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Summary

Within human blood there are two subsets of monocytes that can be

identified by differential expression of CD16. Although numerous pheno-

typic and functional differences between the subsets have been described,

little is known of the mechanisms underlying the distinctive properties of

the two subsets. MicroRNAs (miRNAs) are small non-coding RNAs that

can regulate gene expression through promoting mRNA degradation or

repressing translation, leading to alterations in cellular processes. Their

potential influence on the functions of monocyte subsets has not been

investigated. In this study, we employed microarray analysis to define the

miRNA expression profile of human monocyte subsets. We identified 66

miRNAs that were differentially expressed (DE) between CD16+ and

CD16� monocytes. Gene ontology analysis revealed that the predicted tar-

gets of the DE miRNAs were predominantly associated with cell death

and cellular movement. We validated the functional impacts of selected

DE miRNAs in CD16� monocytes, over-expression of miR-432 signifi-

cantly increases apoptosis, and inhibiting miR-19a significantly reduces

cell motility. Furthermore, we found that miR-345, another DE miRNA

directly targets the transcription factor RelA in monocytes, which resulted

in the differential expression of RelA in monocyte subsets. This implicates

miR-345 indirect regulation of many genes downstream of RelA, including

important inflammatory mediators. Together, our data show that DE

miRNAs could contribute substantially to regulating the functions of

human blood monocytes.
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Introduction

Human blood monocyte populations contain two major

subsets that are identified based on the differential

expression of CD14 (a lipopolysaccharide co-receptor)

and CD16/FccRIII (an immunoglobulin c receptor).1 In

the steady state, the CD14high CD16� subpopulation

(hereafter known as CD16�) typically accounts for 80%

of all monocytes, with the CD14+/low CD16+ population

(hereafter CD16+) comprising the remaining 20%. How-

ever, the proportion of CD16+ monocytes increases in

inflammatory conditions such as sepsis,2 during HIV

infection,3 and in autoimmune disorders.4,5 Functional

characterizations of the two subsets in vitro have revealed

that in response to stimulation with lipopolysaccharide,

CD16+ monocytes produce high levels of the pro-inflam-

matory cytokine tumour necrosis factor-a (TNF-a),6 but

little of the anti-inflammatory interleukin-10.7 CD16�

monocytes express the chemokine receptor CCR2 and

low levels of HLA-DR, as well as being highly phagocy-

tic.8,9 A comparative study of the two subsets revealed

that CD16+ monocytes transmigrated through a layer of

resting endothelial cells more efficiently than CD16�

monocytes, and preferentially gave rise to dendritic cell-like

Abbreviation: Ab, Antibody; DC, Dendritic cell; DE, Differentially expressed; HRP, Horseradish peroxidase; IL, Interleukin; IPA,
Ingenuity Pathways Analysis; miR, microRNA; miRNA, microRNA; PBMC, Peripheral blood mononuclear cell; PCR, Polymerase
chain reaction; RIPA, Radio-Immunoprecipitation Assay; ROS, Reactive oxygen species; TF, Transcription factor; TLR, Toll-like
receptor

ª 2015 John Wiley & Sons Ltd, Immunology, 145, 404–416404

IMMUNOLOGY OR IG INAL ART ICLE



cells.10 Cros et al.11 further proposed that CD16+ mono-

cytes were a functionally specialized subset that patrolled

blood vessels and secreted pro-inflammatory cytokines

upon detecting virus-infected or damaged cells.

Alongside these in vitro assays, the advent of high-

throughput proteomics and transcriptomics has yielded

important insights into the function of monocyte sub-

sets.8,12–14 Such data suggested that CD16+ monocytes

exhibit features of a more advanced stage of differentia-

tion than CD16� monocytes.14 Based on proteomics data,

Zhao et al.8 reported that the CD16+ subset demonstrates

higher capacity of Fcc receptor-mediated phagocytic

activity whereas CD16� monocytes exhibit greater antimi-

crobial capabilities. CD16+ monocytes also express higher

levels of pro-apoptotic genes, with lower expression of

anti-oxidative genes and higher endogenous reactive oxy-

gen species levels, which together are thought to contrib-

ute to the higher frequency of apoptosis that is observed

in this subset in culture.8,12,15

More recently, microRNAs (miRNAs) – small, non-

coding single-strand RNAs, have emerged as central regu-

lators of gene expression. MicroRNAs bind to comple-

mentary sequences in the 30 untranslated region (UTR) of

multiple mRNAs resulting in either degradation or sup-

pression in translation of the targeted mRNAs.16 As many

as 30% of the human mRNA transcripts may be regulated

by miRNAs.17 A number of miRNAs have been recently

found to regulate a range of biological processes in

monocytes and monocyte-derived cells in both health and

disease.18–20 For example, Li et al.20 reported a new role

for miR-214 – targeting of phosphatase and tensin homo-

logue in advanced glycation end-product-induced mono-

cyte survival, Tserel et al.19 observed up-regulation of

miR-511 during monocyte differentiation into macro-

phages and dendritic cells, and found that this miRNA

could regulate the protein expression of Toll-like receptor

4. Furthermore, the contributions of miRNAs to cytokine

expression,21,22 apoptosis20 and immune responses23–25

have also been reported in total monocytes. However, lit-

tle is known about the influence of miRNAs in monocyte

subsets. The profiling of miRNAs in monocyte subsets at

steady state will help to identify miRNAs that contribute

to phenotypic as well as functional differences between

these subsets.

In this study, we defined and compared microRNA

expression patterns in the two human monocyte subsets

isolated from the blood of healthy donors. Using a micro-

array approach, we identified differentially expressed miR-

NAs (DE-miRs) and allocated them to key biological

processes and pathways. Combined with specific miRNA

over-expression and knockdown experiments, we identi-

fied miRNAs that might contribute to the mechanisms

underlying well-known functional differences between

monocyte subsets including cell motility and susceptibility

to apoptosis. Furthermore, we report that the transcription

factor RelA is a direct target of a DE-miR, findings that

could have profound implications in the regulation of

monocyte-mediated immune responses. Altogether, our

findings provide insights into monocyte physiology and

the molecular mechanisms underlying functional differ-

ences between monocyte subsets.

Materials and methods

Antibodies

The antibodies used for flow cytometry were anti-CD16

(clone 3G8), anti-CD14 (clone 61D3) (Biolegend, San

Diego, CA). The antibodies used for magnetic sorting

were anti-CD16, anti-CD14, anti-CD19, anti-CD3, anti-

CD56 and anti-CD15 (Miltenyi Biotec, Bergisch Glad-

bach, Germany). The antibodies used for Western blot-

ting were anti-RelA/nuclear factor-jΒ (mouse

monoclonal, clone 532301) (Cell Signaling, Minneapolis,

MN) and anti-GAPDH (rabbit polyclonal, IgG) (Imgenex,

San Diego, CA).

Cells

Peripheral blood mononuclear cells were isolated from

buffy coats obtained from the National University Hospi-

tal Blood Transfusion Services, Singapore. Informed writ-

ten consent was given in accordance to the declaration of

Helsinki. All blood samples and procedures were

approved by the NHG Domain Specific Review Board,

Singapore (Reference code 08-352E). Following Ficoll–
Hypaque density gradient centrifugation of the buffy coat,

CD16� and CD16+ monocyte subsets were isolated using

the CD16 Monocyte Isolation Kit (Miltenyi Biotec)

according to the manufacturer’s instructions, with some

modifications. Briefly, after magnetic depletion of natural

killer cells, granulocytes, B cells and T cells using anti-

CD56, anti-CD15, anti-CD3 and anti-CD19 microbeads,

the CD16+ monocytes were positively selected using anti-

CD16 microbeads. The CD16� monocytes were then iso-

lated from the negative fraction with anti-CD14 microbe-

ads. Purity of the monocyte subsets obtained was assessed

by flow cytometry with fluorochrome-conjugated anti-

CD14 and anti-CD16 antibodies and was consistently

≥ 95% (see Supporting information, Fig. S1). The per-

centage of dead cells in the isolated subsets was always

< 5%.

RNA extraction and miRNA microarray

Total RNA was extracted from the purified monocyte

subsets of four different donors using the microRNeasy

kit (Qiagen, Hilden, Germany) according to manufac-

turer’s instructions. MicroRNA expression within the

samples was detected using Illumina Human version 2
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MicroRNA expression beadChips (Illumina, San Diego,

CA); a total of eight expression profiles were produced.

The cRNA preparation, purification and labelling, as well

as array hybridization and scanning, were conducted as

previously described.26 Data were analysed according to

Wong et al.27

The eight arrays were first quantile-normalized, fol-

lowed by miRNA-wise normalization by its median. For

each Illumina gene/probe, a two-sample t-test was per-

formed (with the modified summary statistics) between

each pair of donor samples at a family-wise error rate

≤ 0�05, where the effective significance level for each t-test

is at 0�0125. The fold change of each gene was the ratio

of average intensity of the gene in CD16+ monocytes over

average intensity of the gene in CD16� monocytes. The

significances of the four comparisons were noted and the

frequency of the up-regulation or down-regulation was

counted for the determination of the representative direc-

tion of the expression. Specifically, at least three signifi-

cant cases (probe/gene) out of four samples and at least

three of those significant cases were expected to be in the

same direction for the probe/gene to be considered for

further analysis. As an example, if three out of four com-

parisons were significant and two of those were up-regu-

lations while one was a down-regulation, then the

representative direction would be up-regulation for two

out of three comparisons. An absolute fold change

threshold of 1�96 was then applied.

In silico biological and functional analyses

TARGETSCAN (http://www.targetscan.org), MIRANDA (http://

www.microrna.org) and MICROCOSM TARGETS (http://

www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/#)

were used in combination to identify genes whose prod-

ucts were likely to be targeted by our DE-miRs. Putative

target genes that were predicted by at least two of the

three programs were subjected to Ingenuity Pathways

Analysis (Qiagen, Redwood City, CA) for allocation to

biological processes and pathways. The Ingenuity Path-

ways Analysis platform was also used to identify tran-

scription factors that are likely to regulate DE-mRNAs

identified in our previous study.8

Apoptosis assay

Monocytes transfected with miRNA were cultured for

12 hr. Following incubation, the cells were harvested and

washed once with Annexin V staining buffer (eBioscience,

Inc., San Diego, CA) at 500 g, 5 min before they were

stained with Annexin V (eBioscience). Flow cytometry

was carried out using a BD LSR Fortessa (BD Bioscience,

Franklin Lakes, NJ) and data were analysed using FLOWJo

(Tree Star Inc., Ashland, OR).

Real-time polymerase chain reaction

To confirm levels of miRNA expression from the micro-

array data, cDNA was first reverse transcribed from total

RNA using an miRNA-specific, stem–loop reverse tran-

scription primer from the TaqMan miRNA Assay Kit

(Applied Biosystems, Foster City, CA) and reagents from

the TaqMan MicroRNA Reverse Transcription Kit

(Applied Biosystems) and PCR cycler (Biometra, Goettin-

gen, Germany). In the second step, PCR products were

amplified from cDNA samples using the TaqMan miRNA

Assay together with the TaqMan 29 Universal PCR Mas-

ter Mix (Applied Biosystems) and ABI 7900 (Applied Bio-

systems) according to the manufacturers’ instructions.

The expression levels of miRNA were calculated based on

the amount of target miRNA relative to that of small-

nucleolar RNA 48 (RNU48) as a control to normalize the

initial input of total miRNA, and then expressed as rela-

tive fold difference between monocyte subsets.

To quantify specific mRNAs, gene-specific primers were

first designed using PRIMER-3 and BLAST (http://

www.ncbi.nlm.nih.gov/tools/primer-blast/) (see Support-

ing information, Table S1). Extracted total RNA was used

to generate cDNA by random priming using a TaqMan

Reverse Transcription kit (Applied Biosystems) and PCR

cycler (Biometra). In the second step, specific sequences

of cDNA were amplified using iTaq Universal SYBR

Green super mix (Bio-Rad, Hercules, CA), and primers

(1st BASE, Singapore) and ABI 7900 (Applied Biosys-

tems) according to the manufacturers’ instructions. All

specific mRNA levels were normalized to those of the

housekeeping gene hypoxanthine phosphoribosyltransfer-

ase and then expressed as relative fold difference between

monocyte subsets.

MicroRNA transfection

The miRNA mimics, miRNA mimic control, anti-miRNA

inhibitor and anti-miRNA inhibitor control were

obtained from Ambion (Life Technologies, Carlsbad,

CA). Transfection was carried out using the Amaxa�

Human Monocyte Nucleofector� Kit (Lonza, Basel, Swit-

zerland). Briefly, following purification from peripheral

blood mononuclear cells, CD16� monocytes were washed

twice with PBS, after which 5 9 106 cells were resus-

pended in 100 ll Nucleofactor Solution at room tempera-

ture, then mixed with 100 nM of synthesized miRNA and

electroporated in AMAXA-certified cuvettes using an

AMAXA Nucleofactor apparatus running program Y-001.

After electroporation, cells were gently suspended in

500 ll fresh complete Iscove’s modified Dulbecco’s med-

ium (with 5% human serum, 100 U/ml penicillin/strepto-

mycin) and transferred to 12-well plates already

containing 1 ml of the same medium for the apoptosis
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assay, or to eight-well slides for live-cell imaging experi-

ments. Transfected cells were incubated at 37° for 12 hr.

Transfection efficiency was determined by flow cytometry

on cells transfected with Cy3-labelled control miRNAs.

Live cell imaging

Freshly isolated monocyte subsets were seeded into eight-

well slides (IBIDI, Martinsried, Germany) at a density of

0�25 9 106 cells/ml and left to settle for 30 min before

imaging. Cellular events were visualized using an FV-1000

confocal system with an inverted Olympus IX81 micro-

scope (Olympus Corporation, Tokyo, Japan). Throughout

the imaging period, cells were kept in a humidifier main-

tained at 37° and 5% CO2. Events were visualized at

2009 magnification, and images were captured at 60-sec-

ond intervals for up to 3 hr.

Monocytes that had been transfected were seeded onto

eight-well slides (IBIDI) at a density of 0�5 9 106 cells/ml

and incubated for 12 hr, after which the medium was

refreshed and visualization was carried out as above. The

images captured were analysed using IMARIS imaging soft-

ware (Bitplane, Zurich, Switzerland).

Western blotting

Whole cell protein lysates were extracted from purified

monocyte subsets using radioimmunoprecipitation assay

buffer (Sigma Aldrich, St Louis, MO) containing complete

protease inhibitor cocktail (Roche, Basel, Switzerland)

according to the manufacturer’s instructions. A total of

15�30 lg of lysates were resolved on 10–15% SDS–Tris–
glycine gels and then transferred onto PVDF membranes

using a Tran-Blot semidry transfer cell (Bio-Rad Labora-

tories) at 15 V for 1 hr. After blocking with 5% non-fat

milk for 1 hr at room temperature, the membrane was

incubated with primary antibody overnight at 4°, followed
by secondary antibody conjugated to horseradish peroxi-

dase for 1 hr at room temperature. The immunoreaction

was visualized with chemiluminescent horseradish peroxi-

dase substrate (Thermo Fisher Scientific, Rockford, IL).

Western blot data were then quantified using IMAGE STUDIO

LITE software (LI-COR Biosciences, Lincoln, NE).

Luciferase reporter assay

Luciferase reporter construct containing the RelA 30 UTR
was purchased from OriGene Technologies Inc. (Rock-

ville, MD) HEK293T cells were co-transfected using Lipo-

fectamine 2000 (Life Technologies) according to the

manufacturer’s instructions, with 150 ng of the firefly

luciferase reporter vector, 0�3 ng of the control vector

containing Renilla luciferase, 60 lM of miR-345 mimic or

non-targeting miRNA control (Ambion; Life Technolo-

gies). Firefly and Renilla luciferase activities were mea-

sured sequentially using the Dual-Luciferase Reporter

Assay (Promega Corporation, Madison, WI) 48 hr after

transfection, and results were normalized with Renilla

luciferase activity.

Statistical analysis

One-way analysis of variance and Student’s t-tests were

used as indicated. Data plotted represent either

mean � standard error of the mean (SEM) or

mean � standard deviation (SD) as indicated.

Results

Sixty-six miRNAs are differentially expressed in
CD16+ and CD16� monocyte subsets

To identify miRNAs that are differentially expressed

between monocyte subsets, we isolated CD16+ and

CD16� monocytes from the blood of four healthy donors

using paramagnetic beads to at least 95% purity (see Sup-

porting information, Fig. S1). We then obtained the miR-

NA expression profiles of these two monocyte subsets

using an Illumina chip-based microarray approach. The

Illumina Human v2 MicroRNA Expression bead-chip

contains sequences recognizing 1146 miRNAs, which

cover > 97% of miRNAs according to miRBase release

12. The complete miRNA expression data are deposited

in GEO (accession number GSE52986). (Accession link

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=atwj

quootzuzzkl&acc=GSE52986).

We identified 66 miRNAs within the array that were

expressed with at least a two-fold difference between the

two monocyte subsets (Fig. 1a and Table 1). Of the 66

differentially expressed miRNAs (DE-miRs), 21 were

more highly expressed in CD16� monocytes (hereafter

called the ‘CD16� miRs’) and 45 were more highly

expressed in CD16+ monocytes (hereafter called the

‘CD16+ miRs’).

To validate the miRNA array data, we selected four out

of 21 CD16� miRs and eight out of 45 CD16+ miRs that

had represented low, mid and high fold-change DE-miRs

between CD16+ and CD16� monocyte subsets for real-

time PCR quantification using monocytes isolated from

more donors different from those used in the microarray.

All of the 12 DE-miRs exhibited the same differential

expression pattern between monocyte subsets as that

determined by the array data (Fig. 1b).

Potential gene targets of DE-miRs are frequently
associated with cell death and cellular movement

To better understand how the DE-miRs might contribute

to the characteristics of each monocyte subset, we used in

silico analysis to predict the genes likely to be regulated
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by the DE-miRs (Fig. 2a). Genes were considered poten-

tial targets if they were independently predicted by at

least two of the three prediction programs: MIRANDA, TAR-

GETSCAN and MICROCOSM TARGET. Using this criterion, a

total of 13 821 target genes were identified and consid-

ered for further analysis (see Supporting information,

Table S2). Gene ontology classification of the target genes

revealed an enrichment of biological pathways as shown

in Fig. 2(b) of which cell death and survival as well as

cellular movement were of interest and further investi-

gated (Fig. 2b).

miR-432 over-expression increases CD16� monocyte
apoptosis

Our in silico analysis identified a substantial number of

predicted target genes related to cell death and survival

(Fig. 2b). We have also previously shown that CD16+

monocytes have a higher propensity to undergo sponta-

neous apoptosis in culture compared with the CD16�

population, based on global gene expression analysis.15

To understand whether differences in miRNA expression

might contribute to the differential susceptibility to

undergo apoptosis in the two monocyte subsets, we fur-

ther investigated a panel of DE-miRs. To address this, we

selected seven DE-miRs based on either the number of

cell-death-related targets that the DE-miR was predicted

to regulate, or by the extent of the differential expression

level of the DE-miR (i.e. fold difference between the two

subsets) (Table 2a,b). The seven DE-miRs selected were

miR-655, miR-212 and miR-432 among the CD16+ miRs,

and miR-1275, miR-345 and miR-19a from the CD16�

miR group. We also included miR-342-3p, although it

did not meet our criteria, because numerous reports con-

nect this miRNA with apoptosis in human cell lines.28–30

We performed our investigation on the roles of the

selected miRNAs in the CD16� monocyte subset because

they were less susceptible to undergo spontaneous cell

death. The miRNA mimics (pre-miRs) were transfected

to study the effects of specific miRNA over-expression,

and anti-miRs were transfected to inhibit the effects of

endogenous miRNA and so produce a knock-down phe-

notype. In parallel, transfection with a Cy3-labelled pre-

miR negative control showed that > 90% of live cells

were transfected in every experiment (see Supporting

information, Fig. S2). The transfection of CD16� mono-

cytes with pre-miR-212, pre-miR-655, or pre-miR-342-3p

did not induce increased apoptosis in CD16� monocytes

compared with cells transfected with the pre-miR-nega-

tive control, as assessed by Annexin V staining at 12 hr

post-transfection (Fig. 3a,b, left panels). As shown in the

right panel of Fig. 3(a,b), CD16� monocytes transfected

with anti-miR-1275, anti-miR-19a, or anti-miR-345 also

showed no increase in apoptosis compared with anti-miR

negative control-transfected monocytes. However, upon

transfection of pre-miR-432, a significantly higher pro-

portion of CD16� monocytes become apoptotic (Fig. 3b,

left panel), suggesting a role for this miRNA in regulating
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Figure 1. Differentially expressed microRNAs

(miRNAs) in CD16+ and CD16� monocytes.

(a) Heat-map of expression intensity of differ-

entially expressed (DE) miRNAs in CD16+ and

CD16� monocytes from miRNA array data

based on P ≤ 0�05 and fold-change ≥ 1�96
(log2 FC ≥ |0�97|). (b) Validation of 12 selected

DE-miRs from miRNA array data by real-time

PCR. RNU48 was used as a reference gene.

Data shown are mean � SEM of samples from

at least three different individuals.
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apoptosis in monocytes. Hence, the lower susceptibility of

the CD16� monocytes to undergo spontaneous apoptosis

may be attributed to the low expression of miR-432.

Interestingly, this miRNA is also the most highly differen-

tially expressed of the two monocyte subsets.

miR-19a expression promotes CD16� monocyte
motility

Monocyte subsets are reported to exhibit different cellular

motility both in vitro and in vivo.10,11 In our in silico

analysis of potential DE-miR target genes, cellular move-

ment emerged as one of the top 10 most represented bio-

logical processes (Fig. 2b). To address the role of the DE-

miRs in regulating cellular movement, we first established

an in vitro assay to measure cell motility. Freshly isolated

monocyte subsets were plated in chamber slides and ran-

dom cell movement was tracked for at least 3 hr using

live cell imaging before quantitative analysis was per-

formed with IMARIS software. As shown in Fig. 4(a),

CD16� monocytes moved significantly faster than CD16+

monocytes. As the live imaging was carried out over a

fixed period of time for both subsets in each experiment,

the higher motility observed for the CD16� subset would

also imply that these cells had covered a greater distance

than the CD16+ monocytes.

We then used this imaging set-up to assess the role of

five DE-miRs in regulating motility. These DE-miRs were

selected based on criteria similar to those used to define

the apoptosis panel of miRNAs (Table 2c,d). miR-1275,

miR-19a, miR-345 were chosen from the CD16� miRs,

alongside miR-432 and miR-655 from the CD16+ miRs,

which were the top most differentially expressed miRNAs

Table 1. Differentially expressed microRNAs (miRNAs) between

CD16+ and CD16� monocytes.

ID GeneSymbol

Average-log2
fold change

(CD16+/CD16�)

ILMN_3167787 hsa-miR-19a �1�51
ILMN_3168754 hsa-miR-345 �1�46
ILMN_3167652 hsa-miR-452*:9�1 �1�46
ILMN_3168698 hsa-miR-486-3p �1�45
ILMN_3168510 hsa-miR-517c �1�36
ILMN_3168868 hsa-miR-513b �1�34
ILMN_3168612 hsa-miR-27a* �1�24
ILMN_3167565 hsa-miR-20b �1�22
ILMN_3167659 hsa-miR-1537 �1�21
ILMN_3168627 hsa-miR-556-3p �1�18
ILMN_3168774 hsa-miR-1275 �1�17
ILMN_3168681 hsa-miR-106b* �1�14
ILMN_3167509 hsa-miR-363* �1�1
ILMN_3168227 hsa-miR-548d-3p �1�08
ILMN_3168884 hsa-miR-450b-5p �1�07
ILMN_3168580 hsa-miR-221* �1�03
ILMN_3167948 hsa-miR-18b �1�02
ILMN_3168282 hsa-miR-18a �0�98
ILMN_3167260 hsa-miR-19b �0�98
ILMN_3167259 hsa-miR-199b-5p �0�97
ILMN_3168762 hsa-miR-23a* �0�97
ILMN_3168830 hsa-miR-29c* 0�97
ILMN_3168614 hsa-miR-342-5p 0�97
ILMN_3168178 hsa-miR-493 0�97
ILMN_3168589 hsa-miR-29a* 0�98
ILMN_3168446 hsa-miR-494 0�98
ILMN_3168871 hsa-miR-202* 0�99
ILMN_3168180 hsa-miR-378* 1�03
ILMN_3168165 hsa-miR-342-3p 1�08
ILMN_3167522 hsa-miR-154 1�09
ILMN_3167336 hsa-miR-637 1�1
ILMN_3168467 hsa-miR-656 1�1
ILMN_3168565 hsa-miR-1244 1�11
ILMN_3167215 hsa-miR-370 1�11
ILMN_3167052 hsa-miR-495 1�12
ILMN_3167976 hsa-miR-199a-5p 1�13
ILMN_3167988 hsa-miR-411 1�13
ILMN_3168731 hsa-miR-29b-2* 1�16
ILMN_3168870 hsa-miR-130a* 1�18
ILMN_3168515 hsa-miR-224 1�2
ILMN_3167244 hsa-miR-410 1�29
ILMN_3167690 hsa-miR-181d 1�32
ILMN_3167472 hsa-miR-32 1�32
ILMN_3168127 hsa-miR-655 1�32
ILMN_3168483 hsa-miR-146a 1�34
ILMN_3168250 hsa-miR-876-3p 1�36
ILMN_3167306 hsa-miR-519e 1�4
ILMN_3167239 hsa-miR-382 1�47
ILMN_3168429 hsa-miR-34a 1�48
ILMN_3168347 hsa-miR-409-5p 1�53
ILMN_3166941 hsa-miR-376c 1�66
ILMN_3168831 hsa-miR-589* 1�73

Table 1 (Continued)

ID GeneSymbol

Average-log2
fold change

(CD16+/CD16�)

ILMN_3166992 hsa-miR-139-5p 1�76
ILMN_3167973 hsa-miR-433 1�78
ILMN_3168801 hsa-miR-654-3p 1�78
ILMN_3168212 hsa-miR-132 1�88
ILMN_3166935 hsa-miR-329 1�96
ILMN_3168687 hsa-miR-146a* 1�99
ILMN_3168716 hsa-miR-337-3p 2

ILMN_3167805 hsa-miR-487b 2�06
ILMN_3168025 hsa-miR-134 2�14
ILMN_3167458 hsa-miR-369-3p 2�2
ILMN_3167443 hsa-miR-379 2�6
ILMN_3167969 hsa-miR-409-3p 2�62
ILMN_3167761 hsa-miR-212 3�07
ILMN_3167818 hsa-miR-432 3�37

*signifies mature miRs generated from the opposite arm of the pre-

cursor miR.
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and/or predicted to regulate the highest number of target

genes related to cell movement (Table 2c,d).

As before, CD16� monocytes were used to assess the

potential involvement of the selected miRNAs in cell

movement. Over-expressing miR-432 or miR-655, or

inhibiting the effects of endogenous miR-1275 or miR-

345 in CD16� monocytes did not affect the speed of their

movement compared with control-transfected cells

(Fig. 4b). Only the knockdown of miR-19a significantly

impeded the movement of the cells when compared with

control-transfected cells (Fig. 4b left panel). These data

suggest that miR-19a may be regulating genes that are

involved in promoting motility in CD16� monocytes.

MiR-345 directly targets the 30 UTR of RelA in
human monocytes

MicroRNAs regulate a large number of genes through

directly binding to the 30 UTR of those genes and some

of these target genes could be transcription factors. As

transcription factors are involved in regulating gene

expression, miRNAs that target transcription factors

would be regulating a large number of genes indirectly

through their effect on regulating the abundance of the

transcription factor protein.31

To identify DE-miRs that may be actively targeting

transcription factors in monocytes, we used data from

our previous gene expression array study.8 We first took

the list of DE genes with fold change ≥ 1�5 between

CD16+ and CD16� monocytes, then used Ingenuity Path-

ways Analysis to identify transcription factors known to

regulate the expression of these DE genes. Lastly, we

determined if any of these transcription factors were pre-

dicted as potential targets of the DE-miRs in our study.

Using this strategy, we identified RelA, a transcription

factor belonging to the mammalian Rel/nuclear factor-jB
family. RelA is able to regulate the expression of a num-

ber of the genes differentially expressed between mono-

13821 Predicted target genes

In silico functional analysis

66 DE miRNAs

- MIRANDA

(a)

(b)

- TARGETSCAN

- MICROCOSM TARGETS

Ingenuity pathway 

analysis (IPA)

–log (P-value)

Gene expression

Cell death and survival

Cellular function and maintenance

Molecular transport

Infectious disease

Cellular assembly and organization

Cellular development

Cellular movement

Cell cycle

Cellular growth and proliferation

0·0 2·5
Threshold

5·0 7·5 10·0 12·5 15·0 17·5 20·0 22·5 25·0 27·5 30·0 32·5

Figure 2. Functional categorization of differen-

tially expressed predicted target genes of

microRNAs (miRNAs) using Ingenuity Path-

ways Analysis software (Qiagen, Redwood City,

CA). (a) Gene list was generated by three tar-

get prediction programs: MIRANDA, TARGETSCAN

and MICROCOSM TARGETS, with only targets pre-

dicted by at least two programs being used for

further analysis. (b) Top 10 functional catego-

ries in gene ontology mapped using the pre-

dicted target genes from (a).
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cyte subsets, and also be potentially regulated by some of

the DE-miRs highlighted in this study. Using Western

blotting, we confirmed that RelA is more abundant in

CD16+ monocytes (Fig. 5a). As observed for the micro-

array data, downstream targets of RelA including CCL5,

TNF-a, SYTL1, GCH1 and Lyn, were indeed expressed at

a significantly higher level (more than two-fold differ-

ence) in freshly isolated CD16+ monocytes than in the

CD16� monocytes (Fig. 5b).32–35

RelA is a predicted target of miR-345, miR-329, miR-

378* and miR-637 from our DE-miR list. Of the four

DE-miRs, only miR-345 was more highly expressed in

CD16� monocytes and exhibited an inverse expression

profile to RelA. This inverse relationship was preserved

when CD16� monocytes were cultured for up to 44 hr,

where the expression of miR-345 decreased and the

RelA protein expression increased with time (Fig. 5c).

To further establish that RelA is a direct target of miR-

345, we transfected HEK293T cells with a firefly lucifer-

ase reporter construct containing the 30 UTR of RelA.

These cells were co-transfected with either pre-miR-neg-

ative control or pre-miR-345. It was observed that cells

transfected with pre-miR-345 consistently resulted in a

significant decrease in luciferase signal compared with

cells over-expressing non-targeting miRNA control or

when no miR were co-transected with the luciferase

reporter construct (Fig. 5d). These data show that RelA

transcript is indeed a direct target of miR-345 in mono-

cytes.

Discussion

In this study, we described the miRNA profile of CD16+

and CD16� monocyte subsets using a microarray

approach. We validated the differential expression of a

number of miRNAs identified in the array and demon-

strated the potential for some of these DE-miRs to con-

tribute to differences in cellular functions observed

between the two monocyte subsets. For example, we pro-

vided evidence that miR-432 and miR-19a are involved in

regulating the apoptotic potential and cell motility,

respectively, in CD16– monocytes. In addition, we deter-

mined that the transcription factor RelA is a direct target

of miR-345 in monocytes, implicating miR-345 in indi-

rectly regulating many genes downstream of RelA includ-

ing those involved in inflammatory responses in vivo.36

Our study identified 66 miRNAs that are more than

twofold differentially expressed in CD16+ and CD16�

monocyte subsets, of which 21 miRNAs were expressed

more highly in CD16� monocytes and 45 were expressed

more highly in CD16+ monocytes. In agreement with our

study, Bidzhekov et al. had observed that miR-119b-5p,

miR-19a, miR-27a* and miR-345 were more abundant in

CD16� monocytes, whereas miR-342-3p, miR-379, miR-

382, miR-411, miR-637 and miR-654-3p were more

highly expressed in CD16+ cells.18 When compared with

another miRNA study performed on mouse Ly6Chi and

Ly6Clo monocyte subsets, four of the nine DE-miRs (i.e.

miR-20b, miR-146a, miR-342 and miR-29b) in their

study were observed to match with the human CD16�

and CD16+ monocyte subsets, respectively, in our current

Table 2. Differentially expressed microRNAs (DE-miRNAs) ranked

based on the number of predicted target genes related to (a, b) ‘Cell

death and survival’ and (c, d) ‘Cellular movement’ biological path-

ways

No DE-miRNA

Cell death

and survival

related targets

Log2 fold

change

(a)

1 hsa-miR-655 548 1�32
2 hsa-miR-656 546 1�10
3 hsa-miR-637 361 1�10
4 hsa-miR-181d 296 1�32
5 hsa-miR-432 284 3�37
6 hsa-miR-495 278 1�12
7 hsa-miR-337-3p 269 2�00
8 hsa-miR-1244 235 1�11
9 hsa-miR-212 230 3�07
10 hsa-miR-493 224 0�97

No DE-miRNA

Cell death

and survival

related targets

Log2 fold

change

(b)

1 hsa-miR-1275 374 �1�17
2 hsa-miR-345 293 �1�46
3 hsa-miR-20b 279 �1�22
4 hsa-miR-19b 271 �0�98
5 hsa-miR-19a 261 �1�51

No DE-miRNA

Cell movement

related targets

Log2 fold

change

(c)

1 hsa-miR-656 364 1�10
2 hsa-miR-655 335 1�32
3 hsa-miR-637 230 1�10
4 hsa-miR-181d 185 1�32
5 hsa-miR-432 176 3�37

No DE-miRNA

Cell movement

related targets

Log2 fold

change

(d)

1 hsa-miR-1275 234 �1�17
2 hsa-miR-20b 190 �1�22
3 hsa-miR-19b 179 �0�98
4 hsa-miR-19a 175 �1�51
5 hsa-miR-345 175 �1�46

Entries in bold are miRs that are investigated in this study.
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study.37 However, 39 of the 66 DE-miRs identified from

our study have not been previously reported to be differ-

entially expressed in monocyte subsets.

Although little is yet known of the monocyte-specific

roles of many of the DE-miRs we have identified, some

have been described to contribute to varied biological

processes in other cell types. For instance, miR-369-3p

mediates the translational activation of TNF-a in HeLa,

JW36 and HEK293 cells,38 and miR-433 negatively regu-

lates haematopoietic cell proliferation by directly targeting

interferon-induced guanylate-binding protein 2.39 It will

be interesting to determine whether the functions attrib-

uted to these, and other miRNAs, in different cell types

are also applicable to monocytes. Among the better char-

acterized DE-miRs, miR-34a and miR-342 are signifi-

cantly up-regulated during differentiation of total

monocytes to dendritic cells, and miR-34a in particular is

thought to promote monocyte to dendritic cell differenti-

ation via modulating the expression of Wingless-Type

MMTV Integration Site Family, Member 1 (WNT1) and

Jagged 1 (JAG1).40 The fact that CD16+ monocytes have

a higher propensity to differentiate to DC,9,10,41 and miR-

34a and miR-342 are expressed at a significantly higher

level in CD16+ than CD16� monocytes, is highly sugges-

tive of these miRNAs contributing to the process of

monocyte to DC differentiation.

Besides acting as major regulators of developmental

timing, cellular differentiation and signalling pathways,

miRNAs can also regulate cell death and survival.20,42

However, little is known about the contribution of miR-

NA to apoptosis of human monocytes. We showed that

miR-432 could play a role in modulating apoptosis in

monocytes. Although miR-432 was reported to be

expressed in microvesicles of monocytes stimulated with

granulocyte–macrophage colony-stimulating factor,43 its

precise function in monocytes is unclear. miR-432 is pre-

dicted to regulate a number of genes with anti-apoptotic

function, including serine/threonine-protein kinase,44

Induced myeloid leukaemia cell differentiation pro-

tein,45,46 Neuregulin 147,48 and Furin49 (see Supporting
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Figure 3. Effect of differentially expressed

microRNAs (miRNAs) on regulating apoptosis

of CD16� monocytes. Freshly isolated CD16�

monocytes were either transfected with 100 nM

non-target pre-miR control, pre-miR-212, pre-

miR-432, pre-miR-655, or pre-miR-342-3p (a

and b; left panels), or with 100 nM non-target

anti-miR control, anti-miR-1275, anti-miR-19a

or anti-miR-345 (a and b; right panels) by

electroporation. (a) Histogram plots of cells

12 hr post-transfection. Numbers in each plot

represent the percentage of Annexin V-positive

cells with respect to total cells. Data shown are

representative of at least three different sample

sets for each miRNA. (b) Bar graphs showing

the percentage increase of apoptotic cells com-

pared with control transfected cells calculated

as the percentage of Annexin V-positive cells

in pre-miRNA or anti-miRNA transfected cells

divided by the percentage of Annexin V-posi-

tive cells in non-target pre-miR or anti-miR

control transfected cells, respectively. Data

shown are mean � SEM from at least three

different sample sets, **P < 0�01.

ª 2015 John Wiley & Sons Ltd, Immunology, 145, 404–416412

T.-M. Dang et al.



information, Table S3). Interestingly, the expression levels

of all these anti-apoptotic target genes are consistently

higher in the CD16� monocyte subset compared with the

CD16+ cells.8 In addition, miR-432 was also predicted to

target endothelial PAS domain-containing protein 1, a

transcription factor that positively regulates many anti-

apoptotic genes including glutathione peroxidase 1, insu-

lin receptor substrate 2, solute carrier family 2 member 3,

and TNF-a-induced protein 350–52 (Table S3). Accord-

ingly, CD16� monocytes also expressed these genes at a

significantly higher level than CD16+ monocytes in our

gene expression array data.8 Hence, the differential apop-

totic potential of the monocyte subsets could be the result

of both direct and indirect effect of miR-432 on the

expression of anti-apoptotic genes. Further experiments

will be needed to characterize these direct and indirect

links between miR-432 and its gene targets in monocytes

so as to establish their significance to the biological differ-

ences observed between the two subsets.

The difference in cellular movement of human mono-

cyte subsets has been reported.11 Recently, Ly6Chi mono-

cytes (the murine homologue of the human CD16�

subset) were found to be more mobile and to constitu-

tively traffic from the blood into tissues under homeo-

static conditions.53 We also observed that CD16�

monocytes were more motile than CD16+ monocytes

in vitro, and that inhibiting endogenous miR-19a in the

CD16� subset significantly impeded cell movement. miR-

19a belongs to the miR-17–92 cluster, which encodes six

miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-

1 and miR-92-1), two of which, miR-18a and miR-20a,

were also more abundant in CD16� monocytes. Although

a number of the miRNAs in this cluster have been linked

to migration and cell motility,54–58 this is the first illustra-

tion of the ability of miR-19a to regulate cell movement.

Our target gene prediction data show that miR-19a may

in fact directly regulate many genes involved in cellular

movement (Table 2). Among these potential targets are
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Figure 4. Effect of differentially expressed microRNAs (miRs) on regulating the motility of CD16+ monocytes. (a) Bar graph depicting the motil-

ity of freshly isolated monocyte subsets from four different donors that were plated in chamber slides, tracked using live cell imaging with motil-

ity quantified by AMARIS software. Mean speeds of at least 100 cells from each sample were shown. (b) Bar graphs showing the percentage ratio of

the mean speed of the transfected cells. Isolated CD16� monocytes were transfected with 100 nM non-target anti-miR control, anti-miR-1275,

anti-miR-19a or anti-miR-345 (left panel), or with 100 nM non-target pre-miR control, pre-miR-432 or pre-miR-655 (right panel) by electropo-

ration. Twelve hours after transfection, random cell movement was tracked using live cell imaging with motility quantified by AMARIS software as

in (a). Mean speeds of at least 30 cells in each sample were calculated. Percentage ratios were calculated using the mean speed of cell movement

in pre-miRNA or anti-miRNA transfected cells over the mean speed of cell movement in non-target pre-miR or anti-miR control transfected

cells, respectively. Data shown are mean � SEM of samples from four different donors (left panel) and two different donors (right panel).

*P < 0�05, **P < 0�01, ***P < 0�001.
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genes encoding proteins involved in cell adhesion and

migration such as RUNX3,59,60 which are expressed at a

higher level in CD16+ monocytes.8 In addition, we

noticed that three other direct targets of miR-19a: myo-

sin-IXb, filamin 2 and leucine-rich repeat kinase 2,

involved in controlling the cytoskeleton,61–64 are also

more abundant at the protein level in CD16+ monocytes,

according to our previous proteomic study8 and a study

by Th�evenet et al.65 Cellular movement is a complex

coordinated process involving changes in both cell adhe-

sion66–68 and reorganization of the cytoskeleton:69–71 it

will be interesting to dissect the mechanisms underlying

the differential motility of monocyte subsets and the role

played by miR-19a in this process.

While miRNAs are important regulators of gene

expression in their own right, those miRNAs targeting

transcription factors can have even greater indirect effects

on the induction or suppression of downstream genes.

For example, miR-20b down-regulates expression of vas-

cular endothelial growth factor through targeting the

hypoxia inducible factor 1a (HIF-1a) and signal trans-

ducer and activator of transcription 3 (STAT3) in cancer

cells;72,73 but besides regulating vascular endothelial

growth factor, HIF-1a also induces the expression of pla-

centa-specific 8,74 while STAT3 positively regulates haeme

oxygenase (decycling) 175 and tissue inhibitor of metallo-

proteinase 1.76 These genes were more abundantly

expressed in the CD16+ monocyte subset,8 and concomi-

tantly miR-20b was expressed at a lower level in our

study. Hence, it is possible that miR-20b may be indi-

rectly modulating the above-mentioned genes via HIF-1a
and STAT3.

RelA, a transcription factor belonging to the nuclear

factor-jB family, was previously reported to be barely

detectable in monocytes, yet was abundant at the protein

level in monocyte-derived macrophages.77 Our data

showed that the CD16� monocytes, which constitute 80–
90% of the total monocyte population, hardly expressed

any RelA protein but CD16+ monocytes exhibited constit-

utive expression of RelA immediately after isolation. The

up-regulated expression of RelA as a result of the down-

regulation of miR-345 expression upon in vitro culture of

CD16� monocytes suggested that these cells have become

CD16+ monocytes over the culture period. These data

together with the higher constitutive expression of RelA

in CD16+ monocytes support the idea that the CD16+

subset may be the more mature counterpart of CD16�

monocytes.78 The greater abundance of RelA in CD16+

monocytes correlated with higher expression of genes that

are positively regulated by RelA including CCL5, GCH1,

LYN, SYTL1 and TNF-a, possibly explaining why this

subset is able to produce more rapidly, or in greater

quantities, these pro-inflammatory mediators in response

to pathogen insults compared with CD16� monocytes.

Indeed, lipopolysaccharide-stimulated CD16+ monocytes

do produce higher levels of TNF-a than CD16� mono-

cytes.6 This pro-inflammatory phenotype of the CD16+

monocytes may partly be directed by miR-345 through

moderating RelA protein levels.

In summary, our study identified a set of miRNAs that

were differentially expressed between freshly isolated

CD16+ and CD16� human monocyte subsets. We dem-

onstrated that some of the functional differences between

the monocyte subsets might be attributed to the actions

of specific miRNAs, and thereby highlighted a previously

unappreciated involvement of miRNAs in regulating cel-
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Figure 5. RelA and miR-345 expression in monocyte subsets. (a)

Western blot analysis of RelA protein levels in freshly isolated mono-

cyte subsets. Data are representative of samples from at least three

different donors. (b) Fold-difference in mRNA levels of indicated

genes between CD16+ versus CD16� monocytes as determined by

real-time PCR. (c) CD16� monocytes either freshly isolated (0 hr)

or cultured for the indicated time-points were assessed for RelA

expression by Western blotting (top and bottom panels) and for

miR-345 expression by real-time RT-PCR (bottom panel). The miR-

345 expression fold changes were calculated based on miR-345

expression of CD16� monocytes after culture in relation to that of

freshly isolated CD16� monocytes as a control. Western blot data in

the top panel are representative of samples from at least three differ-

ent donors. Western blot data in the bottom panel were quantified

by Image Studio Lite and RelA protein levels were calculated with

respect to RelA expression of CD16� monocytes after culture in rela-

tion to that of freshly isolated CD16� monocytes as a control. (d)

HEK293T cells were transfected with RelA 30 untranslated region

luciferase reporter construct either without (No miR) or co-transfec-

tion with non-targeting miR control or pre-miR-345 and cultured

for 48 hr before luciferase signals were measured. Data plotted are

normalized luciferase unit with respect to no miR condition. Data

shown in (b), (c; bottom panel) and (d) are mean � SEM of sam-

ples from at least three different donors. *P < 0.05.
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lular events in monocytes. It will be interesting to further

investigate the mechanisms underlying the effects of these

miRNAs in the steady state, but also following pathogenic

insult. Taken together, our data provided a tool for

understanding another layer of the complexity behind the

physiological homeostasis of monocytes.
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