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A synonymous variant in IRGM alters a binding site for
miR-196 and causes deregulation of IRGM-dependent

xenophagy in Crohn's disease
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Susceptibility to Crohn’s disease, a complex inflammatory
disease, is influenced by common variants at many loci.

The common exonic synonymous SNP (c.313C>T) in IRGM,
found in strong linkage disequilibrium with a deletion
polymorphism, has been classified as non-causative because
of the absence of an alteration in the IRGM protein sequence
or splice sites. Here we show that a family of microRNAs
(miRNAs), miR-196, is overexpressed in the inflammatory
intestinal epithelia of individuals with Crohn’s disease and
downregulates the IRGM protective variant (c.313C) but

not the risk-associated allele (c.313T). Subsequent loss of
tight regulation of IRGM expression compromises control of
intracellular replication of Crohn’s disease-associated adherent
invasive Escherichia coli by autophagy. These results suggest
that the association of IRGM with Crohn’s disease arises from
a miRNA-based alteration in IRGM regulation that affects
the efficacy of autophagy, thereby implicating a synonymous
polymorphism as a likely causal variant.

The IRGM region contains multiple polymorphisms that cause tissue-
specific variation in IRGM expression'=3. A synonymous variant
within the IRGM coding region (rs10065172, NM_001145805.1,
¢.313C>T) in perfect linkage disequilibrium (r? = 1.0) with a 20-kb
deletion upstream of IRGM has been strongly associated with
Crohn’s disease in individuals of European descent!*°. A recent
study proposed that allelic differences in the promoter region might
be involved in Crohn’s disease pathogenesisl, as the deletion, and
other copy number variants, closely juxtapose several transcription
factor binding sites?. An alternative hypothesis is that the synonymous
exonic (CTG>TTG, leucine) variant might affect protein expres-
sion. In this regard, recent evidence that a polymorphism can alter

miRNA-directed repression of mRNA in a 3’ untranslated region®” is

of particular interest. Thus, we investigated whether miRNA binding
to IRGM mRNA could be defective in subjects with the T allele and
consequently lead to abnormal regulation of IRGM expression.

For this purpose, we assessed binding of miRNAs to the different
forms of IRGM mRNA in silico using SnipMir, RegRNA and Patrocles
software (see URLs). We observed a predicted loss in binding of two
miRNAs, miR-196A and miR-196B, to the risk haplotype carrying the
T allele (Fig. 1a). Indeed, the ¢.313C>T polymorphism of IRGM is
located within the ‘seed’ region, where mRNA-miRNA forms a complex
within RISC (RNA-induced silencing complex), which is important
for mRNA regulation. Two pre-miR-196A genes (MIRI96A1 and
MIRI196A2) encode the same mature miR-196A, whereas miR-196B
(MIRI96B) is unique within the genome (Supplementary Note).
Both miRNAs share the same ‘seed’ region and target specificity.
Moreover, tandem affinity purification of miRNA target mRNA
(TAP-Tar)® showed higher binding of miR-196 to IRGM ¢.313C mRNA
(hereafter IRGMC) than to IRGM ¢.313T mRNA (hereafter IRGMT),
confirming in silico predictions (Fig. 1b). In HEK293 cells (C/C for
rs10065172), miR-196 transfection decreased protein expression from
a FLAG-tagged IRGMC construct as well as endogenous IRGM pro-
tein levels, whereas expression from a FLAG-tagged IRGM™ construct
remained constant (Fig. 1c). Using a modified miR-196 (miR-196MOP)
with a compensatory ¢.3G>A mutation (Supplementary Note), we
observed stronger binding to IRGMT than to IRGMC and a concomi-
tant decrease in protein expression from the FLAG-tagged IRGMT
construct (Supplementary Fig. 1). Together, these results indicate that
the Crohn’s disease—associated risk (T allele) and protective (C allele)
haplotypes confer differences in IRGM expression under the control
of miR-196. Notably, the miR-196 family and the miR-196 binding site
within the coding sequence of IRGM family members are conserved in
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Figure 1 Allele-specific regulation of /JRGM by miR-196. (a) In silico
prediction of miR-196 and /RGM mRNA interactions showed differences in
binding within the seed region. (b) /[RGM® mRNA was significantly enriched
in miR-196B complexes. Extracts of cells expressing FLAG-tagged-AGO1
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controls, as shown by representative images of global staining for miR-
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capture microdissection (Supplementary Fig. 4). Notably, expression
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Figure 2 miR-196 overexpression in inflamed mucosa correlates with decreased expression of the /RGM c.313C variant ex vivo. (a) Representative in situ
hybridization of frozen sections obtained from colon biopsies of genotyped healthy controls (n = 40) or individuals with Crohn’s disease (CD) (n = 67) without
or with active inflammation and labeled for miR-196A. (L, lumen; LP, lamina propria). Scale bars in the upper panel, 25 um; scale bars in the lower panel,
10 um. (b) Epithelial or laminal fractions were captured from sections of biopsies of healthy controls (n = 8) or individuals with Crohn’s disease with no
inflammation (n = 16), quiescent (defined as low-grade inflammation) (n = 8) or acute inflammation (n = 8) using laser capture microdissection. After

RNA extraction, miR-196A (black bars) and miR-196B (white bars) relative expression was analyzed using RNU19, 44 and U6. To overcome possible inter-
individual bias, the lamina propria fraction value was used for relative quantification. Due to high differences in expression between healthy and inflamed
tissues, the results are presented as a log2-fold ratio. Error bars indicate the s.d. of the AACt values. (c) Representative in situ staining for IRGM of TMAs
from colon biopsies of healthy individuals or individuals with Crohn’s disease with a defined genotype in a healthy non-inflamed or an acute inflamed phase.
Scale bars, 32 um. (d) Mean (black line), s.e.m. (white box) and 95% CI of the mean of the IRGM expression level for 40 healthy subjects (32 individuals
with C/C and 8 individuals with C/T) and 67 individuals with Crohn’s disease (45 with C/C and 22 with C/T) with quiescent or inflamed colon mucosa.

We performed statistical analysis using ANOVA (P =0.0015) and an unpaired Student’s t-test (the one tail Pvalue is indicated on the figure).
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Figure 3 IRGM expression and miR-196 affect autophagic flux and AIEC-bacteria-mediated autophagy. (a) The basal flux of autophagy is affected

by IRGM expression level. HEK293 cells transfected with an IRGM-expressing plasmid, miR-196 or silRGM were treated with bafilomycin Al for 2 h
and processed for immunoblotting with anti-LC3B. (b) Quantification of LC3-II relative to actin (mean of three independent experiments + s.d.).

(c) Downregulation of IRGM expression by miR-196 abrogates AIEC-mediated autophagy in cells treated with autophagic inhibitors (Inh) or transfected
with miR-196B and infected for 4 h with AIEC LF82 (mean of three independent experiments + s.d.). (d) Confocal microscopic examination of LC3
revealed a significant decrease in the percentage of LC3-associated (red) LF82 bacteria (green) in miR-196 transfected cells compared to control
cells (mean + s.d.). (e) miR-196 transfection leads to increased intracellular LF82 replication. Results are expressed as a fold increase + s.e.m.

of intracellular bacteria. (f) IRGM overexpression did not inhibit autophagic flux and it increased LC3-11 accumulation slightly in response to AIEC
infection. HEK293 cells were transfected with IRGM-expressing plasmid, treated with autophagic inhibitors and infected with AIEC bacteria for 4 h
(mean of three independent experiments + s.d.). (g) Confocal microscopic examination showed an increased percentage of LC3-associated AIEC
bacteria in IRGM cells compared to control cells (mean £ s.d.). (h) IRGM overexpression led to a high rate of intracellular replication of LF82 bacteria.
(i) Most of the bacteria reside in non-acidic vacuoles, as shown with lysotracker at 8 h post infection (means of three independent experiments + s.d.).

T allelic status (Supplementary Note and Supplementary Table 1).
We investigated whether the increase in miRNA expression could be
a consequence of stimulation by bacterial components or cytokines,
as previously reported for various cell lines®'2. However, in vitro
experiments indicated no variation in either miR-196A or miR-196B
under pro-inflammatory cytokine stimulation (IFN-y) or infection
of HEK293 cells with Crohn’s disease—associated adherent invasive
E. coli (AIEC) bacteria (Supplementary Fig. 6).

Next, we analyzed the correlation between miR-196 and IRGM pro-
tein expression in epithelial cells within the human intestinal mucosa
in tissue microarrays (TMAs) from individuals with Crohn’s disease.
Representative immunostaining images from colons of individuals
with Crohn’s disease are shown in Figure 2c. In healthy mucosa, IRGM
basal expression was strongly positive in epithelial cells independent
of genotype and only weakly positive in the lamina propria. Notably,
in active mucosa, a decrease in IRGM expression was restricted to
epithelial cells of individuals with the IRGM®/C genotype. However,
when the T allele was present in individuals with Crohn’s disease,
IRGM expression was maintained under inflammatory conditions
(Fig. 2¢,d, Supplementary Note and Supplementary Figs. 3,7 and 8).
Thus, our findings show that miR-196 expression in inflammatory
conditions correlates with downregulated IRGM expression in human
epithelial cells. Of note, IRGM staining was maintained at a high level
in Paneth cells (Fig. 2c and Supplementary Fig. 9), indicating a pos-
sible difference in IRGM regulation in these cells. Together with a
previous report showing that the levels of autophagy-related proteins
ATG16L1 and ATGS5 were critical in maintaining normal granule

biogenesis'?, we hypothesize that alternative mechanisms regulating
autophagy-related events could exist in Paneth cells.

IRGM encodes an autophagic protein that plays an important role in
innate immunity against intracellular pathogens like Mycobacterium
tuberculosis, Salmonella typhimurium and Crohn’s disease—associated
AIEC bacterial'*15, Compelling evidence indicates that a critical
threshold of IRGM can regulate the efficiency of the autophagic pro-
cessb!4, but the mechanism of regulation of human IRGM expression
remains unknown®!6. Thus, we investigated whether miR-196 and sub-
sequently modified IRGM expression might influence basal autophagic
flux by monitoring LC3-II conversion. LC3-II levels decrease during
prolonged autophagy due to its degradation after autophagosomal-
lysosomal fusion, so we measured the flux through the autophagic
system by comparing LC3-II levels in the presence or absence of
lysosomal inhibitors that partially (pepstatin + E64D) or completely
(bafilomycin A1) prevent LC3-II degradation. Notably, miR-196, which
reduced IRGM expression (Fig. 1), induced a significant decrease in
LC3-II conversion (Fig. 3a,b; P = 0.02). Moreover, when autophagy
was blocked with lysosomal inhibitors, miR-196 inhibited the accu-
mulation of LC3-II (Fig. 3a,b), which suggests strongly that miR-196
overexpression inhibits the autophagic process at the initiation step.

To determine the effect of the increase in miR-196 expression
observed in individuals with Crohn’s disease, we examined the
autophagic flux in response to Crohn’s disease—associated AIEC infec-
tion. In response to AIEC bacterial infection, we observed increased
formation of LC3-II (Fig. 3c). When we blocked lysosomal LC3-1I
degradation, we observed a larger increase in LC3-II in AIEC-infected
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cells, indicating functional autophagic flux. In miR-196 transfected
cells, we noted a decrease in autophagic flux (Fig. 3b,c) associated
with decreased numbers of LC3-II-associated bacteria (Fig. 3d;
P =0.01) and a significantly (P = 0.03) higher number of intracellular
AIEC LF82 bacteria (Fig. 3e and Supplementary Fig. 10). Of note,
we observed similar results in cells infected with IRGM small inter-
fering RNA (siRNA) (Supplementary Fig. 11) but not in cells trans-
fected with miR-196MOP or miR-196% (Supplementary Note and
Supplementary Fig. 12). Thus, miR-196 may act in endogenous fine-
tuning of the initiation of the autophagic pathway and in the control
of intracellular pathogen degradation in human cells by regulating
IRGM expression.

According to the data shown above (Fig. 2), the absence of regu-
lation of IRGM™ by miR-196 is concomitant with sustained IRGM
protein expression in intestinal epithelial cells. Analysis of IRGM
localization and autophagic flux in HEK293 cells overexpress-
ing the IRGM protein indicated unchanged compartmentalization
(Supplementary Fig. 13) and a normal basal autophagic flux as
shown by the LC3-II to actin ratio (Fig. 3a,b). As IRGM overexpres-
sion leads to an increase in intracellular Salmonella spp. targeted by
the autophagic machinery!, we conducted experiments with AIEC
bacteria. HEK293 cells overexpressing the IRGM protein exhibited
induction of autophagy in response to AIEC infection, as shown by
the LC3-II to actin ratio (Fig. 3f). In addition, IRGM overexpression
was associated with increased numbers of LC3-1I-associated bacteria
(P = 0.005), which was more pronounced at 6 h post infection
(Fig. 3g), together with an increased number of intracellular ATEC
bacteria (Fig. 3h and Supplementary Fig. 14). Irgm1, the mouse
ortholog of IRGM, has been reported to be associated with the
membrane of the phagosome and to be involved in phagosome full
maturation!’. We therefore analyzed whether AIEC bacteria co-
localized with acidic vacuoles in cells overexpressing IRGM. Using
the lysotracker probe, we observed a significant decrease in the
percentage of AIEC LF82 bacteria in acidic compartments in cells
overexpressing IRGM compared to non-transfected cells (Fig. 3i and
Supplementary Fig. 15). Taken together, our data show that miR-196
controls the level of IRGM, which is critical for both the initiation and
the maturation of xenophagy.

Our results provide an explanation for the potential consequence
of the IRGM ¢.313C>T polymorphism, which, along with other poly-
morphisms, creates tissue-specific variation in IRGM expression and
influences predisposition to inflammatory bowel disease in indivi-
duals of European ancestry. Indeed, by showing that this synonymous
variant alters a miRNA binding site, we provide evidence for inflam-
matory-dependent loss of regulation of the autophagy-related protein
IRGM in individuals with the Crohn’s disease risk haplotype. We spec-
ulate that ATEC infection in individuals with miR-196-dysregulated
IRGM expression (c.313T carriers) leads to altered antibacterial acti-
vity of intestinal epithelial cells and abnormal persistence of Crohn’s
disease—associated intracellular bacteria, with a substantial impact on
the outcome of intestinal inflammation. Finally, our data provide the
first example, to our knowledge, of a miRNA-associated synonymous
polymorphism influencing human disease risk.

URLs. SnipMir, http://www.microarray.fr:8080/merge/index?action
=MISNP; RegRNA, http://regrna.mbc.nctu.edu.tw/; Patrocles, http://
www.patrocles.org/.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturegenetics/.
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Accession codes. The human JRGM data from this study is deposited
in GenBank with the accession code A1A4Y4.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Cell lines, miRNA and plasmid transfection. HeLa and HEK293 cells were
obtained from the European Collection of Cell Cultures (ECACC, Sigma-
Aldrich) and grown according to the supplier’s recommendations. Pre-miRNA,
miRNA precursors of miR-CON1 (Control) and all other miR-196 were pur-
chased from Ambion (Applied Biosystems). siRNA duplexes directed against
human IRGM were purchased from Invitrogen (HSS156156, Stealth siRNA).
Control duplexes were purchased from the same supplier and were GC-
matched, non-targeting sequences. HEK293 cells were transfected with miRNA
or siRNA using Lipofectamine RNAIMAX (Invitrogen) for 48 h according
to the manufacturer’s protocol for this cell line. The empty plasmid pCMV
and plasmid pCMV-3xFlag-IRGM have been described previously®!8. Site-
directed mutagenesis of p.Cys313Thr was performed using the QuickChange II
site-directed mutagenesis kit (Stratagene, Agilent Technologies). Mutagenesis
and clone selection was assessed by allelic discrimination of IRGM, and rese-
quencing was done with specific primers as described above. HEK293 cells
were transfected with plasmids using Lipofectamine LTX (Invitrogen) for 20 h
according to the manufacturer’s protocol for this cell line. Immunoblotting was
done using antibodies to actin (Sigma), IRGM NT or IN (ProSci) and the appro-
priate HRP-conjugated secondary antibody (Santa Cruz Biotechnology).

Tandem affinity purification of miRNA target mRNAs (TAP-Tar).
HeLa S3 (XLP) cells were cultured with Dulbecco’s Modified Eagle’s Medium
(Invitrogen) containing 10% FCS. The HeLa S3 cell lines stably expressing
Flag-HA-AGO1 or Flag-HA-AGO2 were obtained using retroviral vectors as
previously described?®. Cells were transfected with synthetic miRNA (15 nM)
miR-196B-WT, miR-196B-MOD and miR-20A biotinylated at the 3" end with a
C1004 spacer (purchased from Sigma-Aldrich), and the pCMV plasmid con-
taining IRGM® or IRGM™ (250 ng) was transfected into cells using HiPerFect
(Qiagen) according to the manufacturer’s instructions. After tandem purifica-
tion, total RNA was reverse transcribed and IRGM expression was monitored
using allelic discrimination PCR.

Study subjects, biopsy specimens and histology. All subjects included in
this study were hospitalized in the Department of Gastroenterology (Archet
Hospital, Nice, France). Clinical information regarding associated gastroin-
testinal and non-gastrointestinal symptoms was obtained from the hospital
information system. All individuals included in this study provided a signed
agreement, and the protocol was approved by the local ethics committee of the
University of Nice Sophia Antipolis, Nice, France (N°UNS-CHUN 2009-25).
There were 160 French individuals included in the study (120 with Crohn’s
disease and 40 controls). The endoscopic index of severity was evaluated for
each individual according to the Mary and Modigliani method!®. For meas-
urement of histological disease activity, the scoring system for histological
abnormalities in Crohn’s disease mucosal biopsy specimens was used?’. For
each individual included in this series, seven supplementary intestinal biop-
sies from each area were taken. Three biopsies were used to set up tissue
microarrays (TMAs). The latter biopsies were fixed in 10% buffered formalin
and then processed, oriented on their edge, embedded in paraffin, cut into
sequential 4 um sections and stained with hematoxylin and eosin. Other biop-
sies were immediately snap frozen in liquid nitrogen for mRNA extraction
(three biopsies). The IRGM genotype was first examined using a TagMan
discrimination assay (rs10065172) and a 7500 Fast PCR instrument (Applied
Biosystems). The genomic DNA of individuals was re-analyzed by amplifica-
tion and sequencing (Supplementary Note). FLAG-tagged IRGM plasmids
were used as controls.

miRNA in situ hybridization. To investigate the cell-specific distribution of
miRNA in normal and inflamed tissues, in situ hybridization was performed
using 5" and 3’ end digoxigenin (DIG)-labeled locked nucleic acid (LNA)-
modified DNA oligonucleotides (LNAs) complementary to the mature miRNA
(Exiqon A/S) following the manufacturer’s instructions (Supplementary Note).
In this study, the global expression of miR-196A was examined in intestinal
biopsies (LNA-miR-196A and LNA-scrambled as a negative control).

Tissue microarray (TMA) construction and immunohistochemistry.
Representative intestinal biopsies of each individual were selected from

hematoxylin and eosin-stained sections for building TMAs. TMAs were set
up as previously described?!?? (Supplementary Note). Immunohistochemical
methods were performed using anti-IRGM-IN or NT (ProSci Incorporated)
or anti-lysozyme (DAKO Envision System, DAKO Corp.) antibodies as previ-
ously described?!-23, IRGM antibody specificity was confirmed by immuno-
blotting (Supplementary Fig. 16).

Laser capture microdissection. Snap-frozen tissue blocks of intestinal biop-
sies were chosen from the tissue bank of the Human Tissue Biobank Unit, Nice,
France and included in Cryomatrix (Thermo Fisher Scientific). Four- to eight-
micron serial frozen sections were microdissected using a PixCell laser capture
microscope (Arcturus Engineering). After visual control of the completeness
of dissection (Supplementary Fig. 5), miRNA from the captured tissue was
obtained with the MicroRNA isolation kit (Stratagene).

Autophagic flux assay. Autophagic flux was blocked by incubating cells
with pharmacological inhibitors bafilomycin A1 (100 nM, Sigma-Aldrich)
or pepstatin + E64d (10 mM, Sigma-Aldrich) 30 min before cell infection
and kept for the entire duration (4 h) of the experiment. Cells were processed
for immunoblotting by loading 25 ug of the proteins, separated on a 15%
SDS-PAGE, and then transferred onto a polyvinylidene fluoride membrane.
LC3-1II accumulation was revealed using LC3-B antibody (Sigma-Aldrich).
Anti-actin (Sigma-Aldrich), as loading control, and anti-IRGM (ProSci), as
an experimental control, were also used. Quantification was performed using
Image] software.

Invasion and intracellular survival assay. Bacterial invasion of human epi-
thelial HEK293 cells was performed using the gentamycin protection assay?%.
Monolayers were infected for 3 h at a multiplicity of infection (MOI) of 10
bacteria per cell. At 1 h and 8 h post infection, the number of intracellular
bacteria was determined by counting the number of colony-forming units
(CFU). Experiments were independently carried out at least three times, and
one representative dataset of three independent experiments was presented
where appropriate.

Fluorescence microscopy. At indicated times after bacterial infection,
HEK293 cells were fixed with 4% paraformaldehyde and immunostained
with anti-IRGM-NT (ProSci), anti-LC3 (MBL) and with appropriate secon-
dary antibodies (Invitrogen). Staining of acidic compartments was carried
out by incubating cells for 1 h before fixation in medium containing 100 nM
of acidotropic dye LysoTracker Red DND99 (Invitrogen). The slides were
examined with a Zeiss LSM 510 Meta confocal microscope. Counting was
done at x63 magnification, and at least 100 cells were counted for each experi-
mental condition.

Statistical analysis. Results were evaluated for statistical significance with
the Student’s t-test. Error bars represent the standard deviation of the mean.
P values less than 0.05 were regarded as significant.
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