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ABSTRACT

To understand the epigenetic regulation of tran-
scriptional response of macrophages during early-
stage M. tuberculosis (Mtb) infection, we per-
formed ChIPseq analysis of H3K4 monomethylation
(H3K4me1), a marker of poised or active enhancers.
De novo H3K4me1 peaks in infected cells were asso-
ciated with genes implicated in host defenses and
apoptosis. Our analysis revealed that 40% of de
novo regions contained human/primate-specific Alu
transposable elements, enriched in the Alud and S
subtypes. These contained several transcription fac-
tor binding sites, including those for members of
the MEF2 and ATF families, and LXR and RAR nu-
clear receptors, all of which have been implicated in
macrophage differentiation, survival, and responses
to stress and infection. Combining bioinformatics,
molecular genetics, and biochemical approaches, we
linked genes adjacent to H3K4me1-associated Alu
repeats to macrophage metabolic responses against
Mtb infection. In particular, we show that LXR« sig-
naling, which reduced Mtb viability 18-fold by altering
cholesterol metabolism and enhancing macrophage
apoptosis, can be initiated at response elements
present in Alu repeats. These studies decipher the
mechanism of early macrophage transcriptional re-
sponses to Mib, highlighting the role of Alu element
transposition in shaping human transcription pro-
grams during innate immunity.

INTRODUCTION

Transcription factors (TFs), and the gene transcription pro-
grams they control, integrate the molecular events and
signaling pathways controlling the state of a cell under
a variety of physiological and pathophysiological con-
ditions. In this regard, expression profiling studies re-
vealed that infection of macrophages with the intracellu-
lar pathogen Mycobacterium tuberculosis (Mtb) induced
widespread changes in host gene transcription within 24
h (1). These early host responses are particularly impor-
tant as epidemiologic evidence supported by genetic stud-
ies suggests that Mtbh can be eliminated before establish-
ment of long-term infection (2). Here, for the first time in
Mtb-infected cells, we have integrated the results of tran-
scriptomic analyses (1) with ChIPseq profiles of histone H3
lysine 4 monomethylation (H3K4mel), a marker of poised
or active enhancers (3,4). Remarkably, binding sites for sev-
eral TFs highly expressed during Mtb infection were en-
riched in de novo H3K4mel regions only if the data were not
filtered to remove repetitive elements. These transcription
factor binding sites (TFBS) include motifs recognized by
members of the activating transcription factor (ATF) and
myocyte enhancer factor 2 (MEF2) families, and nuclear re-
ceptors liver X receptors (LXRs) and retinoic acid receptors
(RARS), all of which have been implicated in macrophage
survival and cellular responses to stress or infection (5-8).
These motifs were imbedded specifically in the AluJ and
AluS subtypes of the Alu repeat family of transposable ele-
ments (TE) (9).

Alu repeats are ancestral short interspersed elements
(SINESs), whose original insertion in genomic sequences ap-
pears to have occurred shortly after the dawn of the pri-
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mate lineage. They are ~300bp long and are derived from
the 7SL RNA gene, which encodes a component of the pro-
tein signal recognition complex. Alu repeats account for
11% of human/primate genomes (4), and AluJ and AluS
sequences are the most frequent subtypes of the >1 million
Alu repeats distributed throughout the genome. The J and
S subtypes were amplified early in primate evolution and
thus represent classes of old Alu repeats (10). Compared to
younger elements, they are rich in CpG dinucleotides, which
mutate rapidly and contribute a substantial portion of the
single nucleotide polymorphisms in the human genome (4).
There is ample evidence that Alu transposition, recombina-
tion, and expansion have contributed to genome evolution
and changes to gene regulation (11,12). Alu repeats contain
motifs recognized by several transcription factors (TFs) in-
cluding SP1, p53, c-MYC, ANRIL, NF-«kB (13), and previ-
ous work has suggested that they can function as enhancers
(14).

Here, because of its importance in control of Mtb in
vivo (15), we used LXRa, a ligand-regulated nuclear re-
ceptor whose expression is robustly induced during infec-
tion, as a model TF to validate the enhancer function of
Alu repeats. Several complementary approaches revealed
that LXR binding sites in Alu repeats are engaged and
function as bona fide enhancers during infection. More-
over, they are associated with genes implicated in early in-
nate immune and metabolic responses to infection, includ-
ing those controlling metabolism of cholesterol, a critical
carbon source for Mtb replication. These findings are sup-
ported by analysis of independent H3K4mel datasets de-
rived from ChIPseq studies of Mtb-infected primary hu-
man dendritic cells (16) and macrophage differentiation and
stress responses (17). These studies define macrophage tran-
scriptional responses to Mtb infection, and underline the
importance of Alu element transposition as a platform for
shaping human/primate transcription programs in innate
immunity.

MATERIALS AND METHODS
Cell and bacteria culture

THP-1 cells (ATCC@®) TIB-202™) were cultured in RMPI-
1640 with L-glutamine and 25mM HEPES (Wisent®) with
10% FBS. H37Rv (ATCC® 25618™) and H37Ra (ATCC®
25177™) were cultured in Middlebrook 7H9 (Difco®) with
0.05% Tween-80, 0.1% glycerol and 10% ADC enrichment
(BD Biosciences).

Macrophage infections

1 x 10° THP-1 cells were differentiated by 20 nM PMA
for 24 h in RPMI with 10% charcoal-stripped FBS. H37Rv
or H37Ra (OD between 0.2 and 0.8) were resuspended in
RPMI with 10% charcoal-stripped FBS by 10 repeated pas-
sages through a 27 G needle. THP-1 cells were infected with
Mtb at the multiplicity of infection (MOI) of 5 for 4 h. Cells
were washed three times with RPMI, followed by incuba-
tion in RPMI with 10% charcoal-stripped FBS containing
either vehicle DMSO or TO901319 as indicated.

ChIP Assays, ChIPseq and bioinformatics analysis

Biological duplicates of PMA-differentiated infected and
uninfected THP-1 cells (20 x 10° cells) were collected after
1 and 24 h of infection. Cells were fixed by adding formalde-
hyde directly to the medium to a final concentration of 1%
followed by incubation for 20 min at room temperature on
a rocking platform. Cross-linking was stopped by adding
glycine to a final concentration of 0.125 M and incubating
at room temperature for 5 min on a rocking platform. The
cells (20 x 10° cells per condition) were collected by cen-
trifugation (1200 rpm) and washed twice with ice cold PBS.
Cell lysis was performed by adding 1 ml of cell-lysis buffer
(5 mM PIPES-pH 8.5, 85 mM KCI, 1% (v/v) IGEPAL CA-
630, 50 mM NaF, 1 mM PMSF, 1 mM phenylarsine oxide,
5 mM sodium orthovanadate and additional inhibitors) in-
cubating for 30 min on ice and removing cytoplasmic com-
ponents by centrifugation. Nuclear pellets were dissolved in
500 w1 nuclei-lysis buffer (50 mM Tris—HCI pH8.0, 10mM
EDTA, 1% (w/v) SDS, 50 mM NaF, 1 mM PMSF, 1 mM
phenylarsine oxide, 5 mM sodium orthovanadate, and ad-
ditional inhibitors) and incubated 15 min on ice. Lysates
were sonicated on a Bioruptor to a repeated cycle of 10 s
ON and 20 s OFF for 15 cycles, five times to result in DNA
fragments of 200—-600 bp. Cellular debris were removed by
centrifugation. 50 wl of the lysate were diluted 1:10 in ChIP
dilution buffer H from Diagenode kit and 6 pg of specific
antibody and non-specific anti-IgG rabbit were added and
the samples were incubated overnight at 4°C on a rotating
platform. The immunocomplexes were collected using 40 .l
of protein A-beads for 2 h at 4°C with rotation. The beads
were washed then for 4 min in rotating platform with 1 ml
of the following buffers: low salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 150 mM NacCl, 20 mM
Tris—HCI, pH 8.1), high salt wash buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris—
HCI, pH 8.1) and LiCl wash buffer (0.25 M LiCl, 1% NP-
40, 1% sodium deoxycholate, | mM EDTA, 10 mM Tris—
HCI, pH 8.1). Finally, the beads were washed twice with 1
ml TE buffer (1 mM EDTA, 10 mM Tris—HCI, pH 8.0) and
the immune complexes were eluted twice using 200 wl elu-
tion buffer (1% SDS, 100 mM NaHCOj3). The supernatants
were combined and the immune complexes were reverse
cross-linked for at least 6 h at 65°C in the presence of pro-
teinase K (20 mM). DNA was purified using MinElute PCR
Purification Kit from Qiagen. The libraries were then pre-
pared using the Trueseq library kit from Illumina accord-
ing to the manufacture’s recommendations. DNA libraries
for each IP and mock IP (a.k.a. input) were sequenced on
an Illumina HiSeq sequencer. All experiments were per-
formed in biological duplicates (see each corresponding
BED file at http://www.ebi.ac.uk/arrayexpress/experiments/
E-MTAB-3192/) obtaining an average of 60 M reads per
sample using 100 based long reads and ~300 bases insert
size. Reads were mapped to the human genome (hg19) with
BWA 0.5.9-r16 (18) using default settings and converted to
BAM files with SAMtools (19). For each experiment, Chip-
Seq peaks were obtained by comparing the read from the IP
to those from mock IP and calling peaks using MACS 1.4.2
(20), with a fold of at least 2 and 5% FDR. BED files were
annotated and filtered using SnpEff. In a few cases where
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input samples were not available, a pooled input strategy
was used. For histone marks H3K4mel, peaks obtained
in Mtb-infected cells 1h and 24 h but which did not over-
lap those found in uninfected cells were assigned to the set
of VnotN. Peak set operations were performed using Bed-
Tools (21). De novo motif discovery and enrichment was
performed using Homer (software v4.7.2 and annotation
v5.4) with custom nuclear receptor motif matrices based on
RGGTCA or RGKTCA half-sites arranged as direct, in-
verted, and everted repeats (22). The parameter mset was
used to limit the analysis to vertebrate motifs. The analy-
sis was performed with and without TEs/repeat sequence
masking, since these elements can be a source of transcrip-
tion factor binding sites (TFBS) (22-24). Homer motif anal-
ysis used only 200 bp around the peaks to limit the num-
ber of false positive that could come from compositional
bias or low-complexity regions in the >2 kb regions identi-
fied by MACS. Background sequences were generated from
the histone marks sequences with uShuffle using parame-
ters n = 5 and k = 3 (25). GREAT (26) was used to iden-
tify genes near the histone marks regions and GO analysis.
Gene set enrichment analysis was performed using a greedy
algorithm based on Fisher exact test and MSigDb database
(27). Venn diagrams were generated with the Vennerable R
package. Homer and in-house programs were used to screen
the human genome (hgl9) for putative DR2, DR4, MEF2
and ATF sites (28). The ChIPseq data are available on
ArrayExpress accession: E-MTAB-3192 (http://www.ebi.
ac.uk/arrayexpress/experiments/E-MTAB-3192/). The dis-
tribution of regions with ATF1/DR2/DR4/MEF2C sites
within 100 kb of TSS of T09 target genes were calculated
from the distance in GREAT region-gene association ta-
bles with a custom Perl program. The intersectBed bed-
tools program was used to identify sites within Alu from
the hgl9 RepeatMasker annotation track of the UCSC
Genome Browser. The position of the sites within Alu were
calculated from the genomic coordinates of sites and Alu
in the intersectBed results. Primers used for region am-
plification for qPCR validation are listed in Supplemen-
tal Table S11. H3K4mel regions from Mtb-infected and
non-infected dendritic cells were identified with MACS2
v2.1.0.20150731 using the bdgpeakcall command with de-
fault parameters from the supplementary files available in
the NCBI GEO database (accession GSE64175) (Supple-
mentary Tables S4 and S5). The published epigenomic clus-
ters of monocytes and macrophages for the analysis done
for Supplementary Tables S6 and S7 were taken from the
Supplementary Table S4 from (17). For statistical analysis
of the association of H3K4mel regions with TEs, the Ge-
nomic Association Tester (GAT) tool was used to estimate
with 10 000 simulations the probability to obtain a simi-
lar overlap by chance between H3K4mel regions and TEs
(Supplementary Table S2) (29).

RNNA extraction, reverse transcription and gPCR /microarray

RNA extraction was performed with Trizol (Invitrogen®)
as per manufacturer’s instructions. The samples were then
treated with DNase (RQ1 from Promega) for 30 min at
37°C. RT was performed with iScript cDNA Synthesis Kit
(Bio-Rad®) from 500 ng pure RNA and qPCR was per-
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formed with Fast Universal mix (Roche®), on a 1/50 di-
lution, normalized to 18S, EEIFIAI, ACTB (beta-actin)
and/or GAPDH RNA levels as required by the MIQE
guidelines. Primers used are listed in Supplementary Ta-
ble S11. gPCR were performed on a LC96 machine from
Roche and analyzed on the associated software. Microar-
rays were performed using Human Gene 2.0 ST arrays
(Affymetrix@®)) at the Innovation Center of Genomics at
McGill University. Flexarray v1.6.3 software (URL http:
/lgenomequebec.mcgill.ca/FlexArray) was used to normal-
ize chip signal using the Affymetrix Power Tools Robust
Multi-Array Average algorithm. The EB (Wright and Si-
mon) algorithm (30) was used for statistical analysis to
calculate fold transcript. The networks and pathway anal-
ysis were generated through the use of QIAGEN’s Inge-
nuity Pathway Analysis (IPA® QIAGEN Redwood City,
www.qiagen.com/ingenuity). The microarrays results were
validated by performing RT-qPCR following the MIQE
guideline requirements.

eRINA detection and 3C assays

For detection of eRNAs, experiments were performed as de-
scribed above. Briefly, THP-1 cells were infected for 4h with
H37Ra ata MOI of 5, followed by 24 h of treatment with ve-
hicle (DMSO) or TO901317 (20 nM) and RNA extraction.
Reverse transcription (Roche kit) was performed using ran-
dom hexamers only, and cDNAs were used directly without
dilution for qPCR detection of putative eRNAs in the SCD
intergenic region, using multiple set of primers (Supplemen-
tary Table S11). For ChIP 3C experiments, 20 million THP-
1 were seed and differentiated per condition, for 24 h with
10~8 M of PMA. Then, cells were infected with H37Ra at a
MOI of 5, for 4 h and washed three times prior to treatment
with vehicle or TO901317 as indicated for 24 h. Then, as
for a regular ChIP, cells were crosslinked with 1% formalde-
hyde for 20 min, and quenched with 125 mM glycine. Cells
were gently lysed with a 3C buffer (100 mM Tris, 100 mM
NaCl, 0.5% NP40, protease inhibitor) for 60 min with oc-
casional swirling. Lysates were sonicated in the restriction
enzyme buffer (cutsmart from New England Biolabs; NEB)
containing 0.3% SDS in order to obtain fragments enrich-
ment with a size below 5 kb. IP with anti-LXR antibody or
IgG were used as indicated and as described previously for
ChIP overnight. Then, the beads were washed prior to 24 h
digestion at 25°C with Apal (NEB), followed by 24 h diges-
tion at 37°C with Psil (NEB). The beads were washed and
resuspended in ligation buffer with or without ligase (NEB)
and incubated overnight at 16°C. Finally, the samples were
decrosslinked with protease K and incubated overnight at
45°C, and DNA were extracted. RNAse (Ambion) treat-
ment were performed for 30 min at 37°C. qPCR were per-
formed with specific primers around the digestion sites (ver-
ification of digestion) and the ligation site (3C product),
and ChIP efficiency were determined with the primers al-
ready used and validated for ChIP in DR4 within Alu re-
peats (Supplementary Table S11).
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Western blots

Protein extracts from THP-1 cells were processed for West-
ern blotting (Lysis with RIPA buffer, cycles of freezing
—80°C/defreezing, and sonication three times 15s ON, 15s
OFF at high power on the bioruptor (Diagenode)) and s%g—
arated on Tris—SDS 5-20% gradient protein gels (Biorad®)
using standard transfer protocol and blotting in TBS-5%
milk for 1 h at RT before incubating O/N at 4C with the
primary antibody. Then classic protocols of washing were
used, Luminata Crescendo or Luminata Forte (Millipore®)
ECL or Femto ECL (Pierce) were used to reveal the WB de-
pending on the signal.

Antibodies and reagents

Anti-LXRa (ab41902 Abcam), anti-ATF1 (sc270, Santa
Cruz), anti-ATF3 (scl188, Santa Cruz), anti-ATF5
(sc377168, Santa Cruz), anti-RXRA (sc553, Santa
Cruz), anti-RARA (sc551, Santa Cruz), anti-MEF2A
(ab7606. Abcam), anti-MEF2C (ab64644, Abcam), anti-
LC3 (NB100-2220, Novus), anti-B-actin (sc-1616, Santa
Cruz), anti-H3K27ac (ab4729),anti-NCoR (ab24552), anti-
KAT3B/p300 (ab14984), anti-KAT13A/SRC1/NCoAl
(ab84), anti-H3K4mel (ab8895, abcam), anti-PPAR<y
(ab41928, Abcam), anti-Mtb-FITC (ab20962, Abcam),
anti-rabbit Alexa647 (A-21245, Life Technologies), Prolong
Gold with Dapi (Life Technologies), anti-rabbit-Alexa488
(Life Technologies), Bodipy 493 (Life Technologies).
TO901317, ATRA and BAX Inhibiting Peptide V5 were
bought from Sigma and resupended in DMSO. Nelfinavir
(Nel) and Ritonavir (Rit) were obtained through the AIDS
Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Dis-
eases. Auto Histone ChIP-seq Kit (Protein A) was bought
from Diagenode.

CFU assay and antimicrobial quantification

At indicated time points, tissue culture plates were scrapped
directly with the medium, then the medium was centrifuged
to pellet any liberated mycobacteria at 3220 x g for 20 min.
Medium was aspirated and macrophages were lysed with
water for 5 min, after which an equal volume of 2 x
7TH9 with 0.1% Tween-80 was added. Samples were vig-
orously resuspended by repeated passages into 27 G nee-
dle and plated on Middlebrook 7H10 (Difco) with 10%
OADC enrichment (BD Biosciences). To assess Mtb viabil-
ity from infected monocytes, we used the real-time PCR—
based method, comparing 16S rRNA to genomic DNA for
assessing the viability of bacteria, as previously described
(31). For experiments with cholesterol efflux inhibitors, Ri-
tonavir (30 pM) or Nelfinavir (10 wM) were added to
medium 20 min prior to addition of TO901317 (20 nM), as
described (31). Infected cells were harvested for mycobacte-
rial DNA and RNA content 3 days later.

Human macrophage isolation and treatment

Following informed written consent, blood was drawn
from healthy adult males. Peripheral blood mononuclear
cells (PBMCs) were isolated as previously described (1).

Macrophages were treated with GM-CSF in order to allow
the differentiation in macrophages for 3days. Protocols for
the collection of blood for research purposes were approved
by New England Institutional Review Board.

Microscopy and quantification

Following 4% paraformaldehyde fixation during 15 min,
cells were washed with PBS twice. Cells were then perme-
abilized with 0.1% Triton X-100 for 5 min and incubated
in PBS-0.2% BSA for an additional 5Smin. Primary anti-
body at the right concentration is incubated at 37°C for 1 h
in a humidified chamber in phosphate-buffered saline with
the addition of 1% BSA. Following three washes, cells are
incubated with the secondary antibody coupled to a spe-
cific fluorophore during 45 min at RT in the dark. Slides
were mounted in ProlongGold containing DAPI (Life tech-
nologies) and observed with a Zeiss Axiovert X100 bright
field microscope or a Zeiss LSM750 x 100 confocal micro-
scope. Images were acquired with Zen or Axiovision soft-
ware. Quantification of size, intensity and number of spots
corresponding to LD has been done with Metamorph5.0
and the figures mounted with Photoshop (Adobe) and Im-
agel. Images processing and analysis for this manuscript
was performed in the McGill University Life Sciences Com-
plex Advanced Biolmaging Facility (ABIF).

Apoptosis and necrosis assays

The Cell death Elisa Plus detection kit from Roche was used
and performed at 24 or 72 h after infection, as indicated,
on the cells for apoptosis detection or on the supernatants
for necrosis detection. The experiment has been done with
the attenuated and the virulent strain of Mtbh due to their
difference in host cell death induction.

Statistical analysis

Student’s ¢-test or one-way ANOVA were performed where
indicated using GraphPad software.

RESULTS

Regions of de novo H3K4 monomethylation in Mtb-infected
cells are enriched for Alu repeats of the J and S subtypes

To decipher the transcriptomic responses of human
macrophages within the first 24 h of H37Rv infection, we
analyzed by ChIPseq the genome-wide profiles of the en-
hancer marker H3K4mel. 99 023 H3K4mel regions were
mapped in uninfected differentiated THP-1 macrophages,
with a mean peak size of ~2.7 kb, whereas in infected cells,
45 802 regions were identified, with an average peak size of
3.6 kb. The reduced number of peaks in infected cells oc-
curred in spite of the fact that the number of sequence reads
was not significantly different between the two conditions
(Supplementary Table S1), and is thus consistent with tran-
scriptional reprogramming in response to infection. Of the
45 802 peaks in infected cells, 4038 represented regions of
de novo monomethylation, in agreement with an ~10% ra-
tio of dynamic to stable H3K4mel regions seen in studies
of macrophage priming (17).



While genes associated with any of the 45 802 H3K4mel -
enriched sites in infected cells (V) may be of physiological
significance, we focused initially on the 4038 de novo regions
(VnotN) observed in infected cells but not in non-infected
cells (N) (Figure 1A), as they should contain enhancers en-
gaged shortly after Mtb infection. In this regard, induction
of toll-like receptor (TLR) signaling prompted macrophage
transcriptional responses through a combination of existing
enhancers and de novo regions of H3K4 monomethylation
(32). De novo peaks in our dataset were most concentrated
at proximal promoter sequences (<10 kb upstream) or in
first or middle introns, (Figure 1B), in agreement with their
implication in transcriptional regulation. Moreover, genes
proximal to de novo peaks identified by GREAT (26) were
enriched for loci implicated in human immune defense re-
sponses and cell death pathways (Figure 1C and D), consis-
tent with their roles in innate immune responses to H37Rv.

Analysis of the 4038 de novo H3K4mel peaks using
the motif discovery algorithm HOMER revealed that 40%
(1620/4038) contained human/primate specific TEs. Of
these 1620 regions, repetitive elements corresponded to least
50% of the 200 pb around the center of H3K4mel peaks.
As repetitive elements are abundant in the human genome
(e.g. Alu repeats represent >10% of human genomic DNA),
we performed a statistical analysis of the association of de
novo H3K4mel regions with TEs using GAT (Genome As-
sociation Tester; (29) and Materials and Methods) (Supple-
mentary Table S2). This revealed that Alu repeats of the
older J and S subtypes showed statistically significant en-
richment of 1.5- and 1.46-fold, respectively, in H3K4mel
VnotN peaks compared to chance occurrence if the same
number of genomic regions were chosen randomly. In con-
trast, younger AluY elements were not enriched, and LTR
and LINE elements were depleted (Figure 2A, Supplemen-
tary Table S2; cf. p- and ¢-values). The distributions of the
1620 H3K4mel peaks containing repetitive elements and
all 4038 de novo regions were essentially identical (compare
Figures 1B and 2B), with an enrichment in introns and gene-
proximal locations relative to intergenic DNA. Moreover,
the associated loci were heavily enriched in genes implicated
in host immune responses (Figure 2C), suggesting that the
regions containing repetitive elements contribute to tran-
scriptional responses to infection.

H3K4mel Alu repeats contain TFBS for multiple factors im-
plicated in macrophage biology

To determine whether repetitive elements within H3K4mel
regions contain TFBS, we performed HOMER analysis
with (Supplementary Table S3) and without (Table 1) the
parameter ‘Mask’ to compare sequence data with and with-
out repetitive elements. Note that repetitive element mask-
ing is the default setting generally used in HOMER anal-
ysis of ChIPseq datasets. The scatter-plot representation
showed that multiple TFBS were significantly enriched only
when the TEs were included in the analysis (Figure 2D).
Moreover, there was an enrichment of binding sites for
several TFs implicated in macrophage biology in the un-
masked sequence. These included homeobox proteins and
MEF2 TFs (Figure 2D; Table 1), which are implicated
in macrophage differentiation and survival (5). Microar-
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ray analysis, RT/qPCR and western blotting confirmed the
expression of multiple MEF2 TFs in infected cells (Sup-
plementary Table S4; Figure SIA and B). Also enriched
were motifs recognized by ATFs, which are regulated down-
stream of numerous (patho)physiological stimuli, includ-
ing TLR signaling and responses to infection (6,7). Several
ATFs are expressed in infected cells, and ATFs 3 and 5 are
induced by infection (Supplementary Table S4; Figure S1C
and D), suggesting that ATF motifs in Alu repeats may be
bound by several members of the CREB/ATF family.

Enriched motifs also featured one or more RGGTCA
or RGKTCA (RGG/TTCA) motifs, which correspond to
response elements bound by nuclear receptors. These in-
cluded DR4 motifs (LXREs), high-affinity response ele-
ments for liver X receptor/retinoid X receptor (LXR/RXR)
heterodimers (see below), and DR 2 motifs, which are bound
by retinoic acid receptor (RAR)/RXRs (Figure 2D; Ta-
ble 1). RXRs « and B are expressed in THP-1 cells, as are
all three RARs (Supplementary Figure SIE-H). Everted
repeats separated by a single nucleotide (ER1) were also
present; however, it is not clear whether this configuration
is recognized with moderate or high affinity by nuclear re-
ceptors (8).

In addition, several sites recognized by ETS family mem-
bers were enriched in de novo H3K4mel peaks in either
filtered or unfiltered sequences (Table 1 and Supplemen-
tary Table S3). ETS factors control myeloid and lym-
phoid cell differentiation and are associated with responses
to pathogen stimulation (33). Finally, filtered sequences
were also enriched in DR 1-type response elements, which
are bound by peroxisomal proliferator-activated receptors
(PPARs) with high affinity and by LXRs with moderate
affinity (Supplementary Table S3). PPARy was the most
highly expressed, but its expression was flat or declined dur-
ing infection (Supplementary Figure S11 and J).

We analyzed further the distribution of ATF, MEF2,
RAR (DR2) and LXR (DR4) binding sites present in
H3K4mel regions in our data, and the loci associated these
elements in VnotN and V datasets. All four motifs were
present at conserved positions in AluJ and AluS elements
(Figure 3A), and were similarly distributed with respect to
transcription start sites (TSS; Figure 3B). The majority of
Alu repeats within H3K4mel regions contained more than
one TFBS (476/781, 61% and 3861/5689, 67% in VnotN
and V, respectively; Figure 3C), suggesting that Alu repeats
integrate multiple signaling pathways. There were varia-
tions; whereas the large majority (184/202, 91%) of DR4
motifs were in Alu repeats containing multiple TF motifs,
138/395 (35%) of elements contained isolated DR2 motifs
(VnotN; Figure 3C).

To further validate these findings, we analyzed available
ChIPseq datasets from primary human dendritic cells
infected with Mtb (16) (GEO dataset GSE64175, http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64175)
and from macrophage differentiation and priming (17)
(GEO dataset GSES58310, http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE58310). We used HOMER with
and without filtering for repetitive elements, as above, which
revealed a selective enrichment of TFBS for LXRs, RARs,
MEF2, and ATFs in unmasked datasets, in agreement
with our data (compare Supplementary Tables S5 and S6


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE64175
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58310
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Figure 1. Analysis of H3K4mel peaks in uninfected and H37Rv-infected THP-1 cells. (A) Venn diagram representing the number of H3K4mel peaks in
cells infected with H37Rv (V) and uninfected controls (N). (B) Representation of the genomic distribution of the H3K4mel peaks present in infected but
not uninfected cells (VnotN). (C) Gene Ontology analysis of H3K4mel peaks in VnotN performed with GREAT software. (D) Panther pathway analysis
for H3K4mel VnotN peaks performed with GREAT software.
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Table 1. Motif search in unmasked VnotN H3K4mel peaks from Homer analysis. Results of TF motif search in VnotN H3K4mel peaks from Homer
analysis. Analysis was performed without repeat sequence/TE masking (see Materials and Methods for details). +: weakly expressed, ++: well expressed,
+++: strongly expressed in uninfected THP-1 cells (see (1)). Motifs shaded in pale grey are recognized by various nuclear receptors, whereas those shaded
in darker grey are high affinity sites for LXRs. ATF motifs are shaded in green and MEF2 motifs in white/grey
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Figure 3. De novo H3K4 monomethylation regions within Alu repeats are enriched for specific transcription factor motifs in Mtb-infected cells. (A) Positions
of the centers of ATF, -DR2, -DR4 and MEF2 motifs in Alu repeats located in H3K4mel V regions. The positions of the sites within Alu were calculated
from the genomic coordinates of sites and Alu in the intersectBed results. (B) Distribution of distances of ATF, -DR2, -DR4 and MEF2 motifs located
Alu repeats in VnotN peaks relative to TSS (kb). The distribution of regions with ATF/DR2/DR4/MEF2 sites within 100 kb of TSS of T09 target genes
were calculated from the distance in GREAT region-gene association tables with a custom Perl program. (C) Venn Diagrams representing the number of
Alu repeats containing DR1, DR4, MEF2 and/or ATF motifs located in VnotN (left) or V (right) H3K4mel regions. (D) In depth Panther analysis on
Metabolic Processes (GO:0008152) enriched in Alu/DR4, /DR2, /MEF2, /ATF motifs found in H3K4mel V peaks (Cf. Supplementary Figure S2). The
left-hand pie chart corresponds to level 1 analysis of Metabolic Processes and its distribution in different pathways. The pie chart at right corresponds to
level 2 analysis of primary metabolic processes from the left-hand panel and its detailed distribution into different pathways, notably in lipid metabolism.
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for infected dendritic cells, and S7 and S8 for macrophage
differentiation). The enrichment of DR4 elements, MEF2
and ATF motifs was also retained in analysis of unmasked
subsets of data from the macrophage study (17), including
macrophage differentiation and lipopolysaccharide (LPS)-
induced tolerance (Supplementary Table S9). Collectively,
these data provide strong evidence for the enrichment of
Alu repeats containing TFBS in enhancers associated with
multiple myeloid cell processes, in particular, responses
to infection. The results also validate the importance of
analysis of ChIPseq datasets including repetitive elements,
and suggest that reanalysis of available datasets without
filtering will identify new TFBS.

LXRa binding to cognate motifs in Alu repeats is enhanced
by Mtb infection

We used the GREAT algorithm to identify loci associated
with Alu repeats containing MEF2, ATF, LXR (DR4) or
RAR (DR?2) binding sites. PANTHER analysis of these loci
revealed that 50% of the genes were enriched in metabolic
processes (Supplementary Figure S2). Of the TFs identi-
fied in Alu repeats, nuclear receptors are of particular in-
terest because they are ligand-regulated, which facilitates
analysis of enhancer function. They also represent poten-
tial targets of therapeutic development. DR4 elements are
high-affinity sites for LXR nuclear receptors, whose sig-
naling controls cholesterol and lipid homeostasis. 1053 of
1313 of the DR4-Alu associated loci were linked to pri-
mary metabolic processes, including carbohydrate, protein,
nucleic acid metabolism (Figure 3D, left). The list also in-
cluded 122 genes associated with lipid metabolism (Figure
3D, right). This is intriguing, as intracellular cholesterol
stores in macrophages provide a critical source of carbon
units for Mtb proliferation (34,35). Moreover, animal stud-
ies have shown that LXRa depletion in mice renders them
more susceptible to Mtb infection (15). DR4 elements thus
represent excellent models for validation of the role of TFBS
present in Alu repeats in response to infection.

We probed further the potential role of Alu repeats as
putative binding sites for LXRs, and how LXR signal-
ing within Alu repeats controls M¢h burden. Expression
profiling showed that expression of LXRa, but not re-
lated LXR, is induced in THP-1 cells infected with either
H37Rv or H37Ra [Supplementary Table S4, and (1)]. LXR«
induction during infection was confirmed by RT/qPCR
in infected THP-1 cells and primary human macrophages
(Figure 4A) and by western blotting in THP-1 cells (Fig-
ure 4B). LXR DNA binding to previously characterized
DR4 response elements in the LYRA, ABCGI, ABCAI and
NR4A3 genes, which lie within H3K4me 1 peaks, increased
in H37Ra-infected cells (Figure 4C). Importantly, we also
found that LXRa binds in infected cells to Alu/DR4 el-
ements associated with multiple genes implicated in lipid
metabolism (Figure 4D), whose expression is induced by
LXR agonist treatment (Supplementary Figure S3 and Fig-
ure 4E, and see below). Note that for all of the Alu/DR4
elements tested, the motifs represented only the consensus
LXR binding site in the vicinity of gene. These findings
confirm the capacity of LXRs to recognize DR4 elements
within the context of Alu repeats in Mtb infected cells.

LXRa/RXR heterodimers bind DNA in the absence of
agonist and recruit corepressors NCoR and SMRT (36,37),
whereas agonist binding induces coactivator recruitment
and activation of target gene expression. To analyze the ef-
fects of Mtb infection on the transcriptional status of LXRs,
we performed ChIP analyses for association of NCoR and
the coactivators p300 and NCoAl with LXREs in un-
infected and infected cells. Under conditions where total
LXRa binding to DR4 elements in the LXR, ABCAI, and
ABCG]I genes was elevated in infected cells (Supplementary
Figure S4A), there were no substantial increases in levels of
NCoALl or p300 associated with the same sites (Supplemen-
tary Figure S4A). In contrast, association of NCoR with
the same elements increased to essentially the same degree
as LXR binding (Supplementary Figure S4A). These results
suggest that infection under these conditions is not accom-
panied by an increased production of endogenous LXR ag-
onists. Indeed, we did not observe any substantial regula-
tion of genes encoding the enzymes CYP27A1, CYP46Al,
CH25H and DHCR24 (Supplementary Figure S4B), which
catalyze the formation of endogenous LXR ligands (38,39),
a result confirmed by RT-qPCR (Supplementary Figure
S4C). While the catalytic activities or expression levels of
these enzymes could be regulated post-transcriptionally, the
data taken together indicate that the enhanced expression of
LXRa in infected cells is not accompanied by an increase in
the proportion of agonist-bound receptor under these con-
ditions.

Function of Alu/DR4 elements as enhancers in response to
infection

Several potent LXRa-selective agonists have been devel-
oped, including TO901317, which specifically activates
LXRa at low nanomolar concentrations (40). We used
20nM TO901317, a concentration that does not activate
other receptors such as FXRs (41). Recruitment of NCoAl
and p300 to previously characterized DR4 elements was
substantially increased in TO901317-treated infected cells
(Supplementary Figure S5) in the absence of an increase in
LXRa binding. A similar TO901317-induced recruitment
of coactivators was observed to the DR4 elements located
in Alu repeats within H3K4mel regions adjacent to the
PPARG and SCD genes (Figure 5A). We also observed that
H3K27 acetylation, a marker of active transcription and ac-
tive enhancers, in the same regions was increased by infec-
tion and further enhanced by TO901317 treatment (Figure
5B). As an additional probe for TO910317-dependent en-
hancer function, we screened for production of enhancer
RNAs (eRNAs; (42)) using primer sets centered 500-800
bp upstream of the DR4 adjacent to the SCD gene. This
element was chosen because it lies in an intergenic region
downstream of the SCD gene. This revealed that levels of
eRNAs were significantly elevated in infected cells, and fur-
ther enhanced by treatment with TO901317, consistent with
the function of the Alu-DR4 as an LXR-dependent en-
hancer. Finally, we performed ChIP-3C (Chromatin Con-
formation Capture) assays to test for interaction of the Alu
repeat downstream of the SCD gene with the TSS of the
gene. This revealed an infection- and TO901317-dependent
increase in the association of the Alu repeat region with the
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SCD TSS (Figure 5D). Taken together, these results show
that Alu repeats containing DR4 motifs can function as
bona fide enhancers. Moreover, they suggest that TO901317
treatment should alter macrophage transcriptional and bio-
chemical responses to infection.

LXR agonists reduce Mtb viability through altered choles-
terol metabolism

To confirm the importance of LXR signaling in responses
to infection we tested the effect of TO901317 on Mtb via-
bility. In control experiments, TO901317 added to Mtb cul-
tured in broth 7H9 media had no effect on mycobacterial
growth (Supplementary Figure S6). In contrast, TO901317
treatment of macrophages led to an 18-fold reduction in my-
cobacterial burden after 5 days of infection as measured by
colony-forming units (Figure 6A and B), results supported
by quantification of the ratio of mycobacterial 16S RNA to
total genomic DNA 3 days post-infection (Figure 6C; (43)).

LXR target gene regulation in the presence of TO901317
in THP-1 cells has been characterized (44), but not
in the context of infection. Therefore, we performed
Affymetrix Gene2ST microarrays in THP-1 cells infected
with H37Ra for 24h in the absence or presence of 20nM
TO901317. A total of 254 and 288 genes were up- or down-
regulated, respectively, at least 1.5-fold, (Supplementary
Table S10, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE64335). In addition to the genes tested above
containing Alu/DR4 elements (Figure 4D), we validated
the regulation of several TO901317 target genes by RT-
gqPCR (Supplementary Figure S7A). Pathways analysis
(IPA) of TO901317-regulated genes revealed enrichment for
loci controlling LXR signaling and cholesterol biosynthe-
sis (Figure 6D; Supplementary Figure S7B), consistent with
previously published work (40,45), as well as pathways of
signaling between innate and adaptive immune cells. This
is significant, as the enrichment of lipid metabolic path-
ways in TO901317-regulated genes links LXR signaling in
infected cells to Alu/DR4 elements associated with loci im-
plicated in lipid metabolism (see above and Supplementary
Figure S2). There was very limited overlap between our re-
sults (Supplementary Figure S8) and TO901317-regulated
gene expression profiles already published in differentiated
THP-1 cells (44), which may arise from the lack of Mb in-
fection and differences in ligand concentrations (20nM vs
10uM Cf. (44)) between the two studies.

Previous studies have shown that ablation of LXR expres-
sion increases Mtb burden in vitro and in vivo (15,46). How-
ever, specific metabolic pathways regulated by LXR agonist
signaling in infected cells have not been examined. Among
the genes most highly induced by TO901317 were ABCAI
and ABCGI, which encode cholesterol transporters. Sig-
nificantly, infection and TO901317 combined to synergisti-
cally induce expression of both genes (Figure 6E), as well as
that of ABCG4 and ABCG)5, which have been recently char-
acterized and implicated in cholesterol efflux (47). LXR-
stimulated expression of cholesterol transporters can lead
to elevated efflux of cholesterol (48), a critical carbon source
for replicating Mtb, from macrophages (34). There was a re-
duction in lipid droplet size and intensity of BODIPY stain-
ing for neutral lipids and other nonpolar lipids, a trend to-
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wards reduced numbers of droplets, and a significant reduc-
tion in the total lipid content of droplets in H37Ra-infected
cells (Figure 6F and G). Importantly, the diminution in
the ratio of 16S RNA to total genomic DNA was reversed
by preincubation of TO901317-treated infected cells with
cholesterol efflux inhibitors Ritonavir or Nelfinavir (31).
This data provide first evidence that reduction of choles-
terol stores induced by LXR signaling contribute to its anti-
mycobacterial actions (Figure 6H).

Numerous studies have shown that autophagy plays
a critical role in controlling the viability of intracellu-
lar pathogens such as Mtb (49). We probed the effect of
TO901317 on autophagy in infected cells by analyzing the
colocalization of Mth and LC3II protein, a marker of au-
tophagosomes, 3 days after infection and found no differ-
ences in colocalization or signal intensity (Supplementary
Figure S9A). Macrophage necrosis increased in H37Rv-
infected cells (Supplementary Figure S9B), as expected
(50,51), but TO901317 treatment had no apparent effect
on necrosis in either uninfected or infected cells. However,
TO901317 selectively enhanced apoptosis in H37Rv and
in H37Ra-infected cells, but not in uninfected cells (Sup-
plementary Figure S9C). This finding is important: while
necrosis may facilitate bacterial dissemination and trans-
mission (77), macrophage apoptosis during intracellular in-
fection is bactericidal and contributes to innate immune de-
fenses against Mtb (52), thus providing a mechanism for the
mycobactericidal effects of TO901317 treatment. Indeed,
inhibiting apoptosis with a peptide that blocks BAX activ-
ity (53) completely eliminated the effect of TO901317 on
Mtb viability (Supplementary Figure S9D). These studies
reveal that the phenotypic effects of LXR signaling, driven
in part by LXRa binding to high-affinity response elements
present in Alu repeats, control Mtb viability through alter-
ing cholesterol metabolism and apoptosis.

DISCUSSION

Analysis of the epigenetic changes occurring in
macrophages infected by Mtb has been understudied.
However, such changes can provide a window to discover
novel signaling pathways implicated in host immune
responses, and to understand transcriptomic regulatory
responses under specific pathophysiological conditions.
In this regard, recent studies reported that changes in
DNA methylation patterns can rapidly occur in response
to certain environmental stimuli (54-56), and Pacis et
al. suggested that changes in DNA methylation could
contribute to short-term memory in innate immune cells,
such as dendritic cells (16). Here, we characterized changes
in the H3K4mel profile in H37Rv-infected macrophages.
Our systems biology approach combining bioinformatic
prediction, genomic analysis, and molecular validation
revealed the roles of AluJ and AluS repeats as platforms for
TFBS in host transcriptomic responses to Mtb infection.
We found that, for 40% of de novo H3K4mel in in-
fected macrophages, at least 50% of the 200 bp around
their center could be attributed to human/primate-specific
TEs, predominantly Alu repeats. Several lines of evidence
have suggested a potential role of Alu repeats as sources of
several TFBS (13,23,57). Moreover, bioinformatic analyses
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Figure 6. Analysis of the effects of LXR agonist TO901317 on LXRa target gene regulation in infected cells. (A) Pictures of representative results of
CFU analysis of DMSO- or TO901317- (20 nM) treated THP-1 cells infected with H37Ra for 5 days: dilution 10> of H37Ra spread on 7H10 plates and
incubated for 3 weeks. (B) Quantification of CFU assay results at day 0 and day 5 after infection and treatment, n = 3. (C) Assessment of M1b replication
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(Ingenuity®)) pathway enrichment analysis for genes regulated at least 2-fold by treatment with LXR agonist TO901317. Green is for downregulated genes,
and red is for upregulated genes. (E) RT-qPCR analysis of expression of genes encoding cholesterol transporters ABCAI, ABCGI, ABCG4 and ABCG5
in uninfected (Ni) or H37Ra (Ra)-infected THP-1 cells treated 24 h with DMSO- or TO901317 (20nM). (F) Imaging of Lipid Droplets (LD) in infected
(H37Ra) vs uninfected (NI) THP-1 cells treated with DMSO (veh.) or TO901317, and stained with Bodipy 495/503 and DAPI (Axiovert microscope,
X100 objective). (G) Quantification of LD, by size and intensity, number of LD per cell and the total lipid droplet content in H37Ra-infected THP-1 cells
treated with DMSO or TO901317. Measurement was done on 20 different images for each condition and on at least 10 cells per image. Measurement
and quantification were done using Imaris. **P < 0.05, *P < 0.005. (H) Cholesterol efflux inhibitors Ritonavir (30.M) or Nelfinavir (10 wM) reverse the
antimycobacterial effects of TO901317. Quantification of M1b replication after DNA and RNA extraction was performed by qPCR. Results are represented
as expression of 16SRNA normalized to genomic DNA.



have shown that genes proximal to Alu elements are selec-
tively enriched for H3K4mel marks and are associated with
functional enhancers (14). Analysis of our ChiPSeq data
showed that Alu repeats present in H3K4mel peaks in Mtb-
infected cells contain several putative motifs for TFs central
to macrophage biology. Moreover, they were present in the
vicinity of numerous genes associated with immunity and
metabolic processes. Enriched TFBS included those recog-
nized by members of the MEF2 and ATF families, which
have been implicated in macrophage differentiation, sur-
vival and responses to stress (6,58), as well as binding sites
for LXR and RAR nuclear receptors. These findings were
largely reproduced by analyzing independent H3K4mel
datasets derived from Mtb-infected primary human den-
dritic cells, and macrophages induced to undergo differen-
tiation or responses mimicking infection (16,17). This rein-
forces the robustness of our findings and the implication of
these motifs in a broad range of myeloid cell responses.

Analysis of loci associated with Alu repeats in our dataset
revealed that many of the genes are implicated in host de-
fense and regulation of primary metabolic processes. Other
studies have suggested that RAR signaling controls Mtb
infection partly by regulating cholesterol metabolism (31).
Similarly, LXRs are key regulators of lipid metabolism
in several tissues, including macrophages (40). Previous
work on the effects of LXRa ablation in THP-1 cells on
Mtb burden (15,46) provided a correlation between ele-
vated lipid body content and reduced apoptosis during
H37Ra infection and loss of LXRa. We show for the first
time that the anti-mycobacterial activity of LXRa ago-
nist TO901317 could be ascribed to its capacity to alter
cholesterol metabolism and selectively enhance apoptosis
versus necrosis in infected cells. Similar beneficial effects of
TO901317 may not be limited to Mtb infection; host choles-
terol and fatty acids can also provide important carbon
sources for other pathogens, including human Mycobac-
terium leprae (59), as well as viruses such as immunode-
ficiency virus type 1 (60). Our results thus suggest that,
similar to vitamin A supplementation (61), which enhances
RAR signaling, LXRs represent a target for potential ther-
apeutic intervention in infectious diseases with the develop-
ment of tissue-specific modulators that target their activities
in macrophages.

Our findings also reinforce the importance of Alu element
transposition in the evolution of primate transcriptional
programs. The Alu repeats enriched in H3K4mel regions
in infected cells relative to random genomic sequence were
of the more ancient AluJ and AluS subtypes, unlike younger
AluY elements. The expansion of J and S subtypes occurred
relatively early in primate evolution, approximately 35-55
million years ago. A very specific but nonetheless telling
example of an acquisition of enhancer function in innate
immunity is the well-conserved, promoter-proximal inser-
tion of an AluS repeat containing a vitamin D response el-
ement (VDRE) in the gene encoding the antimicrobial pep-
tide cathelicidin (62,63). This insertion has been retained in
both old- and new-world primates (63). This event was a key
element in the evolution of human/primate-specific mecha-
nisms of innate immune regulation by vitamin D signaling
(64).
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Other work has also emphasized the importance of TE
transposition as sources of TFBS expansion. Reanalysis of
ChIPSeq datasets for seven different TFs showed that bind-
ing sites for 5 of were prevalent several types of retrotrans-
posons (23). It is unclear why TEs provided vehicles for dis-
persion of some TFBS and not others apart from the ob-
vious possibility that TEs may lack progenitor sequences
for specific classes of TFs. The authors of the above study
(23) speculated that TE transposition provided a mecha-
nism for expansion of TFBS with more complex sequence
compositions, which would be less likely to evolve by mu-
tation than simpler motifs. In support of this notion, pre-
vious work has shown that 7SL genes and ancient Alu ele-
ments contain multiple hexamers that resemble the consen-
sus RGGTCA half-sites recognized by several nuclear re-
ceptors (65). LXREs and RAREs, like VDREs (DR3 cle-
ments), represent complex, bipartite binding sites with rela-
tively constrained sequence specificities. It is thus likely that
Alu element transposition was a powerful tool for their dis-
persion throughout the genome.

In conclusion, this study provides extensive evidence
that TF binding sites present in Alu repeats contribute to
macrophage transcriptional responses to Mth. Our results
also suggest that Alu repeats may play a larger role in the
regulatory genome in general, and that specific TF binding
sites within will be selectively conserved if beneficial to the
organism. Alu repeats are present in numerous genes asso-
ciated with host defenses and metabolic responses to infec-
tion, and a combination of bioinformatic and biochemical
approaches connected loci associated with Alu repeats to
macrophage metabolic responses to Mtb. In particular, Alu
repeats serve as platforms for binding of RAR and LXR nu-
clear receptors, whose signaling greatly reduces mycobacte-
rial burden at least partly through altering macrophage lipid
metabolism. These results provide compelling evidence that
expansion of repetitive elements in the human genome has
contributed on a large scale to the evolution of transcrip-
tional responses to (patho)physiological signals, and that
the potential contribution of these elements must be taken
into account in genomic analyses of transcription.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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