',\' frontiers
in Immunology

ORIGINAL RESEARCH
published: 25 July 2017
doi: 10.3389/fimmu.2017.00868

OPEN ACCESS

Edited by:

Nicholas D. Huntington,

The Walter and Eliza Hall
Institute of Medical Research,
Australia

Reviewed by:

Jorg Wischhusen,

University of Wirzburg, Germany
Yasmina Laouar,

University of Michigan,

United States

*Correspondence:
Cristina Bottino
cristina.bottino@unige.it

TThese authors have contributed
equally to this work.

Specialty section:

This article was submitted to
NK and Innate Lymphoid
Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 08 March 2017
Accepted: 10 July 2017
Published: 25 July 2017

Citation:

Regis S, Caliendo F, Dondero A,
Casu B, Romano F, Loiacono F,
Moretta A, Bottino C and
Castriconi R (2017) TGF-p1
Downregulates the Expression of

CX3CR1 by Inducing miR-27a-5p in

Primary Human NK Cells.
Front. Immunol. 8:868.
doi: 10.3389/fimmu.2017.00868

®

Check for
updates

TGF-p1 Downregulates the
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Cells
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Activity of human natural killer (NK) cells against cancer cells is deeply suppressed by
TGF-p1, an immunomodulatory cytokine that is released and activated in the tumor
microenvironment. Moreover, our previous data showed that TGF-p1 modifies the
chemokine receptor repertoire of NK cells. In particular, it decreases the expression
of CX3CR1 that drives these effectors toward peripheral tissues, including tumor sites.
To identify possible mechanisms mediating chemokine receptors modulation, we ana-
lyzed the microRNA profile of TGF-p1-treated primary NK cells. The analysis pointed
out miR-27a-5p as a possible modulator of CX;CR1. We demonstrated the functional
interaction of miR-27a-5p with the 3’ untranslated region (3’'UTR) of CX;CR1 mRNA
by two different experimental approaches: by the use of a luciferase assay based on a
reporter construct containing the CXsCR1 3’"UTR and by transfection of primary NK cells
with a miR-27a-5p inhibitor. We also showed that the TGF-p1-mediated increase of
miR-27a-5p expression is a consequence of miR-23a-27a-24-2 cluster induction.
Moreover, we demonstrated that miR-27a-5p downregulates the surface expression
of CXsCR1. Finally, we showed that neuroblastoma cells induced in resting NK cells a
downregulation of the CX;CR1 expression that was paralleled by a significant increase of
miR-27a-5p expression. Therefore, the present study highlights miR-27a-5p as a pivotal
TGF-p1-induced regulator of CXsCR1 expression.

Keywords: TGF-$1, chemokine receptors, microRNAs, NK cells, tumor microenvironment

INTRODUCTION

Human natural killer (NK) cells mainly consist of CD56"*" CD16"*¢ KIR™# perforin'" and
CD56% CD16P KIRP perforin™# cells, which represent sequential stages of maturation and NK
subsets with different function and tissue distribution (1, 2). CD56™#" NKs, which release large
amount of soluble factors (IFN-y, GM-CSF, and TNF-a) in response to proinflammatory cytokines,
are poorly represented in peripheral blood, while populating most tissues, and, in particular, second-
ary lymphoid organs (SLOs) (3, 4). Conversely, CD56%™ cells, which are highly cytotoxic effectors,
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represent the largest percentage of circulating NKs, while being
detectable only in selected peripheral tissues such as lung and
breast (1). Notably, upon appropriate stimulation, CD56%™ cells
increase the cytolytic potential, become cytokines producers, and
also acquire the capability to migrate to SLO (5, 6).

The NK cells distribution in physiological and pathological
conditions is dictated by the expression of chemokine recep-
tors that retain or drive the migration toward tissues of one or
another NK cell subset. Peripheral blood (resting) CD56™ and
CD56"i" NK cells share the expression of CXCR4 (CXCL12
receptor) (7) and CXCR3 (CXCL4, 9, 10, 11 receptor). CD56
NKs selectively express CCR5 (CCL3-5 receptor) and CCR?7 that
guides their migration toward tissues with high levels of CCL19
and CCL21, such as SLO. Conversely, the expression of CXCR1
(CXCL8 receptor), CXCR2 (CXCLL, 2, 3, 5, 8 receptor), and
CX;CR1 (CX5CL1 receptor) is restricted to CD56%™ NKs (4),
which are also characterized by the peculiar expression of the
ChemR23 specific for chemerin (8).

CX;CL1, also termed fractalkine, is the only known member
of the CX;C chemokine family. It is synthesized as a membrane
anchored molecule expressed by cells such as endothelial cells,
epithelial cells, osteoblasts, and mesenchymal stromal cells.
CX;5CL1 can be shed by A Disintegrin And Metalloproteinases
(ADAM) 10 or 17 in non-inflammatory and inflammatory condi-
tions, respectively (9). Once released, it interacts with the specific
receptor (CX;CR1), a molecule belonging to the 7-transmem-
brane G protein-coupled receptor family, which is expressed by
different immune cell types, including monocytes, dendritic cells
(DCs), T, and NK lymphocytes.

Tumor tissues set up different strategies to escape immune
recognition and in particular to affect chemokine/chemokine
receptor axes such as CX;CL1/CX;CR1, which are crucial for
the recruitment of cells such as CD56%™ NK cells exerting tumor
suppressive properties. A possible strategy is to unbalance in
the tumor microenvironment the equilibrium between CD56%™
and CD56"#" attracting chemokines. Immature, poor cytolytic
CD56™e cells represent the major NK subset present in most
tumor tissues (4, 10), and breast carcinomas have been shown to
decrease the expression of CXCL2 and CX;CL1 while increasing
that of CCL5 and CCL19 (1). Accordingly, CXsCL1 expression in
breast carcinoma specimens was shown to correlate with a good
prognosis (11).

Another possible mechanism exerted by tumors for limiting
immune surveillance is represented by their capability of modify-
ing the chemokine receptor repertoire of crucial effector cells, thus
affecting their responsiveness to given chemoattractant gradients.
Among the soluble mediators involved, TGF-f1 shows a pivotal
role in chemokine receptors modulation (12). TGF-f1 is pleio-
tropic cytokine whose major physiologic role is to limit the dura-
tion of immune responses and promote tissue repair (13, 14). In
the tumor microenvironment, its release and activation by cancer
cells and immune cells, including tumor-associated macrophages
(TAM), is exacerbated (9, 15). This results in tumor-promoting
side effects including angiogenesis and suppression of anticancer
immunity. In NK cells, tumor-derived and recombinant TGF-f1
has been shown to downregulate the expression of NKp30 and
NKG2D activating receptors involved in tumor recognition and

DC editing (16, 17) and to modulate the chemokine receptor
repertoire. In particular, TGF-p1 increases the expression of
CXCR3 and CXCR4 (12, 18), involved in peripheral tissues and
bone marrow (BM) recruitment, respectively, and decreases that
of CX;CR1, which drives effector cells toward peripheral tissues,
including central nervous system (CNS) (19-21). Interestingly,
in glioma cells TGF-P1 has also been shown to downregulate
CX;CL1 (22). The presence of CD56%™ NK cells, characterized by
low expression of CX;CR1, has been detected in ascitic fluids of
ovarian carcinoma patients (10). Moreover, a possible systemic
effect has been demonstrated in patients with high-risk (stage 4
or M) neuroblastoma (NB), who were characterized by the
presence of unconventional CD56%™ CX;CR1" NKs, both in
metastatic sites, such as BM and peripheral blood (12).

Understanding how TGF-B1 impairs the expression of
CX;CR1 in CD56% NK has potential clinical implications, since
it could improve the current knowledge of the mechanisms that
regulate the immune responses and, in cancer, participate in the
escape from immune surveillance. MicroRNAs (miRNAs), small
non-coding RNA molecules, are key players in the regulation
of gene expression and modulate several biological processes,
including immune responses. In this study, we performed a
profile of NKs to identify miRNA that could play roles in TGF-
pl-mediated modulation of chemokine receptors expression.
We identified miR-27a-5p as a negative regulator of CX;CR1
expression.

MATERIALS AND METHODS
NK Cells Purification

NK cells were purified from peripheral blood mononuclear
cells of healthy donors using the Human NK Cell Isolation kit
(Miltenyi Biotec) (12). A total of 13 unrelated healthy donors
were used for all the experiments described. Donors provided
an informed consent according to the procedures approved
by the Ethics Committee of Ospedale Policlinico San Martino
(39/2012).

NK Cell Treatments for miRNA and mRNA

Expression Analysis

To obtain miRNA profiling, NK cells were incubated for 24 h
in the presence of complete medium (RPMI 1640 with 10% of
fetal bovine serum, 2 mM glutamine, 50 mg/mL penicillin and
50 mg/mL streptomycin) supplemented with TGF-f1 at the final
concentration of 40 or 5 ng/mL. Control cells were represented by
NK cells cultured in the presence of complete medium alone (12).
For miRNA validation and mRNA expression analysis, NK cells
were incubated in the presence of 40 or 5 ng/mL of TGF-f1 or
complete medium for 12 or 24 h.

RNA Isolation

RNA containing the small RNA fraction was extracted using the
miRCURY RNA Isolation Kit—Cell and Plant (Exiqon) accord-
ing to the manufacturer guidelines. RNA amount was determined
using the Quant-iT RiboGreen RNA Assay Kit (Invitrogen)
following to the manufacturer instructions.
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miRNA Profiling

miRNA profiling was performed according to the TagMan
MicroRNA Array Workflow (Applied Biosystems). Briefly,
100 ng of RNA comprehensive of the small RNA fraction were
reverse transcribed using the TagMan MicroRNA Reverse
Transcription kit with the Megaplex RT Primers Human Pool
A + B set v3.0 (Applied Biosystems). A preamplification step
was performed using the TagMan PreAmp Master Mix with
the Megaplex PreAmp Primers Human Pool A + B set v.3.0
(Applied Biosystems). Preamplified cDNAs were loaded in
TagMan Array Human MicroRNA Cards A and B set v3.0
(Applied Biosystems). Amplification reactions were performed
using an Applied Biosystems ViiA 7 Real-Time PCR System.
Data were analyzed using the miScript miRNA PCR Array Data
Analysis Tool.! miRNAs expression was normalized to the U6
snRNA expression. Data from this miRNA profiling have been
submitted to the NCBI Gene Expression Omnibus® under acces-
sion no. GSE98769. miRNAs that showed a fold change >2 or
<0.5 between TGF-p1-treated and -untreated NK cells in three
different donors were considered to be differentially expressed.
Using the computational prediction on-line tools TargetScan®
(23), miRanda’ (24), and miRmap’ (25), selected miRNAs were
investigated as possible regulators of CXCR4, CXCR3, and
CX;CR1 expression.

Expression of miRNAs

Expression of selected miRNAs was evaluated using TagMan
MicroRNA Assays as described by the manufacturer (Applied
Biosystems). Briefly, 10 ng of RNA were reverse transcribed using
the TagMan MicroRNA Reverse Transcription kit primed with
the specific RT primers. Real-time PCR was performed in quad-
ruplicate using the specific primers. Expression of each miRNA
was normalized to the RNU44 expression.

Expression of CX;CR1 mRNA

To evaluate the expression of CX;CR1 mRNAs, 100 ng of RNA
were reverse transcribed using the SuperScript VILO ¢cDNA
Synthesis Kit (Invitrogen). The cDNA was used for real-time
PCR using the specific primers contained in the TagMan Gene
Expression Assay (Applied Biosystems). CX;CR1 expression
was normalized to the GAPDH expression. Experiments were
performed in quadruplicate.

CXs;CR1 3’ Untranslated Region Construct

A 700 bp fragment of the CX5CR1 3’ untraslated region (3'UTR)
containing the putative target site for miR-27a-5p was amplified
by PCR using primers CX3UTR2F and CX3UTR2R, containing
the Nhel and Xhol sites in their 5" ends, respectively. The PCR

'http://www.sabiosciences.com/mirnaArrayDataAnalysis.php.
*http://www.ncbi.nlm.nih.gov/geo/.

*www.targetscan.org.

‘www.microrna.org.

*http://mirmap.ezlab.org.

product was purified using the MinElute PCR Purification Kit
(Qiagen), Nhel-Xhol digested and ligated to the Nhel-Xhol
digested pmirGLO vector (Promega) using the Rapid DNA
Ligation kit (Roche, Basel, Switzerland). Ligation product was
used for transformation of TOP10 Escherichia coli competent
cells (Invitrogen). Colonies containing the recombinant plasmid
were selected by PCR using primers CX3UTR2F/CX3UTR2R.
Plasmid DNA was purified using the Illustra PlasmidPrep
Mini Spin Kit (GE Healthcare). The inserted fragment and
flanking sequences were sequenced using primers CX3UTR2F,
CX3UTR2R, CX3UTR22R2, and CX3UTR22F2. Sequencing was
performed using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems) in a 3100 Genetic Analyzer (Applied
Biosystems). The selected plasmid is reported as pmirCX-
3UTRWT. Primers, when not otherwise indicated, were designed
by primerBLAST.® Primer sequences are reported in Figure S1 in
Supplementary Material.

Site-Directed Mutagenesis

A mutated version of pmirCX3UTRWT (pmirCX3UTRMT),
containing a C>G mutation in the putative target site for miR-
27a-5p, was prepared by site-directed mutagenesis using the
Geneart Site-Directed Mutagenesis System (Invitrogen) accord-
ing to the manufacturer guidelines. Oligonucleotides (CX3AMUTF
and CX3MUTR) were designed using the QuickChange Primer
Design on-line tool (Agilent Technologies’). Presence of the
mutation was confirmed by restriction analysis and by sequenc-
ing the mutagenized region using primers CX3UTR2FS and
CX3UTR22R2.

Luciferase Reporter Assay

Wild-type (pmirCX3UTRWT) and mutant (pmirCX3UTRMT)
plasmids containing the 3"UTR of the CX;CR1 mRNA, as well as
the parental pmirGLO vector (Promega), were used in cotransfec-
tion experiments with the mirVana miRNA Mimic miR-27a-5p
and the mirVana miRNA Mimic Negative Control #1 (Ambion).
HEK293T cells were used for cotransfection experiments. The day
before transfection 8 x 10* cells per well were plated in 24-well
plates in 500 uL of DMEM supplemented with 10% FCS. Cells
were transfected with 100 ng of plasmid and 20 pmol of mimic
miRNA using lipofectamine 2000 (Invitrogen) according to the
manufacturer protocol. Twenty-four hours post transfection
cells were harvested. Firefly and Renilla Luciferase activities were
determined on cell lysates using the Dual Luciferase Reporter
Assay System (Promega) according to the manufacturer guide-
lines. A single-tube DLReady validated luminometer TD-20/20
Turner Biosystems was used. Firefly luciferase activity was
normalized to renilla luciferase activity. Normalized values were
expressed as changes relative to the value of the negative control,
which was set as 1. Three independent experiments were per-
formed in quadruplicate.

°http://www.ncbi.nlm.nih.gov/tools/primer-blast/.
"http://www.genomics.agilent.com.
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miR-23a-27a-24-2 Cluster Primary

Transcript Expression

The 1 X 10° NK cells from healthy donors were cultured in the
presence or in the absence of 5 ng/mL of TGF-p1. Real-time
PCR was performed using the hsa-mir-23a TagMan Pri-miRNA
Assay (Applied Biosystems). Hsa-mir-23a pri-miRNA expression
was normalized to the GAPDH expression. Experiments were
performed in triplicate.

Transient Transfection of NK Cells

The 1 X 10° NK cells from healthy donors were cultured in
24-well plates in 500 uL RPMI + 10% serum in the presence of
TGF-p1 (5 ng/mL). Cells were transfected with 20 pmol of miR-
27a-5p inhibitor (Applied Biosystems) or with a negative control
(mirVana™ miRNA Inhibitor, Negative Control #1; Ambion)
using Lipofectamine 3000 according to manufacturer instruc-
tions. Efficiency of transfection, determined with a fluorescently
labeled miRNA (Cy3™ Dye-Labeled Pre-miR Negative Control
#1; Ambion) was about 30% (data not shown). Cells were har-
vested after 72 h, RNA was extracted, and CX;CR1 mRNA levels
were determined as described previously.

CX3CR1-Lentiviral Vector Generation

Primer CX3ATGKZE, designed to contain a Kozak consensus
sequence, and primer CX3UTR2R (Figure S1 in Supplementary
Material) were used for the amplification of a genomic fragment
(2,494 bp in length) containing the whole CX3CR1 gene open
reading frame (ORF) and a portion of the 3'UTR in which the
two putative target sites for miR-27a-5p are included. The product
was cloned in a pcDNA 3.1/V5-His-TOPO vector (Invitrogen),
excised by Xbal-BamHI digestion, and ligated to an Xbal-BamHI
digested pCDH-CMV-MCS-EF1-GFP lentiviral vector (System
Biosciences).

Ligation product was transformed in Stbl3 E. coli cells
(Invitrogen), a positive colony was selected by PCR, endotoxin-
free plasmid DNA was extracted using the QIAfilter Plasmid
Midi Kit with the EndoFree Plasmid Buffer Set (Qiagen), the
whole insert and the flanking vector regions were sequenced
using 16 primers (whose sequences are reported in Figure S1 in
Supplementary Material).

Virus Packaging

The lentiviral vector containing the CX;CR1 gene was assembled
in lentiviral particles using the pPACKHI HIV Lentivector
Packaging Kit (System Biosciences). Briefly, 3 X 10° 293T cells
plated in a 10 cm plate were tranfected with the packaging plas-
mids and the CX3CR1 lentiviral vector with lipofectamine 2000
(Invitrogen). Medium was changed every 24 h and collected at
48 and 72 h. Virus containing supernatants were pooled and
concentrated by the use of a PEG precipitation solution. Titration
was performed by flow cytometric detection of GFP fluorescence
emitted by infected cells.

HEK293T Cells Transduction
HEK293T cells (2 X 10°) were plated in six-well plates and infected
with viral preparation at a multiplicity of infection of 2 in 500 pL

complete medium without antibiotics in the presence of 8 ug/mL
of polybrene (Santa Cruz Biotechnology, Dallas, TX, USA).
Infected cells were centrifuged for 1 h at room temperature at
2,000 rpm, then incubated at 37°C. 24 h after infection, medium
was removed and replaced with 4 mL of fresh medium without
polybrene. One week after infection, CX;CRI1 positive cells were
selected using the anti-CX3CR1 Microbead Kit (Miltenyi Biotec).
Clones generated by limited dilution of the selected cells were
analyzed for CX;CR1 surface expression by flow cytometry.
Clones showing a good and stable expression of CX;CR1 were
expanded and used for transfection with miR-27a-5p and with
miR-Neg.

Transfection of CX;CR1-Expressing

HEK293T Cells

An HEK293T clone stably expressing CX;CR1 was transfected
with miR-27a-5p and with miR-Neg to evaluate the modulation
of CX;CRI expression. The 10° cells were plated in six-well plates
in 2 mL complete medium, transfection was performed using
100 pmol of miRNA mimicsand 3 pL of Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer guidelines. Cells were
harvested 48 and 72 h after transfection. CX;CR1 expression was
analyzed by flow cytometry.

Coculture of NK Cells and SH-SY5Y NB

Cell Line in Transwell Condition

For coculture experiments in transwell condition, 2 X 10° rest-
ing NK cells were cultured for 48 h with 3 X 10° SH-SY5Y cells.
NK cells and SH-SY5Y cells were placed in 24-well transwell
(0.3-pm pore size; Corning Costar), upper and bottom chamber,
respectively (12).

Statistical Analysis

The statistical level of significance (p) is indicated using Student’s
t-test, a parametric significance test. Graphic representation
and statistical analysis were performed using GraphPad Prism
6 (GraphPad Software, La Jolla, CA, USA). Pearson’s correlation
coeflicient (two-tailed test) was used to evaluate the correlation
between CX;CR1 mRNA and miR-27a-5p expression.

RESULTS

miRNA Profiling of TGF-p1-Treated

NK Cells

To identify miRNAs possibly involved in the TGF-f1-mediated
modulation of chemokine receptors expression, we investigated
the miRNA expression profile variation in TGF-B1-treated
NK cells purified from the peripheral blood of three unrelated
healthy donors. The analysis, allowing the simultaneous profiling
of 754 miRNAs (Figure 1), showed that miRNAs up- or down-
regulated by the treatment ranged from 127 in donor 2 to 234
in donor 3 (Figure S2 in Supplementary Material). A total of 14
miRNAs were modulated in NK cells from all donors analyzed
upon treatment with either 5 or 40 ng/mL of TGF-f1. Among
these 14 miRNAs, 11 were excluded from further analysis being
expressed at low levels (threshold cycle <33), while 1 (miR-1201)
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was forsaken due to its sequence overlapping to an annotated
small nucleolar RNAs (snoRNA, SNORDI126), as reported in
miRBase.® The remaining two miRNAs (miR-302a and miR-
27a-5p) were further investigated as putative regulators of
CXCR4, CXCR3, or CX3CR1 expression (Figure 1 and Figure S2
in Supplementary Material).

fwww.mirbase.org.
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FIGURE 1 | Scatter plot showing microRNAs (miRNAs) up- or downregulated
in TGF-p1-treated natural killer (NK) cells. Results are referred to NK cells
from a representative healthy donor of three analyzed (donors 1, 2, and 3)
treated with TGF-p1 (5 ng/mL). Plot is referred to TagMan Array Human
MicroRNA Cards B (Applied Biosystems). Results are expressed as arbitrary
units on a log scale. U6 snRNA has been used as reference control.
miR-27a-5p is indicated by the arrow. Diagonal lines represent the 2, 1, and
0.5 values for fold induction.

miR-27a-5p As Putative Regulator

of CX;CR1 Expression

The differential expression of miR-302a and miR-27a-5p in
untreated and TGF-p1-treated NK cells was checked for valida-
tion by using specific miRNA assays. The analysis revealed that
miR-302a was virtually absent in both untreated and TGF-p1-
treated NK cells (data not shown). On the contrary, in agreement
with data obtained by miRNA profiling, TGF-p1-treated NK cells
showed a significant increase of miR-27a-5p expression, which
was higher at low TGF-Pl concentration (Figure 2). Thus,
miR-27a-5p was further investigated as putative regulator of
CXCR4, CXCR3, or CX;CRI1 expression using the computa-
tional prediction on-line tools TargetScan (see text footnote 3)
(23), miRanda (see text footnote 4) (24), and miRmap (see text
footnote 5) (25). The analysis indicated miR-27a-5p as a putative
regulator of CX;CR1 expression with relatively high scores. The
three softwares predicted the same principal site of interaction
in the CX;CR1 3'UTR with the miR-27a-5p seed region (Figure
S3A in Supplementary Material). An additional site in the
CX;CR1 3'UTR, with a weaker interaction with miR-27a-5p, was
predicted by miRanda and miRmap tools only (Figure S3B in
Supplementary Material).

Inverse Correlation of miR-27a-5p and
CX;CR1 mRNA Expression in TGF-f1-

Treated NK Cells

Since miRNAs properties include the capability of inducing deg-
radation of targeted mRNAs, expression profiles of miR-27a-5p
and CX;CR1 mRNAs were simultaneously analyzed over time. As
shown in Figure 3A, at both concentrations used, TGF-p1 caused
a significant increment of miR-27a-5p and decrease of CX;CR1
mRNA expression. Importantly, expression of miR-27a-5p and
CX;CR1 mRNA was inversely correlated (Pearson’s correlation
coeflicient r=0.766, p < 0.05; Figure 3B). While preliminary data
showed that 1 ng/mL of TGF-p1 may be sufficient for induction
of miR-27a-5p, concentrations of 5 and 40 ng/mL were chosen for
a more systematic investigation. Next, to deepen the molecular

arbitrarily assigned the value 1. **p < 0.01, ***p < 0.001, and ***p < 0.0001.
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FIGURE 2 | Expression profile of miR-27a-5p in TGF-p1-treated natural killer (NK) cells. NK cells untreated or treated for 24 h with the indicated concentration of
TGF-p1 were analyzed for miR-27a-5p expression. RNU44 was used as reference control. Experiments were performed in quadruplicate on NK cells derived from
three healthy donors (donors 1, 2, and 3). Expression relative fold changes are referred to the expression of untreated cells, whose miR-27a-5p expression has been
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1. *p < 0.01, **p < 0.001, ***p < 0.0001. (B) Correlation between miR-27a-5p and CXsCR1 mRNA expression in TGF-p1-treated NK cells. Scatter plot showing
miR-27a-5p and CXsCR1 mRNA expression in TGF-p1-treated NK cells from the same donor (donor 1) of (A). Each point represents the miR-27a-5p and CX;CR1
expression detected in one of the seven reported conditions, with different TGF-p1 concentrations (0, 5, and 40 ng/mL) and time of treatment (0, 12, and 24 h).
The trendline, its equation and the R? value is reported. Significance of correlation was determined using the Pearson’s coefficient (- = —0.765948064, p < 0.05).
Data are referred to a representative donor (donor 1), of two analyzed (donors 1 and 4). (C) miR-23a-27a-24-2 cluster primary transcript expression in TGF-p1-
treated NK cells. NK cells cultured for 24 h in the presence or absence of 5 ng/mL of TGF-p1 were analyzed by real-time PCR for the expression of miR-
28a~27a~24-2 cluster primary transcript. GAPDH was used as reference control. Data in triplicate from one representative donor of three analyzed
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mechanism responsible for the TGF-fl-induced increase of
miR-27a-5p, we analyzed the expression of the miR-23a-27a-24-2
cluster, precursor of miRNAs, including miR-27a-5p. As shown
in Figure 3C, TGF-f1 caused a significant increment of the
primary miR-23a-27a-24-2 transcript, thus demonstrating that
the increased amount of miR-27a-5p might be due, at least in
part, to induction of its gene expression other than, for example,
to miR-27a-5p egress from intracellular stores.

miR-27a-5p Interacts with the CX;CR1
mRNA

To unequivocally demonstrate that miR-27a-5p could interact
with the 3'UTR of the CX;CR1 mRNA, modulating its expres-
sion, we performed a luciferase reporter assay (Figure 4). We
cloned a 700 bp fragment of the CX3CR1 gene 3'UTR, containing
all the putative sites of interaction with the seed region of miR-
27a-5p, into a luciferase reporter vector, downstream of the firefly
luciferase gene. Moreover, we also produced a mutated version of
the construct, containing a C>G substitution in the main site of
the CX;CR1 3'UTR (Figure S3A in Supplementary Material). The
two plasmids were separately cotransfected in HEK293T cells

with a miR-27a-5p mimic or with a random sequence miRNA
negative control. As shown in Figure 4A, a significant reduction
of the normalized luciferase activity was detected in the presence
of miR-27a-5p mimic compared to the miRNA negative control.
Importantly, this effect was lost when the miR-27a-5p mimic was
cotransfected with the construct having the mutated sequence
of the CX;CR1 3'UTR, thus confirming the interaction of miR-
27a-5p with the CX;CR1 3'UTR.

Next, to further confirm miR-27a-5p and CX;CR1 mRNA
interaction, before TGF-B1 treatment NK cells were transiently
transfected with a specific miR-27a-5p inhibitor or with a scram-
bled miRNA as negative control (Figure 4B). As expected, we
observed a significantly higher CX;CR1 mRNA expression in
TGF-p1-treated NK cells previously transfected with the miR-
27a-5p inhibitor when compared with cells transfected with a
scrambled miRNA.

miR-27a-5p Downregulates the Surface
Expression of CX;CR1

To determine whether miR-27a-5p is able to downregulate
the surface expression of CX;CRI1, we prepared a lentiviral
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referred to CXsCR1 mRNA expression in NK cells transfected with the negative control miRNA inhibitor, whom expression has been arbitrarily assigned the

vector containing the whole ORF of the CX;CR1 gene and
the portion of the 3’UTR region containing the two putative
binding sites for miR-27a-5p. HEK293T cells where transduced
with the vector and cultured under limiting dilution to obtain
CX;CR1 positive clones. A clone (#124) was selected that stably
expressed at the cell surface optimal levels of the chemokine
receptor. Clone #124 was transfected with a miR-27a-5p
mimic or with a miRNA negative control and analyzed by flow
cytometry for the chemokine receptor expression. As shown in
Figure 5, miR-27a-5p mimic induced a significant downregula-
tion of the percentage of CX;CR1 positive cells. On the contrary,
the expression of other molecules such as PVR (CD155) was
unaffected (Figure S4 in Supplementary Material). These data
further support the role of miR-27a-5p as modulator of the
chemokine receptor.

miR-27a-5p Induction in the Context of
NB-NK Cocultures

To analyze the relevance of miR-27a-5p induction in a patho-
logical context, we cocultured under transwell condition resting
NK cells and the prototypic SH-SY5Y NB cell line, which we
described to induce a TGF-pl-mediated downregulation of

CX;CRI surface expression (12). Accordingly with our previous
published data (12), NB conditioning resulted in a significant
downregulation of CX;CR1 expression at both protein and
mRNA level. Importantly, this modulatory effect matched with a
significant increase of miR-27a-5p as compared to unconditioned
NK cells (Figure 6).

DISCUSSION

A previous study by our group reported that TGF-f1 released by
NB cells is able to modify the chemokine receptor repertoire of
NK cells (12). In particular, it downregulates CX;CR1 expression
in resting NK cells. In the present article, we show that TGF-
Bl-induced miR-27a-5p directly modulates the expression of
CX;CR1 mRNA at the post-transcriptional level. Increment of
miR-27a-5p expression is due to upregulation of the miR-23a-
27a-24-2 cluster, which contains, among others, miR-27a-5p.
Importantly, we observed that this regulatory mechanism also
occurs in NK cells during NB-conditioning.

All our results were obtained using unfractioned blood
NK cells from healthy donors, mostly represented (more than
90%) by the CD56%™ population (7, 26). Since CD56"" NK cells
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FIGURE 5 | miR-27a-5p-induced downregulation of CXsCR1 surface
expression. (A) CXsCR1+ HEK293T cells (clone #124) untrasfected (white
bar), transfected with miR-27a-5p mimic (black bar), or miRNA negative
control (stripped bar) were analyzed by flow cytometry for the expression of
CXsCR1 at the indicated time intervals. Average of four independent
experiments. 95% confidence intervals and significance (*p < 0.05) are
shown. ns, non-significant. (B) Representative cytofluorimetric analysis of
CXsCR1 surface expression. Values inside each histogram indicate the
percentage (%) of positive cells. NEG: miRNA negative control.

virtually do not express CX;CR1, further experiments should
clarify whether miR-27a-5p might contribute to their costitutive
CX;CR1"®¥"™ phenotype.

The downregulation of CX;CR1 has important consequences
on NK cells function, as CX3CR1, with other chemokine recep-
tors, drives, at steady state, NK cell localization in peripheral
tissues as well as their migration under inflammatory conditions
(27). In particular, it has been shown that the relative expression
of CX;CR1 and CXCR4 regulates NK cell migration within the
BM and their egress from it (28, 29). Moreover, in a model of
experimental autoimmune encephalomyelitis (EAE), CX;CR1/
fractalkine axis specifically recruits NK cells into the brain (30).
Indeedin CX;CR1-deficient mice with EAE theamount of NK cells
in the inflamed CNS cells was markedly reduced, as compared
to wild-type mice, whereas that of other cell types, including T,
NKT cells, and monocyte/macrophages, did not show significant
variation (30). Importantly, recruitment of CX;CR1+ NK cells
toward the inflamed CNS ameliorated the EAE disease severity,
since mature NK cells showed a higher cytolytic activity against
autoreactive CD4+ T cells (21).

Interestingly, CX;CR1/CX;CL1 axis, other than regulate
NK cell migration, increases NK cell responsiveness to CCL4
(MIP1f) and CXCL8 (IL-8) (31) and promotes IFN-y production
and cytotoxicity by NK cells (32).

The functional relevance of CX3CR1 in NK cells tropism and
activity is further underlined by the identification of viruses
producing viral chemokines able to bind CX;CR1: vMIP-II,
encoded by the Kaposis sarcoma-associated herpesvirus,
which inhibits naive migration of CD56%™ NK cells blocking
the binding of CX;CL1 (33), and vCXCL1, encoded by human
cytomegalovirus, which induces NK and neutrophils migration,
presumably to facilitate a neutrophil-mediated viral dissemina-
tion (34).

CX5CR1 expression also has a pivotal role in tumors, con-
ditioning migration and adhesion of tumor cells, and tumor
invasiveness and metastasis (35). In particular, CX;CR1 expres-
sion in pancreatic and prostate cancer cells increases invasiveness
and metastasis to neuronal tissues (36). Interestingly, however,
while CX;CR1 expression in cancer is generally associated with
invasiveness and metastasis, the coexpression of CX;CR1 and
CX5CL1 by the same cell type, as occurs in human colorectal
cancer cells, acts as a retention factor, limiting tumor spreading
to metastatic sites (37).

Due to the wide properties of CX;CR1, we can argue that
the receptor downregulation caused by TGF-Bl in mature
cytolytic NK cells might severely hamper their recruitment
and functions at tumor sites. This might occur thanks the
TGEF-p1-induced upregulation of the miR-23a-27a-24-2 cluster
in NK cells, which in turn causes miR-27a-5p upregulation
and the consequent CX;CR1 downregulation. It is likely that
a tight control of the miR-23a-27a-24-2 cluster expression is
necessary, given that its deregulation has been reported in
several tumors and other diseases (38). Interestingly, TGF-p1
has been shown to be responsible for upregulation of the miR-
23a-27a-24-2 cluster in hepatocellular carcinoma cells (39), in
lung adenocarcinoma cells (40) as well as in CD8 T cells (41).
In these lymphocytes, additionally, upregulation of the cluster
has been associated with inhibition of IFN-y expression and
reduced cytotoxicity (41). miR-27a-5p has been also reported
to downregulate perforine 1 (Prfl) and granzyme B (GzmB)
expression in resting and IL-15-activated NK cells (42), thus
hampering NK cells cytotoxicity. NK92 and primary NK cells
overexpressing miR-27a-5p showed a reduced cytotoxicity but
unmodified levels of the activating receptors NKG2D, NKp30,
NKp44, and NKp46. Moreover, knockdown of miR-27a-5p in
NK cells increased in vitro cytotoxicity and decreased tumor
growth in a human tumor xenograft model (42). Overall,
these data suggest that miR-23a-27a-24-2 cluster could be an
important target of TGF-p1, possibly acting as an intermediate
inducer of its effects. miR-27a-5p, a product of this cluster, is
able to regulate the expression of multiple targets crucial for
NK cells function. Thus, it appears as a key node for NK activity
control, being able to dampen NK cell recruitment, cytotoxicity,
and IFN-y production, potentially representing, in perspective,
an interesting cancer therapeutic target.

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 868


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Regis et al.

miR-27a-5p Inhibits CX3CR1 Expression

A DONOR 11 DONOR 12 DONOR 13
4 T E— l 2.0

=3 -1
wo 154

1

<
g 2 1.04 ——

1
E 1 1 0.54

E | |

. 0.

<« —_— -

Z 15 1. 154 e

-4

E 1.04 1 1.04 I

o

5 051 0. I_—|—_| 051

O oo I I 0.0 [) I 1

SH-SYSY — + —_ + —_ +
B o

[ 8 | & 8 8

g . 81 |, 25 . 88 | . 35 . 119 |. 37

- 2 2. e 3 e e

g e e e e

Q- . " " - -

(3]

w ook ol . o .

Q @ R 102 10t ot 10 Et SR MY Y Rt TR 0 18 1ot 100 10! FY R R Y T T Y
SH-SY5Y - + -— + - -+
FIGURE 6 | miR-27a-5p and CX;CR1 expression in NK cells cocultured under transwell conditions with SH-SY5Y neuroblastoma cell line. (A) miR-27a-5p and
CXsCR1 mRNA expression of SH-SY5Y-conditioned NK cells from three healthy donors (donors 11, 12, and 13). Data in triplicate from each donor are shown.
RNU44 and GAPDH were used as reference controls, respectively. “*p < 0.01; ***p < 0.001. (B) Cytofluorimetric analysis of CXsCR1 expression in NK cells from the
same donors. White profiles refer to cells incubated with isotype-matched mAbs. Value inside each histogram indicates the median fluorescence intensity (MFI).

AUTHOR CONTRIBUTIONS

SR, CB, and RC designed the study. SR, FC, AD, BC, FR, FL, and
RC performed the experiments, analyzed, and interpreted data.
SR, EC, AM, CB, and RC wrote the manuscript. All the authors
read and approved the final article.

ACKNOWLEDGMENTS

We apologize the colleagues whose work we could not cite
because of space constraints.

REFERENCES

1. Bellora F Castriconi R, Dondero A, Carrega P, Mantovani A, Ferlazzo G,
et al. Human NK cells and NK receptors. Immunol Lett (2014) 161:168-73.
doi:10.1016/j.imlet.2013.12.009

2. Romagnani C, Juelke K, Falco M, Morandi B, D’Agostino A, Costa R, et al.
CD56brightCD16- killer Ig-like receptor- NK cells display longer telomeres
and acquire features of CD56dim NK cells upon activation. J Immunol (2007)
178:4947-55.

3. Bernardini G, Sciumé G, Santoni A. Differential chemotactic receptor require-
ments for NK cell subset trafficking into bone marrow. Front Immunol (2013)
4:12. doi:10.3389/fimmu.2013.00012

4. Carrega P, Ferlazzo G. Natural killer cell distribution and trafficking
in human tissues. Front Immunol (2012) 3:347. doi:10.3389/fimmu.
2012.00347

FUNDING

This work was supported by the Associazione Italiana per la Ricerca
sul Cancro (AIRC): Investigator Grant (no. 15704) and Special
Program Molecular Clinical Oncology 5 per 1000 (no. 9962) to AM.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00868/
full#supplementary-material.

5. Mailliard RB, Alber SM, Shen H, Watkins SC, Kirkwood JM, Herberman
RB, et al. IL-18-induced CD83+CCR7+ NK helper cells. J Exp Med (2005)
202:941-53. doi:10.1084/jem.20050128

6. Bellora F, Castriconi R, Doni A, Cantoni C, Moretta L, Mantovani A, et al.
M-CSF induces the expression of a membrane-bound form of IL-18 in a
subset of human monocytes differentiating in vitro toward macrophages.
Eur J Immunol (2012) 42:1618-26. doi:10.1002/€ji.201142173

7. Campbell JJ, Qin S, Unutmaz D, Soler D, Murphy KE, Hodge MR, et al. Unique
subpopulations of CD56+ NK and NK-T peripheral blood lymphocytes identified
by chemokine receptor expression repertoire. J Immunol (2001) 166:6477-82.

8. Parolini S, Santoro A, Marcenaro E, Luini W, Massardi L, Facchetti E, et al. The
role of chemerin in the colocalization of NK and dendritic cell subsets into
inflamed tissues. Blood (2007) 109:3625-32. doi:10.1182/blood-2006-08-038844

9. Ferretti E, Pistoia V, Corcione A. Role of fractalkine/CX3CL1 and its
receptor in the pathogenesis of inflammatory and malignant diseases with

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 868


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.imlet.2013.12.009
https://doi.org/10.3389/fimmu.2013.00012
https://doi.org/10.3389/fimmu.
2012.00347
https://doi.org/10.3389/fimmu.
2012.00347
https://doi.org/10.1084/jem.20050128
https://doi.org/10.1002/eji.201142173
https://doi.org/10.1182/blood-2006-08-038844
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00868/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00868/full#supplementary-material

Regis et al.

miR-27a-5p Inhibits CX3CR1 Expression

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

emphasis on B cell malignancies. Mediators Inflamm (2014) 2014:480941.
doi:10.1155/2014/480941

Bellora E, Castriconi R, Dondero A, Pessino A, Nencioni A, Liggieri G, et al.
TLR activation of tumor-associated macrophages from ovarian cancer patients
triggers cytolytic activity of NK cells. Eur J Immunol (2014) 44:1814-22.
doi:10.1002/€ji.201344130

Park MH, Lee JS, Yoon JH. High expression of CX3CL1 by tumor cells cor-
relates with a good prognosis and increased tumor-infiltrating CD8+ T cells,
natural killer cells, and dendritic cells in breast carcinoma. J Surg Oncol (2012)
106:386-92. doi:10.1002/js0.23095

Castriconi R, Dondero A, Bellora F, Moretta L, Castellano A, Locatelli F, et al.
Neuroblastoma-derived TGF-p1 modulates the chemokine receptor reper-
toire of human resting NK cells. ] Immunol (2013) 190:5321-8. doi:10.4049/
jimmunol.1202693

Worthington JJ, Klementowicz JE, Travis MA. TGFf: a sleeping giant
awoken by integrins. Trends Biochem Sci (2011) 36:47-54. doi:10.1016/j.
tibs.2010.08.002

Seeger P, Musso T, Sozzani S. The TGF-f superfamily in dendritic cell
biology. Cytokine Growth Factor Rev (2015) 26:647-57. doi:10.1016/j.
cytogfr.2015.06.002

Galdiero MR, Bonavita E, Barajon I, Garlanda C, Mantovani A, Jaillon S.
Tumor associated macrophages and neutrophils in cancer. Immunobiology
(2013) 218:1402-10. doi:10.1016/j.imbi0.2013.06.003

Castriconi R, Cantoni C, Della Chiesa M, Vitale M, Marcenaro E, Conte R,
et al. Transforming growth factor beta 1 inhibits expression of NKp30 and
NKG2D receptors: consequences for the NK-mediated killing of dendritic cells.
Proc Natl Acad Sci U S A (2003) 100:4120-5. doi:10.1073/pnas.0730640100
Park YP, Choi S-C, Kiesler P, Gil-Krzewska A, Borrego F, Weck J, et al. Complex
regulation of human NKG2D-DAP10 cell surface expression: opposing roles
of the yc cytokines and TGF-B1. Blood (2011) 118:3019-27. doi:10.1182/
blood-2011-04-346825

Inngjerdingen M, Damaj B, Maghazachi AA. Expression and regulation of
chemokine receptors in human natural killer cells. Blood (2001) 97:367-75.
doi:10.1182/blood.V97.2.367

Walzer T, Vivier E. G-protein-coupled receptors in control of natural killer
cell migration. Trends Immunol (2011) 32:486-92. doi:10.1016/j.it.2011.05.002
Marchesi F, Piemonti L, Fedele G, Destro A, Roncalli M, Albarello L, et al. The
chemokine receptor CX3CR1 is involved in the neural tropism and malignant
behavior of pancreatic ductal adenocarcinoma. Cancer Res (2008) 68:9060-9.
doi:10.1158/0008-5472.CAN-08-1810

Hertwig L, Hamann I, Romero-Suarez S, Millward JM, Pietrek R,
Chanvillard C, et al. CX3CR1-dependent recruitment of mature NK cells into
the central nervous system contributes to control autoimmune neuroinflam-
mation. Eur ] Immunol (2016) 46:1984-96. doi:10.1002/¢ji.201546194
Sciume G, Soriani A, Piccoli M, Frati L, Santoni A, Bernardini G. CX3CR1/
CX3CL1 axis negatively controls glioma cell invasion and is modulated by
transforming growth factor-f1. Neuro Oncol (2010) 12:701-10. doi:10.1093/
neuonc/nop076

Agarwal V, Bell GW, Nam J-W, Bartel DP. Predicting effective microRNA
target sites in mammalian mRNAs. Elife (2015) 4. doi:10.7554/eLife.05005
Betel D, Koppal A, Agius P, Sander C, Leslie C. Comprehensive modeling
of microRNA targets predicts functional non-conserved and non-canonical
sites. Genome Biol (2010) 11:R90. doi:10.1186/gb-2010-11-8-r90

Vejnar CE, Zdobnov EM. miRmap: comprehensive prediction of microRNA
target repression strength. Nucleic Acids Res (2012) 40:11673-83. d0i:10.1093/
nar/gks901

Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, et al.
Human natural killer cells: a unique innate immunoregulatory role for the
CD56"8" subset. Blood (2001) 97:3146-51. doi:10.1182/blood.V97.10.3146
Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors:
positioning cells for host defense and immunity. Annu Rev Immunol (2014)
32:659-702. doi:10.1146/annurev-immunol-032713-120145

Sciume G, De Angelis G, Benigni G, Ponzetta A, Morrone S, Santoni A, et al.
CX3CR1 expression defines 2 KLRG1+ mouse NK-cell subsets with distinct
functional properties and positioning in the bone marrow. Blood (2011)
117:4467-75. doi:10.1182/blood-2010-07-297101

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ponzetta A, Sciume G, Benigni G, Antonangeli E Morrone S, Santoni A, et al.
CX3CRI1 regulates the maintenance of KLRG1+ NK cells into the bone mar-
row by promoting their entry into circulation. ] Immunol (2013) 191:5684-94.
doi:10.4049/jimmunol.1300090

Huang D, Shi F-D, Jung S, Pien GC, Wang J, Salazar-Mather TP, et al. The
neuronal chemokine CX3CLI/fractalkine selectively recruits NK cells
that modify experimental autoimmune encephalomyelitis within the
central nervous system. FASEB ] (2006) 20:896-905. doi:10.1096/
fj.05-5465com

Nishimura M, Umehara H, Nakayama T, Yoneda O, Hieshima K, Kakizaki M,
et al. Dual functions of fractalkine/CX3C ligand 1 in trafficking of perforin+/
granzyme B+ cytotoxic effector lymphocytes that are defined by CX3CR1
expression. J Immunol (2002) 168:6173-80.

Yoneda O, Imai T, Goda S, Inoue H, Yamauchi A, Okazaki T, et al.
Fractalkine-mediated endothelial cell injury by NK cells. ] Immunol (2000)
164:4055-62.

Yamin R, Kaynan NS, Glasner A, Vitenshtein A, Tsukerman P, Bauman Y,
et al. The viral KSHV chemokine vMIP-II inhibits the migration of Naive
and activated human NK cells by antagonizing two distinct chemo-
kine receptors. PLoS Pathog (2013) 9:1003568. doi:10.1371/journal.
ppat.1003568

Yamin R, Lecker LSM, Weisblum Y, Vitenshtein A, Le-Trilling VTK, Wolf DG,
et al. HCMV vCXCL1 binds several chemokine receptors and preferentially
attracts neutrophils over NK cells by interacting with CXCR2. Cell Rep (2016)
15:1542-53. doi:10.1016/j.celrep.2016.04.042

Borsig L, Wolf MJ, Roblek M, Lorentzen A, Heikenwalder M. Inflammatory
chemokines and metastasis — tracing the accessory. Oncogene (2014)
33:3217-24. doi:10.1038/0n¢.2013.272

Marchesi E Locatelli M, Solinas G, Erreni M, Allavena P, Mantovani A. Role
of CX3CR1/CX3CL1 axis in primary and secondary involvement of the
nervous system by cancer. ] Neuroimmunol (2010) 224:39-44. doi:10.1016/j.
jneuroim.2010.05.007

Erreni M, Siddiqui I, Marelli G, Grizzi F, Bianchi P, Morone D, et al. The
fractalkine-receptor axis improves human colorectal cancer prognosis by
limiting tumor metastatic dissemination. JImmunol (2016) 196:902-14.
doi:10.4049/jimmunol.1501335

Chhabra R, Dubey R, Saini N. Cooperative and individualistic functions
of the microRNAs in the miR-23a~27a~24-2 cluster and its implication in
human diseases. Mol Cancer (2010) 9:232. doi:10.1186/1476-4598-9-232
Huang S, He X, Ding J, Liang L, Zhao Y, Zhang Z, et al. Upregulation
of miR-23a approximately 27a approximately 24 decreases transforming
growth factor-beta-induced tumor-suppressive activities in human hepa-
tocellular carcinoma cells. Int ] Cancer (2008) 123:972-8. doi:10.1002/
ijc.23580

Cao M, Seike M, Soeno C, Mizutani H, Kitamura K, Minegishi Y, et al. miR-
23a regulates TGF-B-induced epithelial-mesenchymal transition by targeting
E-cadherin in lung cancer cells. Int J Oncol (2012) 41:869-75. doi:10.3892/
ijo.2012.1535

Chandran PA, Keller A, Weinmann L, Seida AA, Braun M, Andreev K,
et al. The TGF-B-inducible miR-23a cluster attenuates IFN-y levels and
antigen-specific cytotoxicity in human CD8* T cells. ] Leukoc Biol (2014)
96:633-45. doi:10.1189/j1b.3A0114-025R

Kim T-D, Lee SU, Yun S, Sun H-N, Lee SH, Kim JW, et al. Human
microRNA-27a* targets Prfl and GzmB expression to regulate NK-cell
cytotoxicity. Blood (2011) 118:5476-86. doi:10.1182/blood-2011-04-347526

Conflict of Interest Statement: AM is a founder and shareholder of Innate-
Pharma (Marseille, France). The remaining authors declare no conflicts of interest.

Copyright © 2017 Regis, Caliendo, Dondero, Casu, Romano, Loiacono, Moretta,
Bottino and Castriconi. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

July 2017 | Volume 8 | Article 868


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1155/2014/480941
https://doi.org/10.1002/eji.201344130
https://doi.org/10.1002/jso.23095
https://doi.org/10.4049/jimmunol.1202693
https://doi.org/10.4049/jimmunol.1202693
https://doi.org/10.1016/j.tibs.2010.08.002
https://doi.org/10.1016/j.tibs.2010.08.002
https://doi.org/10.1016/j.cytogfr.2015.06.002
https://doi.org/10.1016/j.cytogfr.2015.06.002
https://doi.org/10.1016/j.imbio.2013.06.003
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.1182/blood-2011-04-346825
https://doi.org/10.1182/blood-2011-04-346825
https://doi.org/10.1182/blood.V97.2.367
https://doi.org/10.1016/j.it.2011.05.002
https://doi.org/10.1158/0008-5472.CAN-08-1810
https://doi.org/10.1002/eji.201546194
https://doi.org/10.1093/neuonc/nop076
https://doi.org/10.1093/neuonc/nop076
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1186/gb-2010-11-8-r90
https://doi.org/10.1093/nar/gks901
https://doi.org/10.1093/nar/gks901
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1182/blood-2010-07-297101
https://doi.org/10.4049/jimmunol.1300090
https://doi.org/10.1096/fj.05-5465com
https://doi.org/10.1096/fj.05-5465com
https://doi.org/10.1371/journal.ppat.1003568
https://doi.org/10.1371/journal.ppat.1003568
https://doi.org/10.1016/j.celrep.2016.04.042
https://doi.org/10.1038/onc.2013.272
https://doi.org/10.1016/j.jneuroim.2010.05.007
https://doi.org/10.1016/j.jneuroim.2010.05.007
https://doi.org/10.4049/jimmunol.1501335
https://doi.org/10.1186/1476-4598-9-232
https://doi.org/10.1002/ijc.23580
https://doi.org/10.1002/ijc.23580
https://doi.org/10.3892/ijo.2012.1535
https://doi.org/10.3892/ijo.2012.1535
https://doi.org/10.1189/jlb.3A0114-025R
https://doi.org/10.1182/blood-2011-04-347526
http://creativecommons.org/licenses/by/4.0/

	TGF-β1 Downregulates the Expression of CX3CR1 by Inducing miR-27a-5p in Primary Human NK Cells
	Introduction
	Materials and Methods
	NK Cells Purification
	NK Cell Treatments for miRNA and mRNA Expression Analysis
	RNA Isolation
	miRNA Profiling
	Expression of miRNAs
	Expression of CX3CR1 mRNA
	CX3CR1 3′ Untranslated Region Construct
	Site-Directed Mutagenesis
	Luciferase Reporter Assay
	miR-23a-27a-24-2 Cluster Primary Transcript Expression
	Transient Transfection of NK Cells
	CX3CR1-Lentiviral Vector Generation
	Virus Packaging
	HEK293T Cells Transduction
	Transfection of CX3CR1-Expressing HEK293T Cells
	Coculture of NK Cells and SH-SY5Y NB Cell Line in Transwell Condition
	Statistical Analysis

	Results
	miRNA Profiling of TGF-β1-Treated 
NK Cells
	miR-27a-5p As Putative Regulator 
of CX3CR1 Expression
	Inverse Correlation of miR-27a-5p and CX3CR1 mRNA Expression in TGF-β1-Treated NK Cells
	miR-27a-5p Interacts with the CX3CR1 mRNA
	miR-27a-5p Downregulates the Surface Expression of CX3CR1
	miR-27a-5p Induction in the Context of NB-NK Cocultures

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


