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Accumulating evidence indicates that macrophage polarization
plays a crucial role in coxsackievirus B3 (CVB3)-induced viral
myocarditis (VM). Our previous study demonstrated that long
noncoding ribonucleic acid (lncRNA) AK085865 ablation con-
fers susceptibility to VM by regulating macrophage polariza-
tion. However, the detailed molecular mechanisms by which
AK085865 regulates macrophage polarization remain to be
explored. In this study, we found that AK085865 specifically in-
teracts with interleukin enhancer-binding factor 2 (ILF2) and
facilitates M2 macrophage polarization by functioning as a
negative regulator in the ILF2-ILF3 complex-mediated micro-
RNA (miRNA or miR) processing pathway. miR-192 was
downregulated, whereas the levels of pri-miR-192 were signifi-
cantly increased in bone marrow-derived macrophages
(BMDMs) from AK085865�/� mice compared with the
BMDMs from wild-type (WT) mice. Conversely, knockdown
of ILF2 resulted in elevated levels of mature miR-192 and
decreased expression of pri-miR-192 in BMDMs from
AK085865�/� mice. Moreover, miR-192 overexpression pro-
moted macrophage M2 polarization in vitro, and interleukin-
1 receptor-associated kinase 1 (IRAK1) was identified as a
direct target. miR-192 overexpression effectively rescued mice
from lethal myocarditis caused by CVB3 infection and switched
myocardial-infiltrating macrophages to a predominant M2
phenotype. Collectively, our findings uncover a critical mecha-
nism of AK085865 in the regulation of macrophage polariza-
tion in vitro and in vivo and provide a potential, clinically sig-
nificant therapeutic target.

INTRODUCTION
Viral myocarditis (VM) is a virus-induced cardiac inflammatory dis-
ease that can further develop to chronic VM, dilated cardiomyopathy,
and even heart failure. It appears to be a major cause of sudden car-
diac death in children and adults.1,2 Coxsackievirus B3 (CVB3) has
been identified as the most common pathogen for VM.3,4 Emerging
evidence indicates that the overwhelming inflammation is the main
pathologic factor in the course of VM.2 However, the regulatory
mechanism underlying the inflammation is still poorly defined.
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As the pivotal inflammatory cell subset, macrophages have been found
to be enriched in heart tissues as early as day 3 post-CVB3 infection.5

Macrophages, as master regulators of inflammation, are highly plastic
and heterogeneous. Mirroring the T helper 1 (Th1)/Th2 nomenclature,
macrophages can be polarized into M1 (classically activated macro-
phages) or M2 (alternatively activated macrophages), depending on
the cardiac microenvironment.6 M1 macrophages, induced by lipo-
polysaccharide (LPS) and interferon-g (IFN-g), typically promote
myocardial inflammation and tissue destruction by producing proin-
flammatory cytokines. In contrast, M2 macrophages, induced by inter-
leukin 4 (IL-4) or IL-13, secrete anti-inflammatory cytokines associated
with tissue repair.7–9 Our previous studies and other studies have
shown that M1 macrophages significantly aggravate myocarditis,
whereas M2 macrophages alleviate myocardial inflammation.10–16

Despite the importance of macrophage polarization to the inflamma-
tion in VM, its regulatory mechanisms are still not fully understood.

Long noncoding ribonucleic acids (lncRNAs) are a large class of non-
coding protein transcripts that are greater than 200 bases in length.17

They are involved in many physiological and pathological processes,
including genomic imprinting, embryonic development, cell differen-
tiation, tumor metastasis, and cell-cycle regulation.18–20 Although a
number of lncRNAs have been reported to have crucial functions
in diverse processes and diseases, only a few lncRNAs have been
shown to regulate the immune system.21–24

Our previous study identified the lncRNAAK085865 as a functionally
important regulator during macrophage polarization, and we demon-
strated that AK085865 ablation confers susceptibility to VM by regu-
lating macrophage polarization.10 In the present study, we aimed to
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Figure 1. Identification of ILF2 As a Binding Partner of AK085865

(A) SDS-PAGE analysis of nuclear extracts purified from the BMDM in vitro binding assay using biotinylated AK085865 or antisense control RNA. The highlighted protein

bandswere subjected tomass spectrometry analysis. (B)Western blot confirms the interaction of AK085865 and ILF2 in vitro. (C) RIP was performed using antibodies against

ILF2 in BMDMs. RNAs interacting with ILF2 were eluted, reverse transcribed, and quantified by qRT-PCR. (D) Schematic of AK085865 deletion mutants (Muts) used in the

RNA-protein binding assays. (E) ILF2 binds the 30-region of AK085865. The RNA-protein binding assay was performed using biotinylated full-length or deletion Muts of

AK085865, and the nuclear extracts were isolated from BMDMs, captured using streptavidin beads, and subjected to western blot against ILF2. Experiments were repeated

three times, and a representative result is shown.
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investigate the detailed molecular mechanisms by which AK085865
regulates macrophage polarization in VM.

RESULTS
Identification of IL Enhancer-Binding Factor 2 (ILF2) As aBinding

Partner of lncRNA AK085865

To explore the potential function of lncRNA AK085865 in the regula-
tion of macrophage polarization, we attempted to identify the protein
partners of AK085865. To this end, we performed RNA-protein bind-
ing assays by incubating in vitro-transcribed biotinylated AK085865 or
its antisense control RNA with whole-cell extracts from bone marrow-
derived macrophages (BMDMs). RNA-protein complexes were
captured using streptavidin magnetic beads and resolved via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
protein bands (35–50 kD) that were specifically enriched in
AK085865 pull-down assays were subjected to mass spectrometry
(MS) for identification (Figure 1A). This approach identified three
RNA-binding proteins that exhibited higher enrichment in
AK085865 pull-down assays relative to antisense controls. The data
of MS analysis of the proteins pulled down by lncRNA AK085865
are shown in Table S1.

The ability of RNA-binding protein to bind AK085865 was confirmed
by western blotting. We confirmed that AK085865 specifically inter-
442 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
acted with ILF2 but not with eukaryotic translation elongation factor
1 alpha 1 (EEF1A1) or RBMX-like 1 (RBMXL1) (Figure 1B). We also
confirmed the AK085865-ILF2 interaction in vivo. ILF2 RNA-bind-
ing protein immunoprecipitation (RIP) in noncrosslinked BMDMs,
followed by qRT-PCR analysis of copurified RNAs, showed that
AK085865 was specifically enriched in ILF2 immunoprecipitates
(Figure 1C). These results indicate that AK085865 specifically inter-
acts with ILF2, both in vitro and in vivo.

We also took advantage of a series of deletion mutants of AK085865
to map the ILF2 binding region. The results from in vitro binding as-
says indicated that ILF2 interacted with the 30-466 nucleotide region
of AK085865 (Figures 1D and 1E). This region was both necessary
and sufficient to bind ILF2 (Figure 1E). These data indicate that
AK085865 interacts with ILF2 via its 30-466 region, which is essential
for ILF2 binding.

lncRNA AK085865 Regulates ILF2 Functions

Previous studies have shown that the ILF2 and ILF3 proteins always
form a heterodimer, and the ILF2-ILF3 complex negatively regulates
the pri-microRNA (miRNA) processing step, resulting in a reduction
of mature miRNA production.25,26 The direct binding of AK085865
to ILF2 raised the possibility that AK085865 may regulate ILF2-
ILF3 protein levels and/or functions. We first compared the protein



Figure 2. lncRNA AK085865 Regulates ILF2-ILF3

Complex Functions and miRNA Biogenesis

BMDMs were prepared from AK085865�/� (KO) and

wild-type (WT) mice. (A) ILF2 and ILF3 protein levels were

detected by western blot. b-actin was used as a loading

control. (B) Coimmunoprecipitation was performed using

antibodies against ILF2 for the pull-down assay, and the

proteins interacting with ILF2 were eluted and quantified

by western blot. (C) Volcano plots of miRNAs differentially

expressed in BMDMs from AK085865�/� and WT mice.

Upregulated and downregulated genes are shown as red

and blue dots, respectively; n = 3 for each group. (D)

Validation of the selected miRNAs differentially expressed

in BMDMs from AK085865�/� and WT mice (n = 6–8/

group). (E) Knockdown of ILF2 decreases pri-miRNA and

increases mature miRNA. BMDMs from WT mice were

transfected with ILF2 siRNAs, and RNAs were isolated

and analyzed for the amount of pri-miRNAs and mature

miRNAs by qRT-PCR with specific primers. GAPDH and

snRNA U6 were used as an internal control and for

normalization of the data. (F and G) Knockdown of ILF2

rescues the accumulation of pri-miRNA processing

mediated by AK085865 deletion. BMDMs from

AK085865�/� mice were transfected with ILF2 siRNAs.

RNAswere isolated and analyzed for (F) the amount of pri-

miRNAs and (G) mature miRNAs by qRT-PCR with spe-

cific primers. The data are expressed as the mean ± SEM

of three independent experiments. NC, negative control.

*p < 0.05; **p < 0.01; ***p < 0.001.
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levels of ILF2 and ILF3 using western blot analysis in BMDMs of
AK085865�/� and wild-type (WT) mice, and we found that
AK085865 deletion caused an increase in ILF2 and ILF3 protein levels
(Figure 2A). Moreover, a coimmunoprecipitation (coIP) assay was
used to analyze the interaction between endogenous ILF2 and ILF3
using an antibody against ILF2 in BMDMs from AK085865�/� and
WTmice. coIP analysis revealed that there was a direct interaction be-
tween ILF2 and ILF3, and AK085865 deletion enhanced the binding
of ILF2 and ILF3 (Figure 2B).

Recently, it was reported that the ILF2-ILF3 complex suppressed
miRNA processing through binding to pri- or pre-miRNAs.25 To
examine whether miRNA processing is regulated by AK085865, we
analyzed and compared the miRNA expression profiles of BMDMs
from AK085865�/� andWTmice. The miRNA profile data were sub-
mitted to the Gene Expression Omnibus (GEO) database, and the
accession number is GEO: GSE125574. In total, 24 miRNAs were
differentially expressed between the two groups listed above (Fig-
ure 2C). The differential expression of the selected miRNAs was vali-
dated by qRT-PCR. Among them, microRNA (miR)-7a was upregu-
lated (fold change > 2 and p < 0.05), whereas miR-139, miR-149-3p,
and miR-192 were downregulated (fold change <�2 and p < 0.05) in
BMDMs from AK085865�/�mice compared with BMDMs fromWT
mice (Figure 2D).

To address the cause of the alteration in the levels of these miRNAs,
we measured the levels of the corresponding pri-miRNAs in the
BMDMs from AK085865�/� and WT mice. The levels of pri-
miR-139 and pri-miR-192 examined were significantly increased
in the BMDMs from AK085865�/� mice compared to those of
WT mice (Figure 2E). Conversely, knockdown of ILF2 resulted in
elevated levels of mature miR-139 and miR-192 and decreased
expression of pri-miR-139 and pri-miR-192 in BMDMs from
AK085865�/� mice (Figures 2F and 2G). Therefore, these results
raise the possibility that the reductions of miR-139 and miR-192
levels in the BMDMs from AK085865�/� mice are due to a suppres-
sion of pri-miRNA processing by enhanced binding of ILF2 and
ILF3.

miR-192 Plays a Role in the Development of Macrophage

Polarization In Vitro

Asmentioned above, we concluded that lncRNAAK085865 facilitates
M2macrophage polarization by functioning as a negative regulator in
the ILF2-ILF3 complex-mediated miRNA processing pathway.
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Figure 3. The Effect of miR-139 and miR-192 on Macrophage Polarization In Vitro

(A) BMDMswere transfected with 100 nM scramble control or inhibitors against miR-139 or miR-192 for 48 h, followed by stimulation with LPS (100 ng/mL) plus IFN-g (20 ng/

mL) or IL-4 (20 ng/mL) for an additional 48 h. The mRNA levels of iNOS and Arg1 were determined by qRT-PCR. (B–E) BMDMs were transfected with 100 nM control or miR-

192mimic for 48 h, followed by stimulation with LPS (100 ng/mL) plus IFN-g (20 ng/mL) or IL-4 (20 ng/mL) for an additional 48 h. (B and C) Supernatants from the two groups

of cells were analyzed for TNF-a (B) and IL-12 (C) by ELISA. (D and E) RNA was extracted from the two groups of cells and subjected to qRT-PCR analysis with primers

specific to iNOS (D) for M1 polarization or Arg1, YM1, and FIZZ1 (E) for M2 polarization. GAPDH was set as the endogenous control. The data are expressed as the mean ±

SEM of three independent experiments. NC, negative control. *p < 0.05; **p < 0.01; ***p < 0.001.
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Therefore, we next evaluated the effect of miR-139 andmiR-192 regu-
lated by the AK085865/ILF2/ILF3 axis on macrophage polarization.
We found that miR-139 and miR-192 knockdown diminished the
phenotypical expression of M2 macrophages while promoting polar-
ization to the M1 phenotype in BMDMs from WT mice (Figure 3A).
We selected miR-192 with higher function for further study. We
found that miR-192 overexpression decreased tumor necrosis factor
(TNF)-a and IL-12 levels in the supernatant collected from the WT
mice BMDMs (Figures 3B and 3C). Additionally, the mRNA level
of M1 marker gene inducible nitric oxide synthase (iNOS) also
decreased (Figure 3D), whereas the mRNA levels of M2marker genes
Arg1, FIZZ1, and YM-1 were increased in miR-192 overexpression
BMDMs compared to the control (Figure 3E). These results indicated
that overexpression of miR-192 promoted macrophage M2 polariza-
tion in vitro.
IL-1 Receptor-Associated Kinase 1 (IRAK1) Is a Functional

Target of miR-192

To ascertain the mechanism by which miR-192 affects macrophage
polarization, we analyzed the predicted target genes of miR-192
involved in macrophage activation and polarization. IRAK1 contains
a predicted miR-192 target sequence in its 30 untranslated region
(UTR) (Figure 4A). IRAK1 is the main mediator of Toll-like receptor
4 (TLR4) activation, and it is critical to the LPS-mediatedmacrophage
inflammatory response through its activation of the nuclear factor kB
(NF-kB), p38, and c-Jun N-terminal protein kinase (JNK) signaling
pathways.27,28
444 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
Luciferase reporter assays showed that the miR-192 mimic reduced
the activity of the reporter plasmid containing a 30 UTR sequence of
IRAK1, whereas the miR-192 inhibitor increased the activity of the
reporter plasmid containing a 30 UTR sequence of IRAK1. A
plasmid with a mutation on the binding site was constructed to
carry out the luciferase reporter assay. The results showed that
the expression change in IRAK1 expression was abolished when
the IRAK1 binding site was mutated (Figures 4B and 4C). More-
over, qRT-PCR and western blotting revealed that the miR-192 in-
hibitor promoted IRAK1 mRNA and protein expression in BMDMs
(Figure 4D).
miR-192 Overexpression Rescues AK085865 Knockout (KO)

Mice from Enhanced Susceptibility to CVB3-Induced VM

Our previous study demonstrated that AK085865 ablation confers
susceptibility to VM by regulating macrophage polarization.10 How-
ever, whether the functionality of AK085865 depends on miR-192 is
still unknown. Therefore, we next aimed to investigate whether
miR-192 overexpression in vivo affected the course of CVB3-
induced VM in AK085865 KO mice. The miR-192 agomir was
mixed with the Lipofectamine 2000 transfection reagent and admin-
istered to 6-week-old male mice via intramyocardial injection at
doses of 10 nmol per mouse, 3 days prior to CVB3 infection. On
day 7 after CVB3 infection, miR-192 overexpression resulted in
the alleviation of myocardial inflammation, as indicated by the
restricted foci of inflammation and a decreased inflamed area
(Figure 5A).



Figure 4. IRAK1 Is a Functional Target of miR-192

(A) The predicted miR-192 seed sequence in the IRAK1 30

UTR region is shown. (B) Luciferase activity of the reporter

plasmid containing WT or Mut IRAK1 30 UTR co-

transfected into human embryonic kidney 293T

(HEK293T) cells with miR-192 or control. (C) Luciferase

activity of the reporter plasmid containing WT or Mut

IRAK1 30 UTR cotransfected into HEK293T cells with

scrambled control or miR-192 inhibitor. (D) Expression of

IRAK1 in BMDMs transfected with scrambled control or

miR-192 inhibitor. The data are expressed as the mean ±

SEM of three independent experiments. *p < 0.05; **p <

0.01; ***p < 0.001.
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In agreement with this observation, miR-192 overexpression signifi-
cantly attenuated heart/body weight ratio increases and reduced the
body weight loss associated with systemic illness and serum cTnI
levels (Figures 5B–5D). Furthermore, miR-192 overexpression signif-
icantly increased the survival rate from approximately 50% to 70% af-
ter CVB3 infection (Figure 5E). Together, these data indicate that
miR-192 overexpression can effectively rescue AK085865 KO mice
from enhanced susceptibility to CVB3-induced VM.

miR-192 Overexpression Switches Myocardial-Infiltrating

Macrophages to a Predominant M2 Phenotype in AK085865 KO

VM Mice

We further examined whether miR-192 overexpression affected the
phenotype of heart-infiltrating macrophages in AK085865 KO VM
mice. We observed increased proportions of F4/80+ macrophages
bearing Arg1 in the hearts of miR-192-overexpression mice on day
7 of VM (Figure 6A). Moreover, we observed strikingly decreased
proportions of F4/80+iNOS+ macrophages, which may indicate that
M1 macrophages were decreased in the hearts of miR-192-overex-
pression mice (Figure 6A).

Consistently, F4/80+ macrophages derived frommiR-192 overexpres-
sion mice also showed high arginase activity and increased expression
of the M2-specific genes Arg1, FIZZ1, and YM-1, compared with the
Molecular Therap
macrophages isolated from the control group
mice (Figures 6B and 6C). Similar to the fluores-
cence-activated cell sorter (FACS) analysis, co-
localization demonstrated that a marked in-
crease in the Arg1 signal was detected within
the CD68+ macrophages in the heart tissue
from the miR-192-overexpression mice, but
the iNOS signal was barely detected (Figure 6D).
Taken together, these data indicated that miR-
192 overexpression switches myocardial-infil-
trating macrophages to a predominant M2
phenotype in AK085865 KO VM mice.

DISCUSSION
During CVB3-induced VM, macrophages were
shown to be one of the predominant cell types
and to display functional heterogeneity with proinflammatory M1
macrophages or anti-inflammatory M2 macrophages. Research by
our group and others suggests that the excessive presence of M1
macrophages may cause damage to the host after CVB3 infection,
whereas M2 macrophages protect against CVB3-induced VM.10–16

M1 macrophages express TNF-a, iNOS, and IL-12, and they induce
a strong proinflammatory reaction and contribute to VM. In
contrast, M2 macrophages express IL-10 and Arg1 instead of
iNOS, depleting arginine stores so that NO is not produced and
instead, produce polyamine and proline, which are important for
cell differentiation and inflammatory response.29,30

Our previous study identified the lncRNAAK085865 as a functionally
important regulator during macrophage polarization and demon-
strated that AK085865 ablation confers susceptibility to VM by regu-
lating macrophage polarization.10 In the present study, we provide
mechanistic insights into how AK085865 regulates macrophage po-
larization. We used RNA pull-down experiments to identify ILF2 as
an important binding partner of AK085865. We found that
AK085865 deletion enhanced the binding of ILF2 and ILF3. Our re-
sults also identify a sequence in the 30-466 region that is critical for
ILF2 binding. The identification of ILF2 as a functional binding part-
ner of AK085865 adds further support to the role of ILF2 in post-tran-
scriptional regulation, expanding the role of ILF2 beyond its well-
y: Nucleic Acids Vol. 21 September 2020 445
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Figure 5. miR-192 Overexpression Rescues AK085865 KO Mice from Enhanced Susceptibility to CVB3-Induced VM

AK085865 KO mice received 1 � 105 PFU of CVB3 i.p. on day 0. For in vivo miR-192 treatment, 30 mL Lipofectamine 2000 transfection reagent was mixed with miR-192

agomir or negative control (10 nmol/site), dissolved in a volume of 50 mL PBS, and the liposome complex was injected into the apex of the left ventricle with a 30-gauge needle

at six sites per mouse, 3 days prior to CVB3 infection. (A) Heart sections were stained with H&E on day 7 postinfection (scale bars, 50 mm). (B) The parameters of the viral

myocarditis were evaluated by heart/body weight ratio on day 7 postinfection. (C) The parameters of the viral myocarditis were evaluated by loss of body weight on day 7

postinfection. (D) The parameters of the viral myocarditis were evaluated by levels of serum cTnI on day 7 postinfection. (E) The survival rate of mice was observed until day 10

postinfection. Experiments were repeated with 8—10 mice per group. The data represent the mean ± SEM. The results are representative of at least three independent

experiments with n R 3. *p < 0.05. Differences were determined by (B and D) Student’s t test, (C) ANOVA, or (E) Kaplan-Meier survival analysis.
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known functions. However, further studies will be required to deter-
mine whether the secondary structure of this region is involved in
mediating AK085865 functions and if all of the effects of AK085865
that we have observed are dependent on its interaction with ILF2.

ILF2 and ILF3 were first isolated as nuclear factors that bind to a cis
element of the IL-2 promoter, known as an antigen receptor response
element, in the activated Jurkat T cell line.27,31 ILF2 possesses a zinc-
finger nucleic acid binding domain (DZF) and a glutamic acid-rich
region. It has been reported that the ILF2-ILF3 complex is involved
in mRNA stabilization, translational repression, replication of viral
RNA, and transcription in vitro.32–35 Previous studies demonstrated
that the ILF2-ILF3 complex negatively regulates the pri-miRNA pro-
cessing step, resulting in a reduction of mature miRNA
production.25,26

Our results revealed that there was a direct interaction between ILF2
and ILF3 in BMDMs from AK085865�/� and WT mice, and
AK085865 deletion enhanced the binding of ILF2 and ILF3. More-
over, miRNA array analysis identified a total of 24 differentially ex-
pressed genes in AK085865�/� BMDMs, including 11 upregulated
genes and 13 downregulated genes relative to WT BMDMs. Among
them, miR-139 and miR-192 were downregulated, whereas the levels
446 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
of pri-miR-139 and pri-miR-192 were significantly increased in
BMDMs from AK085865�/� mice compared with the BMDMs of
WT mice. Knockdown of ILF2 increased the levels of mature miR-
139 and miR-192, whereas it decreased the expression of pri-miR-
139 and pri-miR-192 in BMDMs from AK085865�/� mice. These
findings suggest that AK085865 facilitates M2 macrophage polariza-
tion by functioning as a negative regulator in the ILF2/ILF3 complex-
mediated pri-miR-139 and pri-miR-192 processing pathway, result-
ing in a reduction of mature miR-139 and miR-192 production.

We next evaluated the effect of miR-139 andmiR-192 onmacrophage
polarization. We found that miR-139 and miR-192 knockdown
diminished phenotypical expression of M2 macrophages while pro-
moting polarization to the M1 phenotype in BMDMs from WT
mice. We selected miR-192 with higher function for further study.
We found that miR-192 overexpression decreased the M1 marker
gene and increased M2 marker genes in vitro, suggesting that miR-
192 plays a role in the development of macrophage polarization.
Our work also demonstrates that miR-192 restrains inflammation
in vivo. In response to CVB3 challenge, AK085865�/� mice were
more susceptible to CVB3-induced VM compared to their WT coun-
terparts, and miR-192 overexpression could effectively rescue the
AK085865 KO mice from enhanced susceptibility to CVB3-induced



(legend on next page)
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VM. Furthermore, our study reveals that miR-192 overexpression
switches myocardial-infiltrating macrophages to a predominant M2
phenotype in AK085865 KO VM mice. Together, our data suggest
that a central role for AK085865 in the modulation of the M1/M2
phenotype may be dependent on miR-192.

For further insight into the function of miR-192 during macrophage
polarization, a mRNA target, IRAK1, was predicted to contain a
miR-192 30 UTR binding site and was experimentally validated.
IRAK1 is a key cytoplasmic protein kinase induced by TLR signaling.
Phosphorylation of these kinases results in the nuclear translocation
of the transcription factor NF-kB, which results in the production of
proinflammatory cytokines, including TNF-a and IL-6.36–38 IRAK1
has been shown to regulate the TLR4-mediated inflammatory
response, as well as dextran sulfate sodium (DSS)- or LPS-induced co-
litis and septic shock.39,40 In our current study, the IRAK1 30 UTR con-
tains an evolutionarily conservedmiR-192 binding site, and amutation
of this site was found to abolish miR-192-mediated IRAK1 suppres-
sion, as demonstrated by luciferase reporter assays. Moreover, IRAK1
mRNA and protein expression was upregulated following miR-192 in-
hibition. Altogether, these results indicate that IRAK1 is a functional
target of miR-192 and suggest a role for miR-192 in regulating the
inhibitory phase of inflammation by suppressing IRAK1 expression.

Collectively, the present study demonstrated that AK085865 pro-
motes macrophage M2 polarization in CVB3-induced VM by regu-
lating ILF2-ILF3 complex-mediated miR-192 biogenesis, which res-
cues AK085865 KO mice from enhanced susceptibility to CVB3-
induced VM (Figure 7). Our findings uncover a critical mechanism
of AK085865 in the regulation of macrophage polarization in vitro
and in vivo and further advance our understanding of the physiolog-
ical roles of lncRNAs in general and the growing importance of these
molecules in inflammatory heart disease.

MATERIALS AND METHODS
Ethics Statement

All of the animal experimental procedures were approved by the An-
imal Ethics Committee of Wannan Medical College (Wuhu, China)
and were performed according to the guidelines for the Care and
Use of Laboratory Animals (Ministry of Health, China, 1998). The
animals were euthanized by cervical dislocation following anestheti-
zation with a mixture of isoflurane and oxygen (3% v/v). All efforts
were made to minimize suffering of the animals.
Figure 6. miR-192 Overexpression Switches Myocardial-Infiltrating Macrophag

AK085865 KO mice received 1 � 105 PFU of CVB3 i.p. on day 0. For in vivo miR-192

negative control (10 nmol/site), dissolved in a volume of 50 mL PBS, and the liposome c

sites per mouse, 3 days prior to CVB3 infection. Hearts were collected on day 7 postinfec

enzymatic digestion. (A) The percentages of F4/80+iNOS+ or F4/80+Arg1+ cells were a

sessed by an assay of urea production from the arginine substrate and was normalized to

expression in sorted F4/80+macrophages. (D) For colocalization analysis, sections were

(green, M2 marker). DAPI was used for nucleus staining (blue). The arrows just represen

100 mm. Experiments were repeated three times in triplicate with 10–15 mice per group.

independent experiments with n R 3. *p < 0.05; **p < 0.01; ***p < 0.001.
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Cell Culture and Reagents

BMDMs were isolated from the femurs and tibias of adult mice,
as previously described.41 Macrophages were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) complete medium (20%
fetal bovine serum [FBS], 20% L929 cell supernatant) at 37�C
and 5% CO2 for 7 days. M1 and M2 macrophage polarization
was obtained by removing the culture medium and culturing
cells for an additional 48 h in DMEM, supplemented with
10% FBS and 100 ng/mL LPS (Sigma) plus 20 ng/mL IFN-g
(PeproTech) (for M1 polarization) or 20 ng/mL IL-4 (Pepro-
Tech) (for M2 polarization).

RNA Pull-Down Assay and MS

Biotin-labeled RNAs were in vitro transcribed using the Biotin
RNA Labeling Mix and T7 RNA polymerase (Ambion) and puri-
fied with the RNeasy Mini Kit (QIAGEN) on-column digestion of
DNA. The biotinylated sense, antisense, or truncated AK085865
was incubated with cell lysates (containing RNasin) overnight at
4�C. The interacting complexes were purified with streptavidin
beads for 3 h at room temperature and visualized by silver staining
(Pierce silver stain kit; Thermo Scientific) for further analysis by
MS or by immunoblotting using a specific antibody to ILF2. For
MS, a specific band present in the experimental lane was extracted
(the corresponding region in the control lane was also extracted)
for further analysis.

RIP

RIP was performed using a Magna RIP RNA-Binding Protein Immu-
noprecipitation Kit (Millipore). Briefly, BMDMs were harvested by
adding RIP lysis buffer. Clear supernatant containing ILF2 protein,
Protein G beads, and ILF2 antibody (or immunoglobulin G [IgG]
control; Millipore) was mixed to perform the immunoprecipitation.
After washing, RNAs bound to ILF2 were eluted and quantified.
qRT-PCR was performed to examine whether certain RNAs were
coimmunoprecipitated with the ILF2 antibody.

Animals and Myocarditis Model

lncRNA AK085865�/� mice and littermate WT mice with a C57BL/6
background were generated from the Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China), and they were fed
a standard diet and housed in pathogen-free mouse colonies. The An-
imal Care and Use Committee of Wannan Medical College approved
all of the housing and surgical procedures.
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Figure 7. Summary of the Role of lncRNA AK085865 on CVB3-Induced VM

The lncRNA AK085865 facilitates M2 macrophage polarization by functioning as a

negative regulator in the ILF2-ILF3 complex-mediated pri-miR-192 processing,

which results in an increase in mature miR-192 biogenesis, attenuating the sus-

ceptibility to CVB3-induced VM.
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Theoriginal stockofCVB3 (Nancy strain)was a kindgift fromProfessor
WeiHou (School of BasicMedical Sciences,WuhanUniversity) andwas
maintained by passage throughHeLa cells (ATCCnumber: CCL-2). Vi-
rus titer was routinely determined prior to infection by a 50% tissue-cul-
ture infectious dose (TCID50) assay of HeLa cell monolayers, according
topreviously published procedures.42Micewere infected by an intraper-
itoneal (i.p.) injection of 0.1mLof phosphate-buffered saline (PBS) con-
taining approximately 1� 105 plaque-forming units (PFUs) of the virus
on day 0. For in vivo miR-192 overexpression, 6-week-old C57BL/6
AK085865�/� mice were anesthetized, intubated, and mechanically
ventilated. Next, 30 mL Lipofectamine 2000 reagent was mixed with
miR-192 agomir or negative control (10 nmol/site; RiboBio) in a volume
of 50 mL that was injected into the apex of the left ventricle with a 30-
gauge needle at six sites per mouse, 3 days prior to CVB3 infection.
Mice were euthanized, and tissues or cells were collected on day 7.

Western Blotting

Cells or tissues were harvested at the indicated times and lysed in ra-
dioimmunoprecipitation assay (RIPA) extraction solution (15 mM
Tris, pH 7.5, 120 mM NaCl, 25 mM KCl, 2 mM EGTA, 2 mM
EDTA, 0.1 mMdithiothreitol, 0.5% Triton X-100, and protease inhib-
itor cocktail [Sigma]). The protein concentration was assessed by bi-
cinchoninic acid (BCA) assay. Total protein lysates (25 mg/lane) were
subjected to SDS-PAGE and transferred onto an Immobilon polyvi-
nylidene difluoride (PVDF) membrane (Millipore). The antibodies
used were the following: anti-ILF2 (Abcam), anti-ILF3 (Abcam),
anti-EEF1A1 (Novus), anti-Rbmxl1 (Novus), and anti-b-actin anti-
body as the loading control (Santa Cruz Biotechnology). Western
blots were quantified by Quantity One Analysis software (Bio-Rad).
Microarray Analysis

The miRNA microarray work was performed by Shanghai Biotech-
nology (Shanghai, China). In brief, total RNA from each sample
was amplified and labeled by a Low Input Quick Amp WT Labeling
Kit (Agilent Technologies), following the manufacturer’s instruc-
tions. The labeled complementary RNA (cRNA) was purified using
an RNeasy mini kit (QIAGEN). The concentration and specific activ-
ity of the labeled cRNAs (pmol Cy3/mg cRNA) were measured with a
NanoDrop 2000 spectrophotometer. Each microarray slide was hy-
bridized with 1.65 mg Cy3-labeled cRNA using a Gene Expression Hy-
bridization Kit and a hybridization oven, according to the manufac-
turer’s instructions. After 17 h of hybridization, slides were washed
in staining dishes using the Gene Expression Wash Buffer Kit
following the manufacturer’s instructions. Next, the slides were
scanned using an Agilent Microarray Scanner G2565C (Agilent Tech-
nologies) with the following default settings: dye channel = green,
scan resolution = 3 mm, photomultiplier tube (PMT) 100%, 20 bit.
Agilent Feature Extraction software (version [v.]10.7) was used to
analyze the acquired array images. Quantile normalization and subse-
quent data processing were performed using GeneSpring Software
11.0 (Agilent Technologies).
Isolation of RNA and qRT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen), and
cDNA was generated using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific) with oligo(dT) and random primers,
according to the manufacturer’s instructions. SYBR Green dye-based
quantitative real-time PCR was performed using the SYBR Green
PCR Master Mix and CFX96 Real-Time PCR System from Bio-Rad.
For miRNA real-time PCR, a commercial Hairpin-it miRNA qPCR
Quantification Kit (RiboBio) was used. Briefly, 1 mg RNA was used
as a template and then reverse transcribed using a miRNA-specific
RT primer. The resulting cDNA was further amplified with a univer-
sal reverse primer and a specific forward primer. Calculations of
mRNA or miRNA expression levels were performed using the
comparative Cycle Threshold (DDCT) method and normalized
against GAPDH or U6 small nuclear RNA (snRNA) levels. All of
the reactions were run in triplicate. The primers used are shown in
Table S2.
Cytokine Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokine levels of TNF-a and IL-12 were measured in cell superna-
tants using respective cytokine ELISA kits (R&D Systems), according
to the manufacturer’s instructions.
Transfections

BMDMs were transfected with micrON miR-192 mimic (100 nM),
micrOFF miR-192 inhibitor (100 nM), micrOFF miR-139 inhibitor
(100 nM), and control RNAs using the Lipofectamine 3000 (Invitro-
gen, USA) transfection reagent, according to the manufacturer’s in-
structions. The efficiency and function assay were confirmed 48 h af-
ter small interfering RNA (siRNA) transfection.
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Plasmid Construction and Luciferase Assay

The entire mouse IRAK1 30 UTR segment was amplified by PCR us-
ing genomic DNA as a template. The PCR product was subcloned
into the PLUC vector following the manufacturer’s protocol (Prom-
ega). Plasmid DNA was sequenced to ensure its authenticity. Then,
293T cells were cultured in a 96-well plate, and each well was trans-
fected with 0.2 mg luciferase reporter constructs (described above)
and at the same time with micrON miR-192 mimic (100 nM), mi-
crOFF miR-192 inhibitor (100 nM), or control RNAs using Lipofect-
amine 3000 (Invitrogen, USA). Cells were assayed using luciferase
assay kits (Promega), 48 h after transfection.

Histopathology

Hearts were cut longitudinally, fixed in 10% phosphate-buffered
formalin, and then embedded in paraffin. Tissue sections (5 mm thick)
were cut at various depths and stained with hematoxylin and eosin
(H&E) to determine the level of inflammation. The sections were
examined by two independent investigators blinded to the disease
state of the mice.

Serological Index of Myocarditis

Yijishan Hospital performed the serum cTnI measurement with a
DXI800 (Beckman Coulter) immunology analyzer.

FACS Analysis

Single-cell suspensions were pooled frommouse heart tissues. Surface
marker F4/80 (eBioscience) was stained with fluorochrome-conju-
gated monoclonal antibodies (mAbs) diluted in 1% FBS in PBS. For
intracellular Arg1 and iNOS (BD Pharmingen; BioLegend) staining,
cells were fixed and permeabilized using fixation buffer and permea-
bilization solution (eBioscience). Cell fluorescence was measured us-
ing FACS (Beckman Coulter), and the data were analyzed using
FlowJo software (Tree Star).

Immunofluorescence

Frozen heart sections were fixed in 4�C acetone for 10 min and per-
meabilized with 0.3% Triton X-100. Then, cells was washed three
times with PBS and treated with the first antibody at 37�C; 2 h later,
cells were washed three times with PBS and treated with fluorescent-
labeled secondary antibody for 1 h at 37�C. Nuclei were labeled with
40,6-diamidino-2-phenylindole (DAPI). We continued with several
rounds of washing and finished with mounting the coverslip onto a
microscope slide using an anti-fade mounting medium. All of the
immunofluorescence staining was photographed under a confocal
microscope. The antibodies used were as follows: CD68 antibody
(diluted at 1:200; Abcam), iNOS antibody (diluted at 1:100; Abcam),
arginase antibody (diluted at 1:1,000; Abcam), and goat anti-mouse
IgG (ab150115; Abcam).

Data Availability

The GEO database accession number for the miRNA profile data
from BMDMs of the WT and lncRNA AK085865 KO mice reported
in this study is GEO: GSE125574.
450 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
Statistical Analysis

The data are shown as the mean ± SEM. Statistical analysis of the data
was performed with the two-tailed independent Student’s t test. Anal-
ysis of variance (ANOVA) was conducted using SPSS software, and
the Kaplan-Meier survival curves were drawn using GraphPad Prism
v.5.0 (GraphPad Software). p < 0.05 was considered to be statistically
significant.
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