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Human autophagy gene ATG16L1
is post-transcriptionally regulated by MIR142-3p
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Abbreviations: 7-AAD, 7-aminoactinomycin D; Adcy9, adenylyl cyclase 9; ANXAS, annexin V, ATG16L1, autophagy-related
16-like 1 (S. cerevisiae); CASP3/7, caspase 3/7, apoptosis-related cysteine peptidase; CD, Crohn disease; DAPI, 4'-6-diamidino-2-
phenylindole; EBSS, Earle’s balanced salt solution; IBD, inflammatory bowel disease; IRGM, immunity-related GTPase family, M;
L18-MDP, muramyl dipeptide with a C18 fatty acid chain; LC3, microtubule-associated protein 1 light chain 3;
miRNA, microRNA; MIRNC, miRNA mimic negative control; NOD2, nucleotide-binding oligomerization domain containing
2; NR3Cl, nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor); nt, nucleotide; PBS, phosphate-buffered
saline; RFU, relative fluorescence unit; ROCK2, Rho-associated, coiled-coil containing protein kinase 2; RT-PCR, reverse
transcription-polymerase chain reaction; SQSTM1/p62, sequestosome 1; 3'UTR, 3'-untranslated region; WT, wild-type

Multiple genetic studies have implicated the autophagy-related gene, ATG16L], in the pathogenesis of Crohn disease
(CD). While CD-related research on ATG16L1 has focused on the functional significance of ATG16L1 genetic variations, the
mechanisms underlying the regulation of ATG16L1 expression are unclear. Our laboratory has described that microRNAs
(miRNAs), key regulators of gene expression, are dysregulated in CD. Here, we report miRNA-mediated regulation of
ATGI6LT in colonic epithelial cells as well as Jurkat T cells. Dual luciferase reporter assays following the transfection of
vectors containing the ATG16L1 3'-untranslated region (3'UTR) or truncated 3'UTR fragments suggest that the first half of
ATG16L1 3'UTRin the 5" end is more functional for miRNA targeting. Of 5 tested miRNAs with putative binding sites within
the region, MIR142-3p, upon transient overexpression in the cells, resulted in decreased ATG16L1 mRNA and protein levels.
Further observation demonstrated that the luciferase reporter vector with a mutant MIR142-3p binding sequence in the
3'UTR was unresponsive to the inhibitory effect of MIR142-3p, suggesting ATG16L1 is a gene target of MIR142-3p. Moreover,
the regulation of ATGT6L1 expression by a MIR142-3p mimic blunted starvation- and L18-MDP-induced autophagic activity
in HCT116 cells. Additionally, we found that a MIR142-3p inhibitor enhanced starvation-induced autophagy in Jurkat T
cells. Our study reveals MIR142-3p as a new autophagy-regulating small molecule by targeting ATG16L1, implying a role of

this miRNA in intestinal inflammation and CD.

Introduction

Although the pathogenesis of inflammatory bowel disease
(IBD) is poorly understood, IBD is generally considered to
occur in genetically susceptible individuals resulting in an
abnormal inflammatory response to commensal microbes and
other environmental factors."? Growing evidence indicates that
autophagy may play a significant role in the pathogenesis of
multiple diseases, including IBD.** Genome-wide association
studies have defined 2 autophagy-related genes, ATGI6LI
(autophagy-related 16-like 1 [S. cerevisiae]) and IRGM
(immunity-related GTPase family, M), as susceptibility genes
for Crohn disease, a major subtype of IBD.** Functional
characterizations of the CD-associated genetic variations in
ATGI6LI and IRGM have highlighted the importance of intact
autophagic activity in the control of intestinal inflammation
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and CD. One study observed that suppressed autophagy
or the presence of ATGI6LI genetic variations increases
proinflammatory cytokine response in human primary
immune cells after activation of NOD2 (nucleotide-binding
oligomerization domain containing 2).” Studies performed
on mice with genetically engineered mutations in ATGIGLI
confirmed a strong relationship between impaired autophagy
and elevated inflammatory cytokine signaling associated
with CD.!!"! This conclusion was supported by another study
demonstrating that norovirus-infected hypomorphic ATGI6LI
mice exhibit defects in autophagy and increased susceptibility
to colitis induced by dextran sodium sulfate.”* ATGI6L1 is
absolutely required for autophagy machinery via participating
in the formation of vesicular autophagosomes.*' However, the
mechanisms governing the regulation of ATGI6LI expression
are less known.
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MicroRNAs are small noncoding RNA molecules that
regulate up to 30% of human protein-coding genes by targeting
the 3'-untranslated region of mRNAs, resulting in mRNA
cleavage and/or translational arrest.' The selectivity of miRNA/
target gene pairs is determined mainly by the strict sequence
complementarity between the seed region (nucleotides (nt) 2 to 7
at the 5" end) of a miRNA and the miRNA recognition element
in the target mMRNA."'® The emergence of miRNAs as regulators
in autophagy pathways has heightened the understanding of
the role of autophagy in the pathogenesis of human diseases.”
Over a dozen miRNAs have recently been identified that
directly regulate autophagic signaling and inhibit autophagic
activity in certain cancer cell lines, including MIR30A (targets
BECNI and ATG5),'®" MIR101-1 (targets STMNI, RAB5A, and
ATG4D), MIRI30A (targets ATG2B and DICERI),” MIR375
(targets ATG7),”* MIR376B (targets BECNI and ATG4C),*
MIRG630 (targets ATGI2 and UVRAG),* and MIR885-3p
(targets ULK2 and ATGI6L2).> We recently reported that
MIRI06B regulates multiple autophagy-related genes, including
ATGIG6LI, in intestinal epithelial HCT116 cells.? Interestingly,
a single nucleotide polymorphism in the JRGM coding region
alters MIR196 binding, leading to lower /JRGM expression.”’” In
addition, MIR519A targets ATGIGLI in the cisplatin-sensitive
SCC cell line.** Taken together, these findings support the notion
that miRNAs regulate autophagy-related genes and autophagy
regulators, thereby largely influencing the efficacy of autophagy.

Our laboratory has demonstrated that miRNA dysregulation
is of clinical significance in patients with IBD.?3 Specifically, we
have demonstrated that M/R192, an ulcerative colitis-associated
miRNA, modulates the expression of macrophage inflammatory
peptide-2at and NOD?2 in intestinal epithelial cells.?®*?' In the
present study, we report a novel mature miRNA, MIRI142-3p,
that regulates autophagy by targeting ATGI6LI in human
colonic epithelial cells. These MIR142-3p effects on ATGIGLI

expression and autophagy were confirmed in Jurkat T cells.

Results

ATGI6L1 3'UTR is functional

The ATGIGLI (RefSeq NM_030803) 3'UTR consists
of a 1324 nt sequence. To determine whether the full-length
3'UTR of ATGIG6LI or specific regions of the 3'UTR could
modulate ATGI6LI gene expression, we generated a pMIR
luciferase reporter vector bearing the A7GI6L1 3'UTR and
used the 3'UTR vector as a template to generate 3 additional
vectors containing truncated 3'UTR fragments by PCR cloning
(Fig. 1A). Fragment 1 (F1), F2, and F3 were 384, 697, and 1071
nt in length, respectively (all starting at the 5" end of the wild-
type (WT) 3'UTR). By transfecting these vectors into HCT116
cells, we found that the WT 3"UTR reduced luciferase activity
by 75.7% when compared with the pMIR-GLO vector control
(Fig. 1B), suggesting that the 3'UTR of ATGIGLI is possibly
responsive to miRNA regulation and plays a significant role in
regulating ATGIG6LI gene expression. In contrast, the truncated
F1, F2, and F3 3'UTR vectors reduced luciferase activities by
46.8%), 62%, and 71%, respectively (P values < 0.01 vs the
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Figure 1. ATG16L1 3'UTR reduces firefly luciferase activity. (A) pMIR-GLO
reporter vectors were constructed containing the ATG16L7 WT 3'UTR
or truncated 3'UTR fragments, F1, F2, and F3, which were 384, 697, and
1071 nt in length, respectively. (B) HCT116 cells were transfected with
the vectors containing the WT, F1, F2 or F3 ATG16L1 3'UTR or a pMIR-
GLO vector control (200 ng/ml or 50 ng/well in 48-well plates). Firefly
luciferase activity was measured and normalized to renilla luciferase
activity. The data are expressed as the mean = SEM (n = 4). **P < 0.01 vs
the control pMIR-GLO vector. *P < 0.01 vs the 3’UTR F1. #P < 0.05 vs the
3'UTRF2.

pMIR-GLO control vector). With respect to the total reduction
rate of the WT 3'UTR, the FI sequence, which comprises less
than one-third of the full-length 3'UTR, contributed 61.8%
of the total reduction; the F2 sequence, which comprises about
half of the full-length 3'UTR, contributed 81.9% of the total
reduction. In addition, there were significant reductions in the
luciferase activity between F1 and F2 (P < 0.01) and between F2
and F3 (P < 0.05), but no difference between F3 and the WT
3'UTR was found. These data suggest that the ATGI6L1 3'UTR
contains multiple functional miRNA binding sites and those
binding sites locating within the promixal 5" end of the 3'UTR
play a more important regulatory role.

MIR142-3p inhibits ATGI6LI expression

We performed an in silico analysis for putative miRNA
binding sites spanning the F1 and F2 regions of the ATGI6LI
3’'UTR using several web-based bioinformatics tools including
MicroCosm and PicTar, and identified 5 potential miRNA
binding sites for MIR30B*, MIR142-3p, MIR505*, MIR548B-3p,
and MIR770-5p (Fig. 2A). All 5 miRNAs were expressed in
HCT116 cells at varying levels, with MIR770-5p being the
highest expressed miRNA and MIRI42-3p being the lowest
expressed miRNA (Fig. 2B). Next, we examined the effects of
these miRNAs on ATGI6LI expression by transfecting miRNA
mimics into HCT116 cells. Real-time RT-PCR analysis showed
that, when compared with the nonspecific mimic negative
control (MIRNC), the transfection with the MIRI42-3p
mimic significantly reduced ATGI6L1 mRNA expression by
approximately 30% while the other 4 miRNA mimics had no
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Figure 2. Predicted miRNAs are expressed in HCT116 cells. (A) An in
silico analysis identified MIR30B*, MIR142-3p, MIR505* MIR548B-3p,
and MIR770-5p as having putative binding sites in the first half of the
ATG16L1 3'UTR in the 5’ end. (B) The endogenous expression levels of
the 5 putative miRNAs were analyzed by mature miRNA RT-PCR and
normalized to RNU6B. The data are expressed as the mean + SEM (n = 3).

significant inhibitory effects (Fig. 3A). Western blot analysis
further demonstrated that the transfection of the MIR142-3p
mimic resulted in decreased protein expression of the ATGI6LI1
isoform 1 and isoform 2 by 43% and 31%, respectively. In
contrast, the mimics of 4 other miRNAs had weak or no effect on
the ATGIG6LI isoforms 1/2 protein expression (Fig. 3B). These
data suggest that ATGI6LI might be a gene target for MIR142-3p.

In addition, MIR142-3p inhibitor was expected to upregulate
ATGIGLI gene and protein expression levels in HCT116 cells,
however, we did not detect visible influences (Fig. S1A and S1B),
possibly due to low endogenous expression levels of MIRI142-3p.
Since MIR142-3p is mainly expressed and functionally active in
the hematopoietic system,? we demonstrated that MIR142-3p
inhibitor transfection resulted in significant upregulation of
ATGIG6LI gene and protein expression in Jurkat T cells (Fig. S1C
and S1D).

ATGIGLI is a gene target of MIR142-3p

To further assess the potential role of MIRI42-3p in the
modulation of ATGI6LI expression, we cotransfected the 5
individual miRNA mimics with the A7TG16L1 3'UTR F1 vector.
We found that in sharp contrast to the other 4 miRNA mimics,
the MIRI42-3p mimic significantly decreased the luciferase
activity by 52.9% (Fig. 4A), indicating MIR142-3p specifically
regulates the ATGI6L1 3"UTR F1 function. To evaluate whether
the effect of the MIR142-3p mimic is through its interaction with
the predicted MIR142-3p binding sequence, the binding sequence
of MIRI142-3p at position 254 to 264 in the ATGI6L1 3'UTR F1
was mutated and cloned in the pMIR-GLO vector (Fig. 4B). We
cotransfected HCT116 cells with the WT or mutated ATG16L1
3'UTR F1 and the MIRI142-3p mimic or MIRNC. We found
that the inhibitory effect of MIRI42-3p mimic transfection
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Figure 3. MIR142-3p regulates ATG16L1 expression. HCT116 cells were
transfected with individual miRNA mimics or a mimic negative control
(MIRNC) (50 nM). At 24 h post-transfection, (A) total RNA was extracted
and assayed for ATG16LT mRNA expression by real-time RT-PCR. The
data are expressed as the mean = SEM (n = 3). **P < 0.01 vs MIRNC; (B)
whole cell lysates were assayed by western blot for ATG16L1 protein
expression. The density of ATG16L1 isoform 1 (Iso1) and isoform 2 (Iso2)
bands was quantitated using the Odyssey infrared imaging system and
normalized to that of the corresponding loading control ACTB with the
same treatment. Representative bands are shown.

on luciferase activity was abrogated in the mutated 3'UTR F1
vector (Fig. 4C). In addition, even in the absence of MIR142-3p
mimic transfection, the mutated 3'UTR F1 vector demonstrated
an increased luciferase activity when compared with the WT
3'UTR F1 vector (Fig. 4C), strongly supporting the hypothesis
that the MIR142-3p binding sequence in the ATGI6LI 3'UTR
F1 is involved in the direct interaction of MIRI42-3p with the
ATGI16L1 3'UTR and is a contributor for the regulatory function
of ATGI6L1 3'UTR.

To confirm ATGIGLI as a target gene of MIRI42-3p, we
reproduced the results in intestinal epithelial Caco-2 cells.
Transfection of the vector bearing ATGI6L1 3'UTR F1 reduced
luciferase activity by 52% when compared with the pMIR-GLO
vector control (Fig. S2A) and by cotransfecting Caco-2 cells with
the WT or mutated A7GI6L1 3'UTR F1 and the MIR142-3p
mimic or MIRNC, we found that the MIR142-3p mimic further
reduced luciferase activity of the WT 3"UTR F1 by 45.5% but had
no effect on the mutated counterpart (Fig. S2B). Furthermore,
MIRI42-3p inhibited the basal levels of ATGIGLI gene and
protein expression with respect to MIRNC (Fig. S2C and S2D).

MIR142-3p inhibits starvation-induced autophagy

In order to evaluate the functional consequence of MIR142-3p
regulation of ATGIG6LI, we determined the effect of individual
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miRNA mimic transfection on the intracellular autophagic
activity. Autophagy can be monitored at different steps, but
most commonly used methods touch upon LC3 turnover and
SQSTM1/p62 (sequestosome 1) degradation.’*** Therefore,
we used the conversion of LC3-I to LC3-II and the increasing
number of LC3-1II puncta as well as the decreased protein level
of SQSTMLI as markers for autophagic activity. It should be
noted that the transfection process itself is somewhat toxic to
the cells and may induce autophagy.” As indicated in Figure 5A,
HCT116 cells exposed to MIRNC transfection showed increased
ratio of LC3-II/LC3-I and decreased SQSTMI protein
expression when compared with the non-transfection control.
Interestingly, increased autophagy by the transfection process
was partially inhibited by the M/RI142-3p mimic. Figure 5B
shows that starvation-induced autophagy was readily apparent
in transfected cells, as evidenced by a further increase in
the LC3-II/LC3-I ratio and a decrease in SQSTMI protein
expression. Therefore, in this study, we compared the effects of
several miRNA mimics on starvation-induced autophagy. When
compared with MIRNC, the MIR142-3p mimic reduced the
conversion of LC3-1 to LC3-II and increased SQSTMI protein
expression as demonstrated by western blot analysis (Fig. 5B),
and reduced the formation of LC3-II puncta as observed under
fluorescence microscopy (Fig. 5C and D). In addition, the
MIRI42-3p mimic marginally reduced the number of puncta
in unstarved transfected cells (P = 0.052). In contrast, the
other 4 miRNA mimics showed no or weak inhibitory effects
in both unstarved and starved cells. Although the MIR142-3p
mimic affects the ratios of LC3-II/LC3-1, it showed no effect
on total MAPILC3B mRNA expression (Fig. 5E). These data
suggest a causal relationship between the inhibition of ATGI6LI
expression by MIR142-3p and the decreased autophagic activity
induced by starvation.

To confirm the relationship between MIRI142-3p regulation
of ATGIGLI expression and subsequent autophagic activity, we
assessed the influence of a MIRI142-3p inhibitor on autophagic
activity in Jurkat T cells. Cells were transfected with a MIR142-3p
inhibitor or negative control and starved for 2 h. After saponin-
mediated release of soluble LC3-I, flow cytometry was performed
for LC3-I1, using a previously described method.?*?” The data
demonstrate that inhibition of MIRI42-3p in Jurkat T cells
results in the increased autophagic activity induced by starvation
(Fig. 6).

MIR142-3p modulates NOD2-dependent autophagy and
IL8 mRNA expression

NOD?2 is another identified susceptibility gene for CD.?%
Recent studies suggest that the NOD2 pathway and autophagy
are functionally cross-regulated.’**> NOD?2 signaling activates
autophagy, with the latter proven to play an active role in
intracellular bacterial clearance.’*> Therefore, we investigated
the effect of MIRI42-3p mimic transfection on NOD2-
dependent autophagic activity. HCT116 cells were treated with
L18-MDP, a synthetic derivative of NOD2 ligand muramyl
dipeptide, for 2 h. We found that L18-MDP induced autophagy
as indicated by increased LC3-II/LC3-I ratio and decreased
SQSTMI amount, but the degradation of LC3-II and SQSTM1
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Figure 4. MIR142-3p targets the ATG16L1 3'UTR. (A) HCT116 cells were
cotransfected with the F1 vector (200 ng/ml) and a miRNA mimic (10 nM),
and luciferase reporter assays were performed 48 h after transfection.
The data are expressed as the mean + SEM (n = 4). **P < 0.01 vs the
MIRNC. (B) To validate the predicted MIR142-3p binding sequence in the
ATG16L1 3'UTR, 11 nucleotides at position 254 to 264 in the truncated
F1 vector were substituted. (C) HCT116 cells were cotransfected with
the WT or mutated F1 (200 ng/ml) vector and the MIR142-3p mimic or
MIRNC (10 nM). At 48 h post-transfection, dual luciferase activities were
determined. The data are expressed as the mean + SEM (n = 4). *P < 0.05
and ***P < 0.001 vs the MIRNC.

could be blocked by the lysosome inhibitor bafilomycin A,
(Fig. 7A). As expected, MIR142-3p mimic transfection inhibited
the autophagic response to L18-MDP, as indicated by the
decreased LC3-II/LC3-I ratio. Furthermore, it is know that
autophagy could negatively regulate the production of certain
inflammatory cytokines (e.g., IL1B and IL18), but positively
regulate the secretion of other cytokines (e.g., IL8 and TNF).%
Our another manuscript observes that the /L8 gene is significantly
upregulated in HCT116 cells upon MDP stimulation,® so we
determined L18-MDP-induced /L8 gene expression in HCT116
cells transfected with MIR142-3p. The results showed that the
MIRI142-3p mimic significantly inhibited /L8 mRNA expression
(Fig. 7B), supporting the positive regulation of autophagy for
I1L8.

MIR142-3p overexpression increases starvation-induced cell
death

It is known that starvation induces cell death and under
starvation conditions, autophagy is an important cell survival
mechanism by which cytoplasmic materials are degraded
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Figure 5. MIR142-3p regulates starvation-induced autophagy in HCT116 cells. HCT116 cells were transfected with a miRNA mimic or MIRNC (50 nM). At
24 h post-transfection, cells were directly collected (A) or incubated in EBSS for autophagy induction for another 4 h (B). Autophagy was monitored
based on the LC3 turnover and SQSTM1 degradation by western blot. The band densities were quantitated and the ratios of LC3-1I/LC3-1 and SQSTM1/
GAPDH (or ACTB) were calculated and normalized. (C) LC3-Il puncta were visualized by confocal imaging of cells immunostained for nucleus and LC3
using DAPI (blue) and Alexa Fluor 488 secondary antibody conjugates (green), respectively. Arrow indicates increasing LC3-Il puncta. Representative
imaging are shown. (D) LC3-Il puncta per cell were quantitated by randomly counting 20 cells for each treatment group and the data are expressed as
the mean £ SEM (n = 20). (E) Real-time RT-PCR analysis of MAP1LC3B mRNA expression. The data were expressed as the mean + SEM (n = 6).

for energy metabolism and protein synthesis essential for
cell survival“® Therefore, we investigated the influence of
MIRI42-3p regulation of ATGI6LI and autophagy on cell
death and apoptosis induced by starvation. HCT116 cells were
transfected with the MI/RI42-3p mimic and then deprived
of amino acids and serum for 24 h. Figure 8A illustrates that
starvation resulted in significantly reduced cell viability and
MIRI42-3p overexpression further decreased cell viability.
Similarly, starvation induced apoptosis and MI/RI42-3p mimic
transfection further enhanced apoptosis (Fig. 8B). In addition,
we further determined cell death and apoptosis by using ANXA5/
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annexin V and 7-AAD (7-aminoactinomycin D) staining.
The results show that MIRI42-3p transfection increased the
percentage of ANXAS5-positive cells and 7-AAD-positive cells
(Fig. S3). These data suggest that, in agreement with previous

44,45

studies,**® autophagy is a cell survival mechanism under
starvation conditions and suppressed autophagy may exacerbate
starvation-induced cell death and apoptosis.

MIR142-3p has no regulatory effects on other putative
target genes associated with autophagy

In addition to ATGIGLI, there are several other autophagy-

related genes and autophagy regulators that are predicted
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Figure 6. MIR142-3p regulates starvation-induced
autophagy in Jurtak T cells. Jurkat T cells were transfected
with a MIR742-3p inhibitor or control inhibitor (50 nM). After
overnight culture, cells were incubated in EBSS for 2 h. Cell
pellets were treated with 0.05% saponin to release soluble
LC3-land then incubated with anti-LC3B antibody or isotype
control antibody. Flow cytometry was performed after
incubation with an Alexa Fluor 488 anti-rabbit secondary
antibody. Representative scatter plots and histograms of
flow cytometry for the (A) isotype control antibody and
for LC3-1l in (B) MIR142-3p inhibitor-transfected cells and (C)
control inhibitor-transfected cells are presented. LC3-Il was
increased in cells transfected with the MIR142-3p inhibitor
as compared with the control inhibitor. Data represents
2 independent experiments.

target genes of MIR142-3p, including ATG5, ATG14,
GABARAPLI, RICTOR, and TP53INP2.” In order to
rule out the possibility of the MIR142-3p regulation
of multiple autophagy-related or -regulating genes that
results in a lower autophagic activity, we assessed the
effect of MIR142-3p overexpression on the mRNA
expression levels of these putative target genes in
HCT116 cells and our data did not find a significant
influence (Fig. S4A-S4E). ATGS5 participates in
autophagy by conjugating to ATGI12 and then to
ATGIG6L1. Therefore we also determined if the
MIRI42-3p mimic affects ATG5 protein expression
and found that it has no negative regulatory effect
(Fig. S4F).

Starvation coinduces ATGI16LI and MIRI42-3p

To understand the physiological changes of
ATGIGLI gene expression and MIRI42-3p expression
following a short-term of starvation, A7GI16L1 mRNA
expression and endogenous mature MIRI42-3p
expression were assessed in HCT116 cells that were
deprived of nutrients for different time points (0 to 6 h)
(Fig. 9). The results showed that there was a modest but
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0.001 vs the baseline control transfected with MIRNC. ##P < 0.001 vs the L18-MDP-treated control transfected with MIRNC.
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Figure 8. MIR142-3p increases cell death induced by starvation. HCT116
cells were seeded in 96-well plates. After transfection with the MIR142-3p
mimic or MIRNC (50 nM), cells were incubated in normal complete
medium or in EBSS for starvation induction for 24 h. (A) Cell viability was
determined using a colorimetric assay kit. (B) Apoptosis was determined
by assaying the CASP3 and CASP7 activities. RFU indicates relative
fluorescence units. The data are expressed as the mean + SEM (n = 3).
**P < 0.01 and ***P < 0.001 vs the unstarved control transfected with
MIRNC. *P < 0.05 vs the starved control transfected with MIRNC.

statistically significant increase in the ATGI6LI gene expression
shortly after starvation induction, which peaked at about 1 h and
was followed by a gradual decrease. ATGI6L1 gene expression
returned to the baseline levels atabout 6 h. Interestingly, starvation
also induced MIRI142-3p expression. However, the increased
MIRI42-3p expression lagged behind the increased ATGI6LI
mRNA expression. The increased MIR142-3p corresponded with
the decreasing ATGI6L1 expression, suggesting that the delayed
increase in the expression of MIRI142-3p may help control the
magnitude of ATGI6LI gene expression.

Discussion

It has been shown that impaired autophagy is intimately
associated with the pathogenesis of many human diseases.’”
For example, decreased expression of BECNI is associated with
the development or progression of human malignancies.
Autophagy is a complex signaling process involving over 35
autophagy-related gene products and numerous autophagy-
regulating molecules thatactin concert.”> ATGI16L1 is required for
autophagy through the involvement of ATG12-ATG5-ATGI16L1
complexes in the formation of autophagosomes.”> ATGI6L1 has
drawn special attention recently due to the identification of
ATGIGLI as a risk gene for CD.*” Human and animal studies
have demonstrated that defects in ATGI6LI function are closely
associated with the elevated intestinal inflammation and aberrant
Paneth cell function usually seen in CD.*'? Autophagy may
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Figure 9. Starvation coinduces ATG16L1 and MIR142-3p. HCT116 cells were
incubated in EBSS for different time points (0 to 6 h), then the relative
expression levels of ATG16LT mRNA and endogenous mature MIR142-3p
were assessed by qRT-PCR and normalized with GAPDH and RNU6B,
respectively. The expression levels of both ATG16LT and MIR142-3p for
the unstarved controls are considered as 100%. The data are expressed
as the mean = SEM (n = 3). *P < 0.05 and **P < 0.01 vs the corresponding
unstarved control. *P < 0.05 vs the ATGT6LT mRNA expression at 1 h.

represent an important mechanism in the interaction of host
genetic susceptibility and immune dysregulation that contribute
to the pathogenesis of CD.* Therefore, exploring how ATGIGLI
and autophagy pathways are regulated may increase our
understanding of the pathogenesis of CD. miRNAs represent a
novel mechanism for the post-transcriptional regulation of gene
expression. Our laboratory has reported that miRNAs were
differentially expressed in the peripheral blood and intestinal
tissues of IBD patients.?*?° Herein, we provided the first evidence
of miRNA regulation of human ATGIG6LI expression in intestinal
epithelial cell lines as well as Jurkat T cells.

Of the 5 tested miRNAs that have putative binding sites in
the ATGI6L1 3'UTR, MIRI42-3p was found to have the most
significanteffect on ATGI6LI expression. The negative regulation
of ATGIGLI expression by MIRI42-3p was confirmed by
transfecting HCT116 and Caco-2 cells with a MIR142-3p mimic
as well as transfecting Jurkat T cells with a M/R142-3p inhibitor.
miRNAs are known to affect target mRNA stability and/or
mRNA translation, either case ultimately leading to a decreased
protein expression and function. Translational inhibition may
occur if the complementary sequences between the paired
miRNA and mRNA do not match well; mRNA degradation
will possibly occur if there is a relatively perfect complementarity
between the pair.!® Our data suggest that MIRI142-3p regulates
ATGIGLI expression possibly via the mRNA degradation
mechanism or both mRNA degradation and translational
inhibition mechanisms. To validate the binding sequence in the
3'UTR for MIR142-3p, the predicted binding site at position 254
to 264 was substituted. We found that the mutated 3'UTR F1
vector showed increasing luciferase activity and was refractory to
the inhibitory effect of MIR142-3p, indicating that the binding
site is involved in the MIR142-3p regulatory function.

Moreover, the regulation of ATGIG6LI expression by
MIRI42-3p was evaluated by determining the effect of mimic
transfection on the autophagic activity in HCT116 cells. We used
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the formation of LC3-II and SQSTM1 degradation as markers
for autophagy.*** The decreased formation of LC3-II (or the
decreased LC3-II/LC3-I ratio) and the elevated amount of
SQSTML in starved HCT116 cells following MIR142-3p mimic
transfection suggests that the decreased expression of ATGI6LI
by MIR142-3p leads to inhibition of autophagic activity. The
influence of MIR142-3p on autophagic activity was confirmed by
demonstrating MIR142-3p inhibitor enhancement of starvation-
induced autophagy in Jurkat T cells. MIRI42-3p regulation
of ATGIGLI also affected L18-MDP-induced autophagy and
inflammatory response. These are very interesting findings in
the context of CD because A7GI6L1 and NOD2 are 2 important
genes associated with the pathogenesis of CD. Our findings
suggest that a dysregulated miRNA may affect both autophagy
and NOD?2 signaling, consequently compromising the removal of
invading bacteria and the control of inflammatory inflammation.
Additionally, because autophagy has been implicated in aspects
of cell death and apoptosis,**® we evaluated the effect of the
MIRI42-3p mimic on cell viability and apoptosis of HCT116
cells exposed to starvation for 24 h. We found that inhibition
of ATGIG6LI and autophagy by MIR142-3p enhanced starvation-
induced cell death and apoptosis, confirming earlier reports
that autophagy is beneficial for cell survival under starvation
condition.*** Although several other autophagy-related genes,
i.e., ATG5, ATGI14, and GABARAPLI, and autophagy-regulating
genes, i.e., RICTOR and TP53INP2, are also predicted to be
targets of MIRI42-3p,"” our data suggest that the possibility
of MIRI142-3p regulation of autophagy through these several
autophagy-related and -regulating genes are small, and so far, no
other autophagy-related or -regulating genes have been identified
as target genes of MIRI42-3p.

Luciferase reporter assays with the A7GI6LI 3"UTR vectors
indicate that A7GI6LI may harbor multiple miRNA binding sites
and are therefore subject to the regulation by several miRNAs
simultaneously and coordinately. In addition, it is possible that
other 3'UTR regulatory elements may play a role in ATGIGLI
expression. It has been recently reported in SCC-wt-ANp63a
cells that MIR519A regulates ATGI6GL1* Hsa-MIR519A has
a putative binding site in the A7TGI6LI 3'UTR with the seed
region at the position 1035-1041 near the 3’ end. Our data
suggest that the miRNA binding sites at the 5" end of ATGI6LI
3'UTR contribute much more to the 3'UTR regulatory function
than do those at the 3’ end. Our present study focuses on
MIR142-3p which has a binding site close to the 5" end of the
ATGI6LI 3"UTR.

MIRI42-3p is broadly conserved among mammals and is
crucial for the maturation of hematopoietic cells.”! Growing
evidence supports an active involvement of MIRI42-3p in
the modulation of chronic inflammatory response.’** It is
upregulated in immune-related disorders including psoriasis,*
systemic lupus erythematosus,” and systemic sclerosis.
MIRI142-3p has also been implicated in the cell differentiation

process associated with the development of human cancers such
57,58

56

as T cell leukemia,””*® acute myeloid leukemia,” and squamous
cell carcinoma.®®! In addition to ATGIG6LI, several other target
genes for MIR142-3p have been identified recently such as Rock2
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(Rho-associated, coiled-coil containing protein kinase 2),%' Adcy9
(adenylyl cyclase 9) in CD4* T cells,®* NR3CI [nuclear receptor
subfamily 3, group C, member 1 (glucocorticoid receptor)] in
T-leukemic cells,”® RACT in hepatocellular carcinoma cell lines,*
IL6 in dendritic cells,** and a clock gene, ARNTL/BMALI, in
293ET and NTH3T3 cell lines.® In particular, the regulation of
dendritic cell responses to endotoxin by targeting /L6 provides
robust evidence for MIRI42-3p as an anti-inflammatory
miRNA.*  Nevertheless, MIRI42-3p may exhibit distinct
properties in inflammation via the regulation of autophagy.
Although until now, miRNA microarray analyses have not
disclosed an aberrant expression of MIRI42-3p in patients with
active vs. inactive CD, this miRNA indeed is dysregulated in
[BD-associated inflammation.®® In addition, it was found that
MIRI142-3p is significantly elevated in chemically induced acute
colitis.”” These cumulative data indicate MIR142-3p is involved
in various dysregulated inflammatory responses, including IBD-
associated intestinal inflammation.

Our data strongly indicate that M/R142-3p may fine-tune the
amplitude of ATGI16L1 gene expression and the overall autophagic
response. However, the role of MIRI42-3p in regulating
ATGIGLI expression and autophagic activity may depend on
the endogenous and inducible levels of MIR142-3p in specific
cell populations. For cells with endogenously low expression
levels, slight upregulation may cause a significant effect on the
target gene expression. This may explain why the exogenous
MIRI42-3p mimic could produce significant regulatory effects
on ATGIGLI expression and autophagic activity. Similarly, for
cells with endogenously high MIRI42-3p expression levels, a
slight reduction may also produce significant regulatory effects
on ATGIG6LI expression and autophagic activity. Of note, further
studies are warranted to confirm the significance of MIR142-3p
regulation of ATGI6L1 and the autophagy process in vivo.
Additionally, due to the dual role of autophagy in controlling cell
viability,’ the consequences of MIR142-3p regulation of ATGI6L1
and autophagy at different stages of IBD progression need to be
determined. Taken together, we demonstrated that M/R142-3p
negatively regulates ATGI6LI and autophagic activity, implying
a role of this miRNA in the intestinal inflammation and CD.
These data may help develop miRNA-based therapeutics and
diagnostics for CD.

Materials and Methods

Cell culture

HCT116, Caco-2, and Jurkat cells were previously obtained
from American Type Culture Collection and grown in McCoy
5A, DMEM, and RPMI 1640 medium (Cellgro, 10-050-CV,
10-013-CV, and 10-040-CV), respectively, supplemented with
10% fetal bovine serum (Atlanta Biologicals, S11550) at 37 °C in
a 5% CO, incubator. Cells were split regularly and cells between
passages 5 and 20 were used in this study. For autophagy induction
by starvation, cells were rinsed twice and then incubated in Earle’s
balanced salt solution (EBSS; Sigma, E2888) for indicated time.
For autophagy induction by L18-MDP (InvivoGen, tltl-lmdp),
cells were incubated in fresh complete medium.
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3'UTR construct

The pMIR-GLO reporter vector (Promega, E133A) containing
ATGI6L1 3'UTR downstream of the firefly luciferase gene
was designed then generated from GenScript. This ATGI6LI
3'UTR-containing vector was used as a template to create 3
more vectors containing truncated A7GI6L1 3'UTR fragments
(Fig. 1A) by PCR cloning with the cloning sites Sacl and Sall.
All 3 fragments started at the 5" end of the ATGI6L1 3'UTR.
The forward primer for all 3 fragments was 5-AATGAGCTCG
GGCTCTCAGG G-3'. The reverse primers for F1, F2, and
F3 were 5'-AATGTCGACG ACGAGAGAAA GCACAGA-3/,
5-AATGTCGACC ATTTCCCTGG AAAAGAT-3', and
5'-AATGTCGACC CAGAGAACAA GCATGGA-3/,
respectively. The 3'UTR fragments were amplified using
Platinum Taq DNA polymerase (Invitrogen, 10966), and
the PCR products were purified using QuickClean II PCR
purification kit (GenScript, L00419) and confirmed by agarose
gel electrophoresis. Following restriction enzyme digestion and
purification, sticky-end ligation into the pMIR-GLO vector was
performed using T4 ligase (New England Biolabs, M0202), and
then the ligation product was transformed into DH5a competent
cells, and screened on LB plates. The accuracy of the truncated
3'UTR fragment inserts was confirmed by complete sequencing
analysis (UChicago DNA Sequencing and Genotyping Facility).
A mutant of the truncated 3'UTR F1 at position 254 to 264 was
created by GenScript.

Transfection

The miRNA mimic negative control (HMCO0003) and
mimics of MIR30B* (HMI0457), MIRI142-3p (HMI0219),
MIR505* (HMIO0625), MIR548B-3p (HMI0736), and
MIR770-5p (HM10923) were obtained from Sigma. MIR142-3p
inhibitor was from Ambion (4464084). HCT116 and Caco-2
cells grown at 30% confluence in appropriate culture plates
were transfected with a miRNA mimic, M/RI142-3p inhibitor,
pMIR-ATGI6LI 3'UTR vector or corresponding negative
control using Lipofectamine 2000 reagent (Invitrogen, 11668)
in OPTI-MEMI reduced serum medium (Invitrogen, 51985)
for 4.5 h according to the manufacturer’s protocol, then the
transfection medium was replaced with normal complete
medium. Jurkat cells were seeded at 2 x 10° cells per well in
6-well plate and transfected with the MIRI42-3p mimic or
inhibitor for 24 h, then normal complete medium added. At
24 or 48 h post-transfection, cells were incubated in EBSS or
treated with L18-MDP plus bafilomycin A, (LC Laboratories,
B-1080), a lysosome inhibitor, for autophagy induction or
directly harvested for evaluating the transfection effects of
miRNA mimics, MIRI42-3p inhibitor, and pMIR-ATGI6LI
3'UTR vectors on the luciferase activity, ATGI6L1 expression,
or autophagic activity.

Luciferase reporter assay

Cells were lysed in passive lysing buffer and then analyzed for
the firefly and renilla luciferase activities using the commercial
Dual-Luciferase reporter assay system (Promega, E1910) on
the GloMax-multi Detection Luminometer (Promega, E7031,
Madison, WI), and the firefly luciferase activity was normalized
to the renilla luciferase activity.
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Real-time RT-PCR for mRNA

Total RNA was extracted using TRIzol reagent (Invitrogen,
15596018). The integrity, quantity, and purity of RNA were
examined using Nano-Drop 1000 Spectrophotometer (Thermo
Scientific, Wilmington, DE). For each sample, 500 ng of total
RNA was converted to ¢cDNA using the SuperScript VILO
c¢DNA synthesis kit (Invitrogen, 11754) on the C1000 thermal
Cycler system (Bio-Rad, 185-1048). The relative amount of
tested mRNA to the housekeeping gene GAPDH or ACTB was
determined using QuantiFast SYBR Green PCR kit (Qiagen,
204054). Quantitative PCR amplifications were performed on
the LightCycler 480 real-time PCR system (Roche Diagnostics,
Indianapolis, IN). The thermal profile was 95 °C for 5 min
followed by 45 cycles of 95 °C for 10 s, 56 °C for 20 s, and
60 °C for 30 s. The following primer pairs were used: A7GI6L1,
5-CAGTTACGTG GCGGCAGGCT-3" (forward) and
5-ACAACGTGCG AGCCAGAGGG-3" (reverse); ATGS5,
5'-GCCATAGCTT GGAGTAGGTT TGGCT-3' (forward) and
5-GCGTGAAACA AGTTGGAATT CGTCC-3’" (reverse);
ATGI4, 5-GAACACCTAG GCAGGTCAGG-3' (forward)
and 5- AAAACCGGGG ACTAGGCAAG-3" (reverse);
MAPILC3B, 5-ACCATGCCGT CGGAGAAG-3' (forward)
and 5-ATCGTTCTAT TATCACCGGG ATTTT-3' (reverse);
GABARAPLI, 5-AGGGTCCCCG  TGATTGTAGA-3'
(forward) and 5-TAAGGCGTCC TCAGGTCTCA-3'
(reverse); RICTOR, 5-GGCCTTGGGA AATATCGGCT-3’
(forward) and 5'-CCTCACAGCA TCCCAGTTGT-3’ (reverse);
TP53INP2, 5'-CACCCCAGCA TGTCCGTTTA-3' (forward)

and 5-CAATTCCCCT TCGCTGAGGT-3" (reverse);
118, 5-CTGCGCCAAC ACAGAAATTA-3" (forward)
and 5-TGAATTCTCA GCCCTCTTCA A-3" (reverse);

GAPDH, 5-CGACCACTTT GTCAAGCTCA-3" (forward)
and 5-AGGGGAGATT CAGTGTGGTG-3" (reverse); and
ACTB, 5-CTCTTCCAGC CTTCCTTCCT-3' (forward) and
5'-AGCACTGTGT TGGCGTACAG-3' (reverse).

Real-time RT-PCR for endogenous mature miRNAs

cDNA was synthesized from total RNA using the NCode
VILO miRNA ¢cDNA synthesis kit (Invitrogen, A11169) followed
by qPCR using the NCode EXPRESS SYBR GreenER miRNA
gRT-PCR kit (Invitrogen, A11193). The thermal profile was
95 °C for 5 min followed by 40 cycles of 95 °C for 15 s, 56 °C
for 1 min, and 60 °C for 20 s. The expression of miRNAs was
calculated relative to RNUGB, a ubiquitous small nuclear RNA.
The forward primers for MIR30B* MIRI42-3p, MIR505%
MIR548B-3p, MIR770-5p,and RNUG6Bwere5-CTGGGAGGTG
GATGTTTACT TC-3/, 5 “TGTAGTGTTT CCTACTTTAT

GGA-3/, 5'-GGGAGCCAGG AAGTATTGAT
GT-3, 5-CAAGAACCTC  AGTTGCTTTT  GT-3,
5'-TCCAGTACCA CGTGTCAGGG CCA-3, and

5'-CGCAAGGATG ACACGCAAAT TCG-3', respectively. A
universal reverse primer provided in the qRT-PCR kit was used.
Western blot analysis
Cells were lysed in CelLytic MT mammalian tissue lysis/
extraction reagent (Sigma, C3228) containing 1% protease
inhibitor cocktail (Sigma, P8340) and then mixed with the
same volume of Laemmli sample buffer (Bio-Rad, 161-0737)
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containing 2-mercaptoethanol. After heat denaturation, equal
amounts (15 pg) of cellular proteins were separated by SDS-
PAGE, followed by electrotransfer onto a PVDF membrane
(Bio-Rad, 162-0177). After blocking with 5% nonfat milk,
the immunoblot was performed by incubation with primary
antibodies (1:1,000 dilution), then Alexa Fluor 680 (Invitrogen,
A21084) and IRDye 800CW (LI-COR Biosciences, 926-32213)
conjugated secondary antibodies (1:10,000 dilution). The
immunocomplexes were visualized and band intensities were
quantified using an Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE). The following primary antibodies
were used: rabbit anti-ATG16L1, ATG5, SQSTMI, and LC3B
(Cell Signaling, 8089, 8540, 5114, and 2775, respectively) as well
as goat anti-ACTB and GAPDH (Santa Cruz Biotechnology,
SC-1615 and SC-20357, respectively).

Confocal imaging

Cells grown on cover glasses were transfected with a mimic
and then starved for 4 h as mentioned above. Cells were fixed in
4% paraformaldehyde and permeabilized by 0.5% Triton X-100.
Following blocking with 3% bovine serum albumin (Sigma,
A9647), cells were serially incubated in rabbit anti-LC3B (1:200
dilution) and donkey anti-rabbit Alexa Fluor 488 (1:250 dilution;
Invitrogen, A11034). Finally, cells were rinsed and mounted
on cover glasses with Prolong Gold anti-fade reagent with
4-6-diamidino-2-phenylindole (DAPI; Invitrogen, P36931),
and the immunostaining was observed under an Olympus DSU
spinning disk confocal microscope (Olympus America Inc.,
Center Valley, PA) with a 60 x oil lens.

Flow cytometry

Flow cytometry for LC3 was performed as previously
described.’®%” Briefly, Jurkat T cells were transfected with the
MIRI42-3p inhibitor and negative control (50 nM) by using
Lipofectamine LTX and Plus reagents (Invitrogen, 15338-100)
according to the manufacturer’s protocol specific for Jurkat cells.
After transfection for 4 h, equal amount of complete medium was
added. On the next day, the cultured medium was removed and
the cells were incubated in EBSS containing 15 mM NH ClI for
2 h. The cells were pelleted and resuspended in phosphate-
buffered saline (PBS) containing 0.05% saponin for 5 min to
release the soluble LC3-I from cells. Cells were then incubated
with anti-LC3B primary antibody (MBL International, PM036,
1:200) for 20 min, rinsed with PBS, incubated with Alexa
Fluor 488-anti-rabbit secondary antibody (1:1000) for 15 min,

and rinsed twice with PBS. FACS data were collected using a
FACSCanto flow cytometer (Becton Dickinson) with FASCDiva
software. More than 30,000 events were captured for a sample.
Data analysis was performed with Flow]o.

Cell viability and apoptosis assay

HCT116 cells were seeded in transparent or white 96-well
plates. After transfection with the MIR142-3p mimic or MIRNC
(50 nM), cells were incubated in normal complete medium or in
EBSS for 24 h. Cell viability was assayed using the Cell Counting
Kit-8 (Dojindo, CK04-11) and quantified by reading absorbance
at 450 nm with a 630 nm reference on a microplate reader (Tecan,
Infinite M200 PRO, Research Triangle Park, NC). Alternatively,
apoptosis was determined by assaying the activities of caspase-3
and -7 using the Apo-ONE Homogeneous CASP3 and CASP7
(Caspase-3/7) assay kit (Promega, G7791) according to the
manufacturer’s specifications or analyzed using the PE ANXA5
apoptosis detection kit I (BD PharMingen, 559763) and a flow
cytometer.

Statistical analysis

GraphPad Prism 4.0 (GraphPad Software) was used for the
statistical analysis. For 2 treatment groups, the Student # test was
used. For 3 or more treatment groups, one-way ANOVA was
used with Bonferroni post-test for the comparison of selected 2
treatment groups as well as Dunnett post-test for comparing all
other treatment groups to the corresponding control. A value P <
0.05 was considered statistically significant.
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