and
statins) differed among the three groups. The distribution levels of

Fig. 3. Suppression of NFAM1 expression diminished chemotactic activity.
The chemotaxis rates of NFAM1 knockdown U-937 (A) and THP-1 monocytes (B) were measured. Cells that migrated into the lower chamber in response to MCP-1 or
CCL5 were counted using a flow cytometer. (C, D) Transendothelial migration of monocytes were determined by adding calcein-AM labelled U-937 cells onto HUVEC
monolayers cultured on the insert and incubated for 24 h. The transmigration of cells to the lower compartment in response to the control or conditioned medium was
visualised by confocal microscopy. Representative images are shown in (C), with scale bar = 250 μm. Migration rates are presented as migrated cell number with
chemoattractant normalised by migrated cell number with empty medium. Data are representative of at least three independent experiments. p values were calculated via two-way ANOVA with Sidak's multiple comparisons test. p < 0.05 was considered statistically significant.
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Fig. 4. The knockdown of NFAM1 downregulated the activation of p38 MAPK signalling.
Representative Western blot bands and densitometric quantification of 100 ng/mL human MCP-1 and CCL5-induced p38 MAPK (A and B) or ERK1/2 MAPK
phosphorylation (C and D) in scramble and NFAM1 shRNA U-937 cells for indicated times. (E) Representative fluorescent images of p38 MAPK phosphorylation (red)
activated by 100 ng/mL human MCP-1 and CCL5 for 2 h in U-937 cells. F-actin was labelled with phalloidin (yellow). Scale bar = 8 μm. NFAM1 expression was
upregulated upon 100 ng/mL MCP-1 (F and H) and CCL5 (G and I) stimulation in control U-937 cells. Western blot data are represented as mean ± SD from at least
three independent experiments. p < 0.05 was considered statistically significant. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3.3. NFAM1 expression is increased on monocytes during coronary artery
disease development

significant downregulation of CCR2 and CCR5 at both protein and
transcription levels in the cells lacking NFAM1 (Fig. 2D–F). Knockdown
of NFAM1 reduced the protein expression of CCR2 by 57.5% and the
level of CCR5 by 52.2%. Due to the non-specific staining of the
scramble shRNA cells, we used wild-type cells as the control. Although
CX3CR1 transcription was inhibited by 65.2%, CX3CR1 protein was not
significantly altered in NFAM1 shRNA cells compared with wild-type
cells. As indicated in representative confocal immunofluorescence
images (Fig. 2G and H), NFAM1 was distributed throughout the plasma
membrane with multiple clusters and partially colocalised together
with CCR2 and CCR5. NFAM1 deficiency consistently resulted in decreased CCR2 and CCR5 expression, suggesting that there were possible
interactions between NFAM1 and chemokine receptors.

A total of 332 patients were enrolled for NFAM1 validation. The
population of monocytes and lymphocytes was gated as indicated in
Supplementary Fig. S2. The expression of NFAM1 increased significantly on monocytes of both the CAD and ACS groups compared to
the CON group (p < 0.0001) (Fig. 1C). There was no significant difference in NFAM1 expression between CAD and ACS, however, which
was consistent with the RNA sequencing data mentioned above. Fig. 1D
shows that there was also no significant difference in lymphocyte
NFAM1 among the three groups.
The contribution of NFAM1 levels in predicting coronary artery
disease was then assessed using the ROC curve (Supplementary Fig. S3),
which yielded an AUC value of 0.785 (84.8% specificity, 62.9% sensitivity) for CAD, 0.828 (83.5% specificity, 68.3% sensitivity) for ACS
and 0.816 (84.8% specificity, 65.6% sensitivity) for total coronary artery disease patients, indicating that NFAM1 may contribute to a potential biomarker for discriminating coronary artery disease development. Notably, the predictive value of ACS patients was much higher
than that of CAD patients.
We next examined the correlations between NFAM1 and risk factors
or clinical parameters via Spearman's rho (Fig. 1E, Supplementary
Table S3). NFAM1 expression exhibited positive correlations with
WBCs, neutrophils, Hs-CRP, NT-proBNP and LDH with a relatively low
correlation coefficient value of 0.2–0.4 (p < 0.01), and inverse correlation with ApoA level (correlation coefficient r = −0.229,
p < 0.01). Multivariable linear regression analysis with a stepwise
manner revealed that NFAM1 expression was weakly predicted by
WBCs, TCs, hyperlipidaemia and hypertension (Supplementary Table
S4). We also found that risk factors and medications had no significant
effects on NFAM1 expression via subgroup analyses (p > 0.05)
(Supplementary Table S5). After adjustment for various risk factors by
multivariable regression, NFAM1 level remained strongly associated
with coronary artery disease and acted as an independent predictor
(p < 0.001) (Supplementary Table S6).
We further accessed the expression pattern of NFAM1 in monocyte
subsets using 19 samples in the validation group. We observed significantly higher NFAM1 expression on classical monocytes (CD14+
+
CD16−) and intermediate monocytes (CD14++CD16+) compared
with that on nonclassical monocytes (CD14+CD16++) (Fig. 1F and G).
As determined previously, classical and intermediate monocytes represent 80–90% of total monocytes [21]. Classical monocytes preferentially express high levels of CCR2, and migrate to the site of early
and severe lesions in response to MCP-1 and MCP-3 stimulation
[22,23]. We therefore hypothesised that increased NFAM1 expression
on classical and intermediate monocytes might coincide with the enhanced chemotactic migration, phagocytosis, or pro-inflammatory response of monocytes [24] in coronary artery disease patients, although
their interrelationship remains to be determined.

3.5. Knockdown of NFAM1 attenuates monocyte chemotaxis migration
To examine whether NFAM1 acts as a regulator of monocyte recruitment, a chemotaxis assay was performed to access the chemokinemediated cell migration. Compared with control cells, NFAM1 shRNA
cells displayed lower chemotactic activity in response to MCP-1 and
CCL5 (Fig. 3A). Inhibition of CCL5-mediated chemotactic response was
notably less than that of MCP-1–mediated response, which correlated
well with the higher reduction rate of CCR2 expression than of CCR5
after NFAM1 knockdown, as mentioned above. After interfering with
NFAM1 expression in THP-1 cells (Supplementary Fig. S4), MCP-1–induced chemotaxis also significantly decreased, whereas CCL5-mediated
chemotactic response was not significantly altered (Fig. 3B).
We also evaluated the transendothelial migration of transduced U937 cells. Conditioned medium collected from Ox-LDL–stimulated U937 macrophages was used to mimic the in vivo chemoattractants, since
various cytokines and chemokines have been shown to be expressed by
foam cells to accelerate monocyte trafficking across vessel walls, such
as TNF-α, IL-6, IL-8, MCP-1, and CCL5 [25,26]. Accordingly, knockdown of NFAM1 significantly attenuated the transmigration of cells
across the Ox-LDL–activated HUVEC monolayers (Fig. 3C and D). These
results collectively correlate well with the diminished expression of
chemokine receptors in NFAM1 shRNA cells, suggesting that NFAM1
may act as a potential regulator of monocyte recruitment by targeting
CCR2 in atherosclerosis. CCR5 may also be a target of NFAM1, although
this remains to be confirmed.
3.6. NFAM1 regulates monocyte migration by modulating p38 MAPK
signalling
We next sought to explore the underlying mechanism of NFAM1modulated monocyte chemotaxis. p38 MAPK signalling has previously
been reported to be responsible for chemotactic migration mediated by
MCP-1 [19,27] and CCL5 [28,29]. The Western blot results indicated
that p38 MAPK phosphorylation was downregulated in NFAM1
knockdown cells after stimulation for 30 min, compared with that in
control cells (Fig. 4A). We consistently observed that the CCL5-mediated p38 MAPK activation was downregulated upon NFAM1 deficiency,
but with a later response, at time points of 120 min and 240 min after
stimulation (Fig. 4B). ERK1/2 MAPK phosphorylation exhibited no
significant alteration, however (Fig. 4C and D). The significant differential activation of p38 MAPK phosphorylation was also visualised
under fluorescence microscopy (Fig. 4E).

3.4. Knockdown of NFAM1 inhibits the expression of chemokine receptors
To determine the potential effects of NFAM1 on monocytes, we
generated NFAM1 stable knockdown U-937 cells as the human monocytic cell model in vitro (Fig. 2A–C). Chemokine receptors linked to
atherogenic monocyte trafficking [5] were measured. We observed
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Fig. 5. The expression of NFAM1 is positively correlated with CCR2 on monocytes.
Flow cytometry was performed on human
monocytes to study the expression of
NFAM1 and monocyte receptors (n = 16
participants). The normalised expression
(log- and column-scaled) (A) and correlation
matrix (B) are presented in a heatmap
format. Blue or red elements indicates low
or high expression level (A) and negative or
positive correlation (B), respectively. (C)
Multivariable linear regression with a stepwise manner was performed to confirm the
correlation between NFAM1 and CCR2. (D)
Schematic model illustrating the possible
crosstalk between NFAM1 and the chemokine/receptor axis. Overexpression of
NFAM1 on the cell surface of monocytes
may facilitate chemotactic migration by
targeting CCR2 and CCR5 or p38 MAPK
signalling. NFAM1 may be counter-regulated in response to MCP-1 and CCL5 stimulation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

To investigate the participation of NFAM1 in chemotactic response,
we also examined the changes of NFAM1 expression in response to
chemokine stimulation. Our results revealed that NFAM1 expression
was considerably enhanced. Significant increase of NFAM1 level was
observed starting 30 min after stimulation with MCP-1. After 4 h,
NFAM1 expression began to decrease (Fig. 4F and H). CCL5 was also
shown to upregulate NFAM1 after 30 min (Fig. 4G and I). However,
NFAM1 expression was not significantly altered when U-937 cells were
treated with p38 MAPK inhibitors or activator, indicating that NFAM1
was not directly regulated by the p38 MAPK pathway (Supplementary
Fig. S5). Collectively, NFAM1 expression was found to be correlated
with chemokine-induced signalling.

3.7. Correlation between NFAM1 and chemokine receptor expression in
human monocytes
The correlation between NFAM1 and chemokine receptors was
further validated using 16 clinical samples, including 10 controls and 6
coronary artery disease subjects. The baseline data and expression values are listed in Supplementary Table S7. The normalised expression
matrix is shown in Fig. 5A. It is notable that NFAM1 exhibits an expression pattern similar to that of CCR2, rather than CCR5, CX3CR1,
CD14 or CD16. Among the molecules tested, the expression of NFAM1
was significantly positively correlated with CCR2 (Pearson correlation
coefficient r = 0.578, p = 0.019) (Fig. 5B). Multivariable linear
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regression revealed that the NFAM1 level was significantly proportional
to the CCR2 level (correlation coefficient r = 0.581, p = 0.023) after
stepwise selection (Fig. 5C, Supplementary Table S8). These cumulative
results illustrate that the biological function of NFAM1 may be linked to
the modulation of MCP-1/CCR2 axis-dependent monocyte chemotaxis
and subsequent pathological changes in coronary artery disease.

via NFAT signalling [32]. CCR5 expression corelates closely with NFAT
translocation [33]. Moreover, calcium mobilization that is coupled with
NFAT activation [34] plays an important role in the signal transduction
between membrane receptors [35]. Like other ITAM-containing receptors, NFAM1 may recruit upon stimulation and bind to ZAP-70/Syk
via its two tyrosine-phosphorylated ITAM peptides (Tyr200/Tyr231) in
order to activate the calcineurin/NFAT signalling and downstream
transcription [8,9].
MCP-1/CCR2 axis participates critically in monocyte recruitment,
which is a contributing factor to the initiation of atherosclerosis
[6,7,23]. The two major processes, i.e., monocyte adhesion and chemotaxis, are generally regulated by the ERK1/2 and p38 MAPK signalling pathways, respectively [19,36]. CCL5-mediated migration has
also been shown to be correlated with p38 MAPK activation [28], while
other studies implied that CCR5 modulates infiltration and accumulation of macrophages into the lesions [37,38]. In the present study, interference of NFAM1 downregulated MCP-1/CCL5-induced p38 MAPK
phosphorylation. Interestingly, we observed an increasing expression of
NFAM1 upon stimulation rather than direct activation of p38 MAPK,
which suggests that NFAM1 may be involved as a costimulatory factor
[39]. NFAM1 has been proven to be correlated with NFATc1 activation
[9,10]. MCP-1 triggers the translocation of NFATc1, thus activating
calcineurin/NFAT [40,41] and possibly upregulating NFAM1 expression. Chemokine-induced calcium influx [42] may also contribute to
NFAM1 upregulation [10]. In addition, MCP-1 upregulates receptor
activator of NF-κB (RANK) [43], which increases RANK ligand
(RANKL)-induced NFAM1 [10]. Cumulatively, it is reasonable to hypothesise that NFAM1 overexpression facilitates chemokine-induced
monocyte trafficking by targeting either chemokine receptors or p38
MAPK signalling, while NFAM1 expression is enhanced by chemokine
stimulation in turn (Fig. 5D). In our study, it is obvious that NFAM1
knockdown has a greater effect on the MCP-1/CCR2-dependent functions of monocytes, compared with alterations to CCL5/CCR5 signalling.
Previous research has determined a strong dependency of classical
monocytes on CCR2 to enter plaque and induce arterial wall inflammation [44]. Increased CCR2 expression on monocytes, preferentially on classical monocytes, coincides with enhanced transmigration capacity in patients with familial hypercholesterolemia [45].
Therefore, it is perhaps not surprising that we observed a significantly
increased expression of NFAM1 on classical and intermediate monocytes compared with that on nonclassical monocytes, which is consistent with CCR2 [46]. As expected, the correlation between CCR2 and
NFAM1 has been confirmed in a group of 16 individuals. Considering
that NFAM1 is also responsible for cytokine production [9], we can
therefore infer that NFAM1 acts as a proatherogenic factor by triggering
monocyte recruitment and the subsequent inflammatory processes.
Although CCR5 level was not proportional to the NFAM1 level in
human monocytes, the interactions between the two molecules remains
to be confirmed. The elucidation of the biological functions and mechanisms of NFAM1 need further clarification.
MCP-1/CCR2 and CCL5/CCR5 axes are key players in cardiovascular diseases. CCR2 and CCR5 are differentially expressed on monocyte subsets, and subsequently display diverse functions, which provides a rationale for the hypothesis that the dual targeting of the two
receptors will potentially be more efficient than targeting either receptor alone [47]. Atherosclerotic lesions in both the aortic root and
carotid arteries decreased dramatically in Ldlr-deficient mice after
treatment with TAK-779 by targeting CCR2 and CCR5 [48,49]. Another
dual CCR2/CCR5 antagonist, BMS-813160, was the first dual antagonist
under clinical evaluation for cardiovascular implications [50]. Although there are safety issues to be considered, the discovery of a dual
antagonist to achieve broader clinical use and a more efficacious
strategy holds great promise. Under this condition, NFAM1 shows its
potential to become a novel target for modulating CCR2 and CCR5 simultaneously.

4. Discussion
In this study, we describe a biomarker protein, NFAM1, that may
function in the pathobiology of coronary artery disease as a regulator of
monocyte chemotaxis. Transcriptomic and flow cytometry analyses
revealed that NFAM1 was significantly upregulated on monocytes in
coronary artery disease. Suppression of NFAM1 expression diminished
the chemotactic activity of monocytes, which coincided with the
downregulation of chemokine receptors and p38 MAPK signalling.
Thus, NFAM1 could be used as a potential target for the early prediction
and therapeutic treatment of coronary artery disease.
A major advancement in the present study was the selection of
human monocytes from patients as the source of NFAM1 identification,
which increased the clinical relevance. Instead of a normal healthy
group, the CON subjects were characterised as patients with < 50%
stenosis in coronary arteries but without coronary heart disease and
angina pectoris. Thus, the identified molecule might also serve as a
potential predictor of atherosclerosis. Circulating cells serve as indicators of the actual disease state due to their active role in coronary
artery disease pathogenesis [4]. Considering the multiple sources of
NFAM1 [8,9], we have measured the spatiotemporal protein expression
alteration on both lymphocytes and monocytes. NFAM1 was found to
be significantly upregulated on monocytes, but not lymphocytes, in
coronary artery disease. Although NFAM1 expression did not differ
between CAD and ACS, we have demonstrated that NFAM1 is associated with monocyte recruitment, which initiates atherosclerosis. Such
results support evidence from previous observations [30] that ACS
status does not lead to enhanced monocyte chemotaxis towards MCP-1
compared with CAD, although the inflammatory markers, including
CRP and leukocyte count, are elevated in ACS patients. NFAM1 may
also participate in initial events such as the differentiation and activation of macrophages, suggesting the feasibility of predicting early
atherosclerotic lesion progression.
The function of NFAM1 in modulating chemokine receptors was not
annotated previously. Interestingly, our findings are in accord with
those obtained by Yang J. et al. [9] that NFAM1 may serve as an activating receptor. The NFAM1 molecule contains both an ITAM domain
and an Ig-like region, which are the key constituents of protein-protein
interactions in signal transduction. In the present study, we observed by
confocal microscopy that NFAM1 was overexpressed on monocytes,
displaying multiple clusters, which has been reported to directly activate downstream effectors without ligand binding or antibody crosslinking [9]. Upon stimulation, chemokine receptors rapidly recruit into
clusters at the plasma membrane, which contributes to the activation of
the PI3K-Rac-lamellipodium protrusion cascade and the subsequent
monocyte chemotaxis [31]. Therefore, NFAM1 knockdown may affect
the formation of CCR2 and CCR5 clusters, which diminishes the activation of receptors. Consistently, the expression of CCR2 and CCR5
were notably less in NFAM1-deficient cells, and thereby impaired the
chemotactic signal. In addition, CCL5-mediated chemotaxis attenuated
noticeably in NFAM1-interfered U-937 rather than THP-1 cells. This
inconsistent result may be due to the different NFAM1 profiling and
knockdown efficiency between the two cells (Supplementary Fig. S2),
which indicates that the effects of NFAM1 on chemotaxis are closely
related to its expression level.
It is also possible that NFAM1 modulates chemokine receptors in a
calcineurin/NFAT-dependent manner. It has been recognised that a
functionally conserved NFAT binding element exists in the CCR2 gene
promotor, which results in the activity-dependent transcription of CCR2
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Our findings may be somewhat limited by the small sample set used
for the identification of potential monocyte biomarkers, although
NFAM1 was validated through a group of 332 participants to reduce the
bias. The sample size of confirmation group (n = 16) also influences
the accuracy of co-expression correlation between NFAM1 and monocyte receptors. Neutrophil recruitment is primarily governed by CCR1,
CCR2, CCR5 and CXCR2 during the early stages of atherosclerosis [51].
Secretion of chemotactic and granule proteins also regulate monocyte
infiltration into atherosclerotic lesions [52]. Given the fact that NFAM1
is highly expressed in neutrophils [9], it will be necessary to consider
that whether NFAM1 expression on neutrophils is correlated with the
severity of coronary artery disease, and whether NFAM1 affects neutrophil recruitment and neutrophil-regulated monocyte migration, as
well as ITAM-based neutrophil activation [53]. In addition, we chose an
in vitro model to study the functions of NFAM1, which neglects the
intrinsic heterogeneity of monocytes in vivo. Further studies analysing
the interactions of NFAM1 with other receptors and detailed mechanisms may reveal the causal relationship between NFAM1 and monocytes. Thus, further analysis using monocyte-specific NFAM1-deficient
mice may help to comprehensively uncover the potential role of NFAM1
in the pathobiology of coronary artery disease.
In conclusion, our study has provided the first evidence that NFAM1
may function as a novel mediator affecting the pathobiological progression of coronary artery disease. Suppressing NFAM1 expression
limits monocyte migration by downregulating chemokine receptors and
p38 MAPK signalling. It appears reasonable to further explore the
functional relevance of NFAM1 in coronary artery disease, which may
constitute a potential predictive monocyte biomarker and therapeutic
target.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atherosclerosis.2020.06.001.
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