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Coordinated Regulation of miR-155 and miR-146a Genes
during Induction of Endotoxin Tolerance in Macrophages

Christina Doxaki,* Sotirios C. Kampranis,” Aristides G. Eliopoulos,®
Charalampos Spilianakis,®¥ and Christos Tsatsanis*

Endotoxin tolerance occurs to protect the organism from hyperactivation of innate immune responses, primarily mediated by mac-
rophages. Regulation of endotoxin tolerance occurs at multiple levels of cell responses and requires significant changes in gene
expression. In the process of macrophage activation, induced expression of microRNA (miR)-155 and miR-146a contributes to
the regulation of the inflammatory response and endotoxin tolerance. In this article, we demonstrate that expression of both miRNAs
is coordinately regulated during endotoxin tolerance by a complex mechanism that involves monoallelic interchromosomal associ-
ation, alterations in histone methyl marks, and transcription factor binding. Upon activation of naive macrophages, Histone3 was
trimethylated at lysine4 and NFkBp65 was bound on both miR-155 and miR-146a gene loci. However, at the stage of endotoxin
tolerance, both miR gene loci were occupied by C/EBP3, NFkBp50, and the repressive Histone3 marks trimethylation of K9 of H3.
DNA fluorescence in situ hybridization experiments revealed monoallelic interchromosomal colocalization of miR-155 and miR-
146a gene loci at the stage of endotoxin tolerance, whereas RNA-DNA -fluorescence in situ hybridization experiments showed that
the colocalized alleles were silenced, suggesting a common repression mechanism. Genetic ablation of Aktl, which is known to
abrogate endotoxin tolerance, abolished induction of loci colocalization and C/EBPf binding, further supporting that this mech-
anism occurs specifically in endotoxin tolerance. Overall, this study demonstrates that two miRNAs are coordinately regulated via
gene colocalization at the three-dimensional chromatin space, same transcriptional machinery, and similar Histone3 methylation

profile, contributing to the development of endotoxin tolerance.

xposure of macrophages to endotoxin triggers a robust

response resulting in the transcription of numerous genes

that contribute to the inflammatory response. Expression
of these genes is tightly regulated to avoid sustained activation,
which can be detrimental to the host because it can result in en-
dotoxin shock. Thus, macrophages enter the state of endotoxin
tolerance, in which cells become hyporesponsive to TLR ligands
and do not express most of the proinflammatory genes. At the stage
of endotoxin tolerance, a different set of genes is expressed that
includes anti-inflammatory cytokines and negative regulators of
TLR signaling. Aktl kinase is a negative regulator of TLR signals,
which mediates its action via microRNAs (miRs) (1).
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miRs are small, noncoding RNAs of ~19-22 nt that regulate
multiple cellular functions via posttranslational control of mRNA
expression, including ones involved in innate and adaptive
immune responses. Several miRs (such as miR-146a, miR-221,
miR-125b, miR-181¢c, miR-155 and let-7e, miR-98) have been
identified to regulate TLR4 signaling and induce or maintain en-
dotoxin tolerance (2—4). Among these, miR-155 and miR-146a
have been implicated in both macrophage activation and devel-
opment of endotoxin tolerance. Contribution of miR-146a and
miR-155 in endotoxin tolerance has been demonstrated in vivo in
mouse models and in human disease. miR-155 negatively con-
tributed to the development of endotoxin tolerance (1), whereas
miR-146a was indispensable for the development of endotoxin
tolerance both in healthy conditions, such as tolerance to intestinal
bacteria in neonates (5), and during septic shock (6). Contribution
of these miRNAs in endotoxin shock and tolerance can also occur
through their secretion in exosomes (7). In humans, miR-146a
appears to be important in the development of innate immune
tolerance observed in leukemic patients (8). Both miRs have
attracted particular attention, because they are responsive to a
plethora of inflammatory stimuli including TLR ligands, TNFa,
IL-1b, type I and type II IFNs, or RANKL in different cell types,
including macrophages (9-16). miR-155 and miR-146a target and
repress several downstream TLR4 mediators such as TNF-q,
PU.1, SHIP1, SOCS1 and TNFR-associated factor-6, IRAK1, and
IRFS, respectively, highlighting their pivotal role in the develop-
ment of endotoxin tolerance (1). Expression of both miRs has
been associated with inflammatory diseases including rheumatoid
arthritis (17, 18), systemic lupus erythematosus (19), nephropathy
(20), atherosclerosis (21), infertility (22), periodontitis (23), and
type 2 diabetes (24).

miRs are regulated at transcriptional and posttranscriptional
levels (25). miR-155 is transcribed within the BIC gene, whereas
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miR-146a appears to be intergenic (10). Analysis of the gene pro-
moters of these two miRNAs revealed that both are regulated by
NF-kB (10, 26, 27), suggesting a common transcriptional regulatory
mechanism.

A complex biological process such as endotoxin tolerance re-
quires significant changes in gene expression via specific tran-
scription factors and histone modifications to ensure temporal gene
regulation (28, 29). Gene-specific regulation occurs at the chro-
matin level and includes nucleosome remodeling and covalent
histone modifications. Histone methylation, as a mechanism for
modifying chromatin structure, is associated with gene regulation.
Trimethylation of lysine H3K4 marks transcriptionally active
genes, whereas trimethylation of lysine H3K9 is associated with
transcriptional repression and is generally found in closed inactive
chromatin (30-32). Upon endotoxin tolerance, several genes ap-
pear to be regulated at the chromatin level, indicating the presence
of an epigenetic mechanism (33-36). However, no information is
yet available on histone modification changes of miRNA genes in
the process of endotoxin tolerance.

Recent evidence has shown that genes contributing to a par-
ticular cellular function or cell fate can be coordinately regulated
through long-range chromatin interactions (37-44). According to
this mechanism, genes present on the same or different chromo-
somes come in close proximity and use the same transcription
factory by looping out of their chromosome territories. Thus,
genes are dynamically organized into shared nuclear subcompart-
ments, which ensure a common regulation of their transcription. An
example of such association is that of the Th2 gene locus with the
loci harboring the Th2 cytokines IL-4, IL-5, and IL-13, which are
located on different chromosomes (44). These associated gene loci
use common transcription factors to secure timely and coordinate
gene regulation, necessary for massive changes in gene expression
that occur under conditions such as macrophage activation and
endotoxin tolerance. However, it is not known whether chromatin
interactions between gene loci harboring microRNAs take place. In
addition, whether interchromosomal associations facilitate expres-
sion or silencing of genes during the development of endotoxin
tolerance in macrophages remains unknown.

In this study, we analyzed the mechanism that controls ex-
pression of miR-155 and miR-146a in response to LPS in naive and
endotoxin-tolerant macrophages using the RAW264.7 cell line
and mouse primary macrophages. We found that both mature and
immature primary microRNA (pri-miR) miR-155 and miR-146a
were induced upon LPS stimulation of naive macrophages, whereas
in endotoxin-tolerant macrophages their expression was induced at
much lower levels. Chromatin immunoprecipitation (ChIP) analysis
revealed that their genomic loci are regulated by the same tran-
scription factors, namely, NF-kB and C/EBP. Fluorescence in situ
hybridization (FISH) experiments showed a monoallelic interchro-
mosomal association between miR-155 and miR-146a gene loci at
the stage of endotoxin tolerance, which conferred gene silencing.
Genetic ablation of Aktl, which was used as a genetic tool to
abrogate endotoxin tolerance, changed miR-155 and miR-146a
expression, altered NF-kB/p65 and C/EBP@ binding on their
promoters, and inhibited the induction of colocalization of miR-
155 and miR-146a gene loci, further highlighting the significance
of this association.

Materials and Methods

Animals

C57BL/6 mice were purchased from the Hellenic Pasteur Institute (Athens,
Greece). Aktl ™ and Akt1** mice (45, 46) were housed at the University
of Crete School of Medicine, Greece. All procedures described later were
approved by the Animal Care Committee of the University of Crete School

miR-146a AND miR-155 ARE COORDINATELY REGULATED

of Medicine (Heraklion, Crete, Greece) and from the Veterinary Depart-
ment of the Region of Crete (Heraklion, Crete, Greece).

Cell culture

The murine macrophage cell line RAW264.7 and primary murine
thioglycollate-elicited peritoneal macrophages were cultured as previously
described (47) in macrophage complete medium (DMEM,; Life Technol-
ogies, Carlsbad, CA) supplemented with 10% (v/v) FBS, 10 mM L-glu-
tamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin. RAW264.7
cells were tested by FISH analysis and found to be diploid at least on
chromosomes 7, 8, 11, 16, and 17, and were kindly provided by Prof. P.
Tsichlis (Tufts Medical School, Boston, MA). E. coli-derived LPS (100
ng/ml; O111:B4; catalog no. L2630; Sigma-Aldrich) was used as described
in the Results. Cells were harvested and supernatants were collected at the
indicated time points of LPS incubation and stored at —80°C until assayed
for cytokine levels. Cell pellets were washed in PBS and stored at —80°C
for total RNA extraction and subsequent analysis.

ELISA

Cytokine concentration in serum for TNF-a and IL-10 was determined by
ELISA at the indicated time points using ELISA kits (R&D Systems),
according to the manufacturer’s instructions.

Transfection

Transient transfection using the Lipofectamine reagent (RNAimax; Life
Technologies) was performed as per the manufacturer’s instructions and as
described previously (13, 48, 49). In short, a unique RNAi molecule was
used in each well before transfection and combined with diluted lipo-
fectamine to form complexes. Cells were added directly to the complexes,
and transfection was performed while cells were attaching on to the well.
A total of 1 X 10° macrophages/well was transfected with either 30 nM
small interfering RNA (siRNA) for C/EBP (designed in Cenix Biosci-
ence, Dresden, Germany) or negative control dsSRNA in 24-well tissue-
culture plates in a volume of 500 wl serum-free/antibiotic-free DMEM
culture media. Cells were incubated at 37°C for 24 h and then the medium
was replaced with the one before transfection. Transfection efficiency and
biological effect were assessed 48 h posttransfection.

In vitro induction of endotoxin tolerance

An LPS-tolerance cell model using either the murine macrophage cell line
RAW 264.7 or primary thioglycollate-elicited peritoneal macrophages was
adapted from methods previously described with minor modifications (13).
In brief, cells were cultured in complete culture medium [DMEM (Life
Technologies) supplemented with 10% (v/v) FBS, 10 mM L-glutamine,
100 IU/ml penicillin, and 100 pg/ml streptomycin] for 1 d, and viability
was monitored by trypan blue staining and was found to be ~99%. Cells
(300 X 10 cells/ml) were seeded in 12- or 24-well tissue-culture plates in
a volume of 1 ml fresh complete medium and incubated with LPS (100 ng/ml)
for 18 h. After two washes with tissue culture grade 1XPBS, cells were cul-
tured in complete culture media in a CO, incubator for 2 h at 37°C. In case of
restimulation, LPS (100 ng/ml, final concentration) was added for 2 h. Su-
pernatants and cell pellets were harvested and stored at —80°C until assayed.

RNA and miRNA isolation and quantitative PCR

RNA from RAW264.7 macrophages or from primary thioglycollate-elicited
peritoneal macrophages was isolated using the TRIzol reagent (Life Tech-
nologies). One microgram of total RNA after DNAse treatment was used for
cDNA synthesis (TAKARA, Shiga, Japan). The following oligonucleotides
were used in semiquantitative RT-PCR approach: Pri-miR-155; Fwd: 5'-
ACCCTGCTGGATGAACGTAG-3'"; Rev: 5-'CATGTGGGCTTGAAGTT-
GAG-3'; Pri-miR-146a; Fwd: 5'-CACGGACCTGAAGAACACTGG-3';
Rev: 5'-AGAAATGAAATTAGAACACACATCAATCC-3'; C/EBPB; Fwd:
5'- GGGGTTGTTGATGTTTTTGGTT- 3’; Rev: 5'-TCACTTTAATGCTC-
GAAACGGA-3'; Ribosomal Protein S9; Fwd: 5'-GCTAGACGAGAAGG-
ATCCCC-3'; Rev: 5'-CAGGCCCAGCTTAAAGACCT-3'; Hprtl; Fwd: 5'-
CTGGTGAAAAGGACCTCTCG-3'; Rev: 5'-TGAAGTACTCATTATAGT-
CAAGGGCA-3'. Ribosomal Protein S9 and Hprtl served as control
housekeeping genes. Annealing was carried out at 60°C for 30 s, extension
at 72°C for 30 s, and denaturation at 95°C for 15 s for 40 cycles in a 7500
Fast Real-Time PCR System (Life Technologies/Applied Biosystems). The
amplification efficiencies were the same as the one of RSP9 or Hprtl as
indicated by the standard curves of amplification, allowing us to use the
following formula: fold difference = 2A-(ACtA — ACtB), where Ct is the
cycle threshold. Reactions were performed in triplicate for statistical
evaluation. To isolate miRNAs from RAW264.7 or thioglycollate-elicited
peritoneal macrophages, we isolated total RNA as described earlier. For
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cDNA synthesis and quantitative PCR of specific miRNAs, the following
TagMan MicroRNA Assays (Life Technologies) were used: mmu-miR-
155; UUAAUGCUAAUUGUGAUAGGGGU; hsa-miR-146a; UGAGAACUG-
AAUUCCAUGGGUU; SnoRNA135; CUAAAAUAGCUGGAAUUACCGG-
CAGAUUGGUAGUGGUG. SnoRNA135 served as housekeeping miRNA.
Annealing and extension was carried out at 60°C for 30 s and denaturation at
95°C for 15 s for 40 cycles in a 7500 Fast Real-Time PCR System (Life
Technologies).

DNA and DNA-RNA FISH

Cells attached onto poly-L-lysine—coated glass coverslips were incubated
for 3 min in cytoskeletal buffer (100 mM NaCl, 300 mM sucrose, 3 mM
MgCl,, 10 mM PIPES, 0.5% Triton X-100), fixed with 4% paraformal-
dehyde/1 XPBS for 10 min, washed three times with 1 XPBS, and stored in
70% ethanol at —20°C overnight. Hybridization was carried out in 50%
formamide, 2XSSC, 10% dextran sulfate, 1 g mouse Cot-1 (Invitrogen),
and 100 ng fluorescently labeled bacterial artificial chromosome (BAC)
probe, and after a 5-min denaturation of genomic DNA at 73°C, coverslips
were incubated for 16 h at 37°C. Slides were washed three times for 5 min
each in 2XSSC and mounted in Prolong Gold antifade reagent supple-
mented with DAPI (Invitrogen). For the generation of fluorescently labeled
DNA probes, 2 wg BAC DNA [(miR-146a ID for BAC clone: RP23-
390G17); (miR-155 ID for BAC clone: RP24-278G19); (let-7e ID for
BAC clone: RP24-308G19); and (TNF-a ID for BAC clone: RP23-
446C22)] were labeled using a Nick translation kit (11745808910;
Roche) supplemented with either 0.025 mM Spectrum Orange dUTP
(Vysis), 0.025 mM Spectrum Green dUTP (Vysis), or 0.025 mM OBEA
dCTP-647 (Invitrogen). The following primers were used in PCRs to
confirm the presence of each gene of interest in the BAC clones: MiR-146a:
Fwd 5-GGCCTTCAGAGTTTGTTCCA-3’, Rev 5'-GGCCTCATCTGGA-
GAGTCTG-3'; MiR-155: Fwd 5'-TTGCTGAAGGCTGTATGCTG-3', Rev
5'-ATCCAGCAGGGTGACTCTTG-3'; Let7e: Fwd 5'-AAAGAAACAAGA-
AGACGGAC- 3', Rev 5'- ATCCCTTAGAGAAGACAATCTG-3'; and TNF-
a: Fwd 5'-TTCCTCCTTATCTCTCATGC-3’, Rev 5'-TGACTAAACATCC-
TTCGTCG-3'. To detect DNA and RNA by FISH, we incubated cells attached
onto poly-L-lysine—coated coverslips for 3 min in cytoskeletal buffer (100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,, 10 mM PIPES, 0.5% Triton X-100,
1 mM EGTA, and 2 mM vanadyl-ribonucleoside complex), fixed with 4%
paraformaldehyde/1 XPBS for 10 min, washed three times with 70% ethanol,
and stored in 70% ethanol at —20°C overnight. Hybridization was performed
with biotinylated probes for 16 h at 37°C after a 5-min denaturation at 73°C.
The coverslips were washed at 37°C sequentially with 2XSSC/50% formam-
ide, 2XSSC, 1XSCC, and 4XSSC. RNA signals were amplified using the
Renaissance TSA Biotin System (PerkinElmer). The biotinylated DNA probes
were prepared as follows: 1000-bp genomic region containing the pri-miR-155
or pri-miR-146a RNA sequence was PCR-amplified and cloned in a PCRII-
TOPO TA cloning vector (Life Technologies). Nick-translated biotin-labeled
cloned DNA was used as a probe for the detection of the miR RNA signals.
The following pairs of primers were used for the amplification of the miR loci:
Pri-miR-155; 5'—ACCCTGCTGGATGAACGTAG-3"; 5'-CATGTGGGCTT-
GAAGTTGAG-3'; Pri-miR-146a; 5’ —AGCACTGTCAACCTGACACA-3';
5'-GGACCAGCAGTCCTCTTGAT-3'".

Microscopy and image analysis

FISH signals were examined on a Leica SP8 confocal microscope unit, and
image stacks were captured on a CCD camera with a step of 250 nm. The
distances of DNA FISH signals were further analyzed using the Volocity
image analysis software (Improvision) by two independent investigators.
Photomicrographs represent merged confocal images, but statistical anal-
ysis for locus proximity has been performed for images of cells with
preserved three-dimensional structure. As colocalized we considered DNA
FISH signals that were either touching (adjacent pixels) or overlapping
(overlapping pixels).

ChIP

Chromatin from 15 X 10°® RAW264.7 cells or primary peritoneal
thioglycollate-elicited macrophages was prepared by fixation of the cell
culture with 1/10 vol formaldehyde-containing buffer (11% formaldehyde,
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM Hepes pH 8.0) and
incubation for 10 min at room temperature. For quenching the cross-
linking, glycine was added for 5 min at room temperature to a final con-
centration of 125 mM directly in the culture media. Scraping and transfer
of cells to a 15-ml conical tube and two washes with ice cold 1 XPBS
(supplemented with 1 mM PMSF) followed, and the cell pellet was in-
cubated with 10 ml cell lysis buffer [5 mM PIPES (pH 8.0), 85 mM KCl,
0.5% Nonidet P-40, 1 mM PMSF, complete protease inhibitors] for 10 min

on ice. The cells were lysed with 800 wl SDS lysis buffer (1% SDS, 10
mM EDTA, 50 mM Tris-HCI pH 8.1) for 10 min on ice. Chromatin was
sonicated to an average length of DNA 500-1000 bp. Immunoprecipitation
was performed with the equivalent of 3-4 X 10° cells/sample, diluted 10
times with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI pH 8.0, 167 mM NaCl supplemented with
protease inhibitors) and 5 pg of each Ab. Samples were rotated at 4°C
overnight (1% of chromatin input was kept). The next day each sample was
mixed with 20 pl magnetic beads and was rotated for 2 h at 4°C. Immu-
noprecipitated material was incubated for 5 min with each of the following
buffers: low-salt Wash Buffer A (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI1 pH 8.0, 150 mM NacCl supplemented with pro-
tease inhibitors), high-salt Wash Buffer B (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCI pH 8.8, 500 mM NaCl supplemented with
protease inhibitors), Buffer C [20 mM Tris-HCI (pH 8.0), 250 mM LiCl,
1 mM EDTA, 0.5% Nonidet P-40, 0.5% Na-Deoxycholate, 0.5 PMSF
supplemented with Protease inhibitors], and once with Tris-EDTA buffer,
pH 8.0. After the last wash, samples were incubated with proteinase K
(200 mg/ml), 0.5% SDS in Tris~EDTA buffer for 2 h at 55°C, and
then were incubated overnight at 65°C for the reversion of formaldehyde
cross-links. DNA was purified with phenol/chloroform extraction and was
precipitated with ethanol (1% glycogen and 10% CH3COONa). Immu-
noprecipitated DNA was resuspended in 40 pl of 100 mM Tris-HCI pH
7.5. Five percent of the immunoprecipitated DNA was used in quantitative
PCR analysis, and data have been normalized using the formula: 100 X
2(Ct adjusted input = CtIP) ‘Tho Apg that were used in the ChIP experiments
were the following: RNA Polymerase II N-20 (sc899; Santa Cruz Bio-
technology); NF-kB p65 Ab-c-20x (sc 372x; Santa Cruz Biotechnology);
NF-kB p50 Ab-c-19 (sc 1190; Santa Cruz Biotechnology); C/EBP@ Ab-c-19
(sc 150x; Santa Cruz Biotechnology); Anti-Histone H3 Ab (D2B12)/#4620
Cell Signaling (chip-formulated); Anti-Histone H3 (trimethyl K4) Ab
(ab8580; Abcam); Anti-Histone (trimethyl K9) Ab (ab6001; Abcam); Anti-
Histone (trimethyl K27) Ab (catalog no. 07-449; Upstate). The following
primer pairs were used for the amplification of the miR-155 and miR-146a
promoter regions in the ChIP experiments: MiR-146a: Fwd 5'-ACTCCGT-
CTTGCAACGAACT-3', Rev 5'-TCCCTTCTCAATTCCCTCCT-3"; MiR-155:
Fwd 5'-TTTCGAGCCGGAGGTTCCA-3', Rev 5'-CGGCGACCCTTTTATA-
GCCC-3'.

Statistical analysis

All values were expressed as mean = SD. Comparison of results between
different groups was performed by nonparametric analysis (Mann—Whitney
and ¢ test where applicable), using GraphPadInStat (GraphPad Software, San
Diego, CA). A p value <0.05 was considered significant.

Results
Induction of miR-155 and miR-146a expression by LPS is
reduced at the stage of endotoxin tolerance

LPS stimulation activates macrophages and induces expression of
both miR-155 and miR-146a. Time-course analysis of miR-155 and
miR-146a expression upon LPS treatment of RAW264.7 macro-
phages revealed that pri-miR-155 and pri-miR-146a reached a peak
between 2 and 4 h and then their levels declined (Fig. 1A). The
mature forms of the same miRNAs were induced simultaneously;
miR-155 peaked at 18 h and declined thereafter, reaching the
levels of miR-146a, suggesting that there is an additional, post-
transcriptional level of regulation (Fig. 1B). When macrophages
became endotoxin tolerant, following an established protocol
according to which they become hyporesponsive to a subsequent
LPS stimulation (Supplemental Fig. 1) (13), mature miR-155 and
miR-146a levels were not further increased (Fig. 1B), whereas
their transcripts were only moderately induced (Fig. 1C). These
findings suggested the potential coordinated transcriptional regu-
lation of miR-155 and miR-146a gene expression at the stage of
endotoxin tolerance.

Transcriptional regulation and H3 methylation status of
miR-155 and miR-146a genes in naive and endotoxin-tolerant
macrophages

To evaluate the status of the transcriptional machinery of miR-155
and miR-146a genes at the endotoxin-tolerant state of macro-
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and pri-miR-146a were measured in stimulated RAW264.7 macrophages with LPS for the indicated time course. (B) The mature forms of miR-155 and
miR-146a were measured in stimulated RAW264.7 macrophages with LPS for the indicated time course. (C) Steady-state RNA levels of mature miR-155
and miR-146a were measured in naive, in 2-h-LPS—activated, in endotoxin-tolerant, and in endotoxin-tolerant RAW?264.7 macrophages restimulated for 2 h
with LPS. (D) Pri-miR-155 and pri-miR-146a levels were measured in 2-h-LPS—-activated, in endotoxin-tolerant, and in endotoxin-tolerant RAW?264.7
macrophages restimulated for 2 h with LPS. Results represent three independent experiments (* SD). **p = 0.01, ***p = 0.001 compared with unsti-

mulated or tolerant macrophages.

phages, we assessed the binding of RNA Polymerase II to their
respective regulatory sequences using ChIP assays. RNA Poly-
merase II binding was augmented after 2-h LPS activation of naive
macrophages and was reduced in tolerant or LPS-restimulated
tolerant macrophages (Fig. 2A), in accordance with the reduced
transcription of these miRs. Accordingly, trimethylation of K4 of
histone H3 (H3K4me3), a mark associated with transcriptionally
active chromatin was increased upon LPS stimulation of naive
macrophages on both miR-155 and miR-146a promoters (Fig. 2B).
H3K4me3 levels dropped upon LPS restimulation of tolerant
macrophages, supporting a negative regulation of miR expression at
that stage. In agreement with this observation, trimethylation of K9
of H3 (H3K9me3), found in silenced chromatin, was increased in
the tolerant state and then dropped upon LPS restimulation
(Fig. 2C).These findings show that both miRs obtain the activation
mark H3K4me3 at the initial activation stage, whereas at the stage
of endotoxin tolerance, both miR promoters were occupied by the
repressive mark H3K9me3. Upon LPS restimulation of endotoxin-
tolerant macrophages, the ratio H3K4me3 to H3K9me3 did not
change, whereas both active and repressive histone methylation
marks were reduced.

To identify transcription factors likely involved in the regulation
of both miR-155 and miR-146a transcription, we analyzed their
promoter regions, based on published data (10, 50, 51) and on
relevant software (Genomatix, Rvista, Patch) (Fig. 3A). Both reg-
ulatory sequences included putative NF-kB and C/EBP( binding

sites. ChIP experiments revealed that binding of p635, the activation
component of the NF-kB complex, increased upon LPS-stimulated
macrophages and not in LPS-tolerant macrophages. However, p50,
the inhibitory component of the NF-kB complex, was bound on
both promoters at the stage of endotoxin tolerance, but not upon
LPS treatment of naive macrophages (Fig. 3B, 3C). C/EBPp, a
transcription factor associated with both transcriptional activation
and suppression, including silencing of miR-155 (52, 53), was
bound on the promoter of both miRNA genes in the naive state.
C/EBPg binding was reduced upon LPS activation only on the miR-
155 promoter, and it occupied both miR-155 and miR-146a pro-
moters in tolerant and restimulated tolerant macrophages (Fig. 3D).
Knockdown of C/EBP in RAW264.7 cells (Supplemental Fig. 2A)
resulted in upregulation of pri-miR-155 and pri-miR-146a in
endotoxin-tolerant macrophages, indicating that C/EBPp participates
in transcriptional suppression complexes at the stage of LPS tolerance
(Fig. 3E). Furthermore, C/EBPf depletion resulted in increased
TNF-a secretion upon LPS stimulation, supporting the role of
C/EBPp as a negative transcriptional regulator (Supplemental Fig. 2B).

Monoallelic colocalization of miR-155 and miR-146a gene loci
in endotoxin-tolerant macrophages

Gene transcription can be coordinately regulated via the same
transcription complex when two gene loci are found in close
proximity (43). Because both miRNAs were regulated by the same
transcription factors and responded similarly to LPS at the stage of
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FIGURE 2. H3 methylation status of miR-155 and miR-146a genes in naive and endotoxin-tolerant macrophages. Cell lysates from RAW264.7 mac-
rophages at the naive state, following 2-h LPS activation, at endotoxin-tolerant state, and following 2-h LPS activation of endotoxin-tolerant cells were used
in ChIP experiments with an mAb directed to (A) RNA Polymerase II, (B) H3K4me3, and (C) H3K9me3. Precipitated DNA was amplified using primer
pairs against a region of the miR-155 and miR-146a promoters. All H3K modifications were normalized against total levels of H3. Results represent three
independent experiments (+ SD). *p = 0.05, **p = 0.01, ***p = 0.001 compared with unstimulated macrophages; ?p = 0.05, #p = 0.01 compared with cells

activated with LPS for 2 h.

endotoxin tolerance, we examined whether miR-155 and miR-
146a gene loci come in close proximity. For this purpose, we
analyzed the subnuclear localization pattern of the gene loci for
miR-155/bic and miR-146a, which are located on mouse chro-
mosomes 16 and 11 respectively, by DNA FISH. Assessment of
the percentage of cells bearing colocalized FISH signals of the
two miR loci based on the distance between the two FISH signals.
The results showed that the aforementioned loci came into prox-
imity upon endotoxin tolerance in RAW?264.7 macrophages, and
this colocalization became even more prominent in LPS-
restimulated tolerant macrophages (Fig. 4A), suggesting inter-
chromosomal association. The observed differences in the per-
centage of cells harboring colocalized miR-155 and miR-146a
alleles were not due to differences in the cell volume, because this
was not found to decrease at the LPS-tolerant stage (Supplemental
Fig. 3A). The observed colocalization of the two loci was mono-
allelic in the conditions analyzed (Fig. 4A), indicating that only
one of the two alleles of each miRNA locus participates in this
association. Analyzing the subnuclear localization pattern of gene
loci for let-7e, an miRNA known to participate in macrophage
activation and endotoxin tolerance, no colocalization with miR-155
gene locus was observed, indicating that the association of
miR-155 and miR-146a is specific rather than coincidental
(Supplemental Fig. 3B). In addition, FISH analysis of miR-155,
miR-146a, and TNF-a, a cytokine gene known to be silenced at
the stage of endotoxin tolerance, did not reveal colocalization of

the TNF-a locus with any of the miRNA genes (data not shown),
suggesting that associations may be restricted to certain groups of
genes.

Although biallelic gene expression can be considered the default
state, several cases have been reported where genes are transcribed
only from one of the two alleles, whereas the other remains in a
heterochromatic inactive state (54-57). To determine the allelic
expression profile of miR-155 and miR-146a, we performed RNA-
DNA FISH experiments in naive, 2-h LPS-stimulated, endotoxin-
tolerant and LPS-restimulated, endotoxin-tolerant RAW264.7
macrophages, detecting either the miR-155 transcript (RNA) and
the primary miR-155 gene locus (DNA) or the primary miR-146a
transcript (RNA) and the miR-146a gene locus (DNA) (Supple-
mental Fig. 3C). We measured the percentage of cells expressing
miR-155 or miR-146a from one or both alleles. We found that the
monoallelic-to-biallelic expression ratio of miR-155 and miR-
146a was increased upon induction of endotoxin tolerance. The
percentage of cells with biallelic expression of miR-155 and miR-
146a was significantly reduced from 25 to 2% and 20 to 4.5%,
respectively (Supplemental Fig. 3D, 3E). To examine whether the
interchromosomal association of the two miR loci occurred in
transcribed or silenced alleles, we performed RNA-DNA FISH
experiments simultaneously detecting the miR-155 or miR-146a
primary transcript together with the miR-155 and miR-146a gene
loci (Fig. 4B, 4C). The results showed that colocalization occurred
primarily between alleles that were not transcribed, which was
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more prominent when endotoxin-tolerant cells were restimulated
with LPS (Fig. 4B, 4C). This observation indicated that the close
proximity of miR-155 and miR-146a gene loci resulted in si-
lencing of miRNA transcription.

The reduction of miRNA expression in endotoxin-tolerant cells
was greater than what can be accounted from silencing one allele,
suggesting that transcription from the noncolocalized allele may
also be suppressed and remain in a state of low expression. At the
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stage of endotoxin tolerance, binding of the transcriptional re-
pressors C/EBP and NF-kB p50 was increased, whereas binding
of the transcriptional activator NF-kB p65 was decreased. Ac-
cordingly, in endotoxin-tolerant cells, the ratio of p65/p50 bound
on miR-155 locus decreased 11-fold and the same ratio decreased
6-fold on miR-146a locus (Supplemental Fig. 4A). Therefore, the
NF-kB complexes in endotoxin-tolerant cells favored the inhibi-
tory p50 isoform, suggesting that the alleles that are not colo-
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FIGURE 4. Monoallelic colocalization of miR-155 and miR-146a gene loci. (A) DNA FISH experiments were performed in naive, in 2-h-LPS—activated, in
endotoxin-tolerant, and in endotoxin-tolerant RAW264.7 macrophages restimulated for 2 h with LPS, for the detection of miR-155 and miR-146a gene loci.
Graphs depict the percentage of cells harboring miR-155 and miR-146a gene loci colocalization. The measurements were performed in three-dimensionally
preserved cell nuclei, and 1000 cells were scored totally in three independent experiments for each state (= SD). ***p = 0.001 compared with unstimulated
macrophages. Scale bar, 2 uM. (B and C) RNA-DNA FISH experiments performed in naive and endotoxin-tolerant RAW 264.7 macrophages with a subsequent
exposure to LPS for the simultaneous detection of either the nascent miR-155 gene transcript and the miR-155 and miR-146a gene loci or the nascent miR-146a
gene transcript and miR-155 and miR-146a gene loci. Arrows have been added to highlight miR-146a staining. Scale bar, 2 wWM. Graphs depict the percentage of
endotoxin-tolerant and restimulated macrophages with miR-155 and miR-146a gene loci colocalization, monitoring in parallel the transcription status of the locus.
The measurements were performed in three-dimensionally preserved cell nuclei, and 500 cells were scored in total in 3 independent experiments for each state.

calized were also affected. The transcriptional repressor C/EBPB also suggesting that this change may also affect the alleles that are
was increased 3-fold on both promoters at the stage of endotoxin not colocalized. Thus, changes on transcription factor binding
tolerance (Fig. 3D), when compared with LPS-stimulated cells, observed at the stage of endotoxin tolerance may not be restricted
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to the colocalized allele but also affect the noncolocalized allele,
allowing reduced levels of expression.

Colocalization of miR-155 and miR-146a gene loci is not
induced in Akt1~'~ macrophages

To extend the aforementioned observations to primary cells, we
used thioglycollate-elicited and LPS-stimulated peritoneal mac-
rophages (TEPMs) from C57BL/6 mice. Restimulation of tolerized
wild type (WT) TEPMs resulted in reduced expression of both the
mature (Fig. 5A, left panel) and the microRNA transcripts
(Fig. 5B, right panel) of miR-155 and miR-146a (Fig. 5A, 5B).
Similar to RAW264.7 cells, in TEPMs, colocalization of the two
miRNA loci at the stage of endotoxin tolerance was associated
with transcriptional silencing because the colocalized alleles did
not express their miRNA transcripts (Fig. 5C).

miR-146a AND miR-155 ARE COORDINATELY REGULATED

When Aktl ™/~ TEPMs were used as a genetic tool for abro-
gation of endotoxin tolerance (1) (Supplemental Fig. 4B), pri-
miR-155 was more potently upregulated in response to secondary
LPS stimulation, compared with WT macrophages (Fig. SD). Fur-
thermore, LPS-restimulated endotoxin-tolerant WT macrophages
displayed enhanced induction of pri-miR-146a compared with Aktl 7/~
macrophages (Fig. 5SE). The overall levels of pri- and mature
miR-146a were lower in Aktl ~/~ macrophages, possibly due to the
fact that they do not develop endotoxin tolerance (Supplemental
Fig. 4C). To verify that the transcriptional machinery regulating
transcription of these miRNAs is the same in primary macrophages
as in RAW264.7 cells, we performed ChIP experiments to detect
the recruitment of NFkBp65 and C/EBPB on miR-155 and miR-
146a regulatory elements. NFkBp65 was bound on both pro-
moters upon LPS activation of primary naive macrophages, which
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FIGURE 5. Differential expression profile of miR-155 and miR-146a in TEPMS of Aktl '~

miR-155 (A) and miR-146a (B) was measured in naive, in 2-h-LPS—activated, in endotoxin-tolerant, and in endotoxin-tolerant primary TEPMs from WT
mice restimulated for 2 h with LPS. (C) RNA-DNA FISH experiments performed in 2-h-LPS—activated and endotoxin-tolerant TEPMs for the simultaneous
detection of either the nascent miR-155 gene transcript and the miR-155 and miR-146a gene loci or the nascent miR-146a gene transcript and miR-155
and miR-146a gene loci. Graph depicts the percentage of LPS-activated and endotoxin-tolerant macrophages with miR-155 and miR-146a gene loci,
monitoring in parallel the transcription status of the locus. The measurements were performed in three-dimensionally preserved cell nuclei, and 500 cells
were scored in total in 3 independent experiments for each state. Scale bar, 2 WM. (D and E) Expression of pri-miR-155 and pri-miR-146a was measured
in WT and Akt] '~ macrophages at the stage of endotoxin tolerance and after secondary LPS stimulation. Results represent three independent experiments

(= SD). *%p = 0.01, **¥p = 0.001.

mice. Expression of mature and microRNA transcripts of
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FIGURE 6. Differential regulation of NF-kB and C/EBPB in TEPMs from Aktl /™ mice. Cell lysates from primary TEPMs at the naive state, following
2-h activation with LPS, at the endotoxin-tolerant state, and following 2-h activation with LPS of endotoxin-tolerant cells from WT or Aktl ™' mice were
used in ChIP experiments using mAbs directed to NFkBp65 (A and B) and C/EBP (C and D). Precipitated DNA was amplified using primer pairs against
regions of the miR-155 and miR-146a promoters. Results represent three independent experiments (= SD). *p = 0.05, **p = 0.01, ***p = 0.001 compared

with unstimulated macrophages.

was abrogated in LPS-restimulated, endotoxin-tolerant cells. In
Akt1 ™"~ macrophages, NFkBp65 was still recruited to the promoters
of miR-155 and miR-146a genes (Fig. 6A, 6B, left panel), in ac-
cordance with their active transcription state. C/EBPB was bound
on both promoters of endotoxin-tolerant and restimulated tolerant
WT macrophages, but not in Aktl~’~ cells (Fig. 6C, 6D, right
panel), further confirming its contribution in suppressing the ex-
pression of these miRs. According to the different expression
profile of pri-miR-155 and pri-miR-146a, and altered NF-kB/p65
and C/EBPB binding on their promoters in Aktl '~ macrophages,
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no increase in the colocalization of miR-155 and miR-146a gene
loci was observed. This finding further supports the significance of
this association at the endotoxin-tolerant stage (Fig. 7A, 7B). All
changes observed in these two gene loci are described in Fig. 8.

Discussion

Endotoxin tolerance occurs to protect the organism from hyper-
activation of innate immune responses, rendering macrophages
hyporesponsive to subsequent stimuli. During sepsis or other major
inflammatory stresses, a carefully orchestrated balance between

DAPI DNA

miR-155

DNA
miR-146a

Merge

AKT1/-
TEPMS
nalve

AKT1-/-
TEPMS
2hLPS

AKT14-
TEPMS

TEPMS
Tolerlzed+2h LPS Tolerlzed

AKT1-/-

DNAFISH
2 40 -
2
®E
£5 %01 T
s ®
EH
- ® 20-
-]
22 0
88
s 0 ‘
P

naive 2hLPS tolerized tolerized + 2h LPS

FIGURE 7. Colocalization of miR-155 and miR-146a is not induced in Aktl '~ macrophages. (A and B) DNA FISH experiments were performed in cell
lysates from primary TEPMs at the naive state, following 2-h activation with LPS, at the endotoxin-tolerant state, and following 2-h activation with LPS of
endotoxin-tolerant cells from WT (A) or Aktl ™/~ (B) mice for the detection of miR-155 and miR-146a gene loci. Graphs depict the percentage of TEPMs
harboring colocalized miR-155 and miR-146a alleles. The measurements were performed in three-dimensionally preserved cell nuclei, and 500 cells were
scored in total in 2 independent experiments for each state (= SD). Scale bar, 2 uM. **p = 0.01, ***p = 0.001 compared with unstimulated macrophages.
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FIGURE 8. miR-155 and miR-146a share common regulatory events during macrophage activation and development of endotoxin tolerance. (A)
Schematic representation of transcription factor binding and histone modification at the activation and endotoxin tolerance stages. (B) At the naive state,
C/EBPR and p50 were bound on the promoter of both miRNA genes. Upon LPS treatment, the transcription is induced from one or both alleles, which are
marked with H3K4 trimethylation, and NF-kB—p65 was recruited while C/EBP binding was reduced. At the stage of endotoxin tolerance, one of the two
alleles of each gene came into proximity conferring transcriptional silencing. C/EBPB and NfkB-p50 occupied both miR-155 and miR-146a promoters in
tolerant and restimulated tolerant macrophages, which were primarily marked by H3K9 trimethylation.

proinflammatory and anti-inflammatory mediators within the host
organism is necessary to counteract and restore homeostasis.
Deregulation of the balance between inflammatory response and
tolerance can be lethal either through uncontrolled excessive in-
flammation leading to sepsis and extensive tissue damage or failure
to defend against infectious organisms.

Development of endotoxin tolerance is characterized by sig-
nificant changes in gene expression, chromatin structure, and
histone modifications (58). Such global changes must be coor-
dinated to ensure timely gene expression and limit energy and
resource expenditure in the cell. At the signaling level, endotoxin
tolerance involves suppression of TLR4 signals via negative
regulatory proteins, anti-inflammatory cytokines/mediators, and

miRNAs. miR-155 and miR-146 play an essential role in this
process. Although mir-155 contributes to the initial activation by
targeting negative regulators of TLR signals (1), in the endotoxin
tolerance phase it is involved in the negative regulation of
macrophage activation partly by targeting TAB2, a mediator of
IFN signaling (59). In contrast, miR-146a primarily contributes
to suppression of activation signals and the development of en-
dotoxin tolerance (13, 48, 49), and cooperates with miR-155 (9).
In this article we demonstrate that at the stage of endotoxin
tolerance these two miRNAs are regulated in a coordinated
fashion that involves not only the same transcription factors and
histone methylation marks, but also an intricate mechanism of
monoallelic silencing.
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Development of endotoxin tolerance in macrophages requires
global changes in gene expression, which is reflected in global
changes of H3 methylation. According to these changes, genes that
are expressed acquire activatory H3 methyl marks, such as K4me3,
and ones that require to be silenced acquire repressive methyl
marks on H3, such as K9me3. In this study, we demonstrate that
upon initial LPS stimulation, both miR genes were activated and
acquired H3K4me3 marks (30). At the endotoxin-tolerant state,
reduced H3K4me3 and increased H3K9me3 levels were observed
at their promoters, indicating a silencing event (60). This is in
agreement with genome-wide analysis showing loss of H3K4me3
marks from selected genes upon development of endotoxin tol-
erance (33, 34). Transcription of both miR-155 and miR-146a is
regulated by the NF-«kB transcription complex (10, 14). In this
study, we demonstrated that whereas the p65 subunit of NF-kB
was bound on their regulatory elements at the initial activation
stage, LPS restimulation of endotoxin-tolerant macrophages re-
sulted in recruitment of NFkBp50, which is known to suppress
transcription (61). In accordance with our findings, pSO/NF-«B
has previously been implicated in controlling macrophage inac-
tivation and tolerance (62).

C/EBP was also found to bind on both promoters at the stage
of endotoxin tolerance, and its presence was vital to suppress
transcription of these genes. It is involved in both transcriptional
activation and suppression, and recent evidence has implicated
C/EBP@ in the transcriptional silencing of miRNAs such as let-7i,
miR-145, and miR-155 (53, 63). Accessibility of promoters to
C/EBP depends on H3 methylation status at the C/EBP( binding
region, as demonstrated previously (64, 65). Indeed, H3 methyl-
ation was detected in the proximal region of the miR-155 and
miR-146a promoters (Fig. 8A). C/EBP@ has been shown to in-
teract with the SWI/SNF nucleosome-remodeling complex, pro-
tein arginine N-methyltransferase-4 (66), which may potentially
affect histone methylation patterns. Moreover, global changes in
macrophage enhancer regions on H3K4 methylation marks partly
depends on C/EBPs, as demonstrated by global nuclear run-on
coupled to deep sequencing analysis (67, 68). These studies in-
dicate a close association of H3 methylation changes and C/EBP
binding, which may also apply on miR-155 and miR-146a pro-
moters. Akt signaling regulates miRNA expression in macro-
phages (1, 47, 48, 53), although it has been demonstrated to
regulate C/EBP[3 activation either via direct phosphorylation (53),
or indirectly via GSK3 (69) or p300/CBP (70). Interestingly, even
though restimulation of endotoxin-tolerant macrophages with LPS
induced binding of p65 and not of CEBPB in Aktl '~ macro-
phages, induction of pri-miR-146a was lower in the absence of
Aktl. This finding suggests that at that stage an alternative tran-
scriptional repressive mechanism exists, which depends on Aktl
and affects miR-146a, but not miR-155.

Transcriptional regulation of genes can occur in a coordinated
manner to ensure simultaneous regulation. For this purpose, gene
loci come in proximity and are regulated by the same transcrip-
tional machinery (71). mir-155 has been previously shown to
participate in such transcription factories upon TNF-a stimulation
(72). In this study, we demonstrated that miR-155 and miR-146a
gene loci came into proximity at the stage of endotoxin tolerance.
In addition, we showed that the associated alleles of miR-155 and
miR-146a were not transcribed, suggesting a common silencing
mechanism. In endotoxin-tolerant cells, expression was restricted
mainly to one allele and biallelic expression was significantly
reduced. Further confirmation of the significance of the associa-
tion between miR-155 and miR-146a comes from the observation
that in Aktl ™~ macrophages, which fail to develop endotoxin
tolerance (1), the association of these gene loci is not induced.
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Overall, these results demonstrate a coordinated mechanism reg-
ulating the expression of miR-155 and miR-146a genes. Upon LPS
treatment, the transcription is induced from one or both alleles, which
are marked with H3K4 methylation and NF-kB-p65 recruitment.
However, at the stage of endotoxin tolerance, one of the two alleles
of each gene comes into proximity in a silencing environment
(Fig. 8). Hence, our findings support the importance of coordinated
regulation at the three-dimensional chromatin space of gene loci
harboring miRNAs, during endotoxin tolerance. This mechanism
may not be restricted to miR-155 and miR-146a but may apply to
additional groups of genes that contribute to the same biological
condition. Elucidating the molecular mechanisms that orchestrate
endotoxin tolerance might lead to modulation of macrophage re-
sponses and the development of therapeutic interventions.
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