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ABSTRACT

ARTICLE HISTORY

Autophagy is an important antimicrobial effector process that defends against Mycobacterium tuberculosis
(Mtb), the human pathogen causing tuberculosis (TB). MicroRNAs (miRNAs), endogenous noncoding RNAs,
are involved in various biological functions and act as post-transcriptional regulators to target mRNAs. The
process by which miRNAs affect antibacterial autophagy and host defense mechanisms against Mtb
infections in human monocytes and macrophages is largely uncharacterized. In this study, we show that
Mtb significantly induces the expression of MIR144"/hsa-miR-144-5p, which targets the 3’-untranslated
region of DRAM2 (DNA damage regulated autophagy modulator 2) in human monocytes and
macrophages. Mtb infection downregulated, whereas the autophagy activators upregulated, DRAM2
expression in human monocytes and macrophages by activating AMP-activated protein kinase. In
addition, overexpression of MIR144™ decreased DRAM?2 expression and formation of autophagosomes in
human monocytes, whereas inhibition of MIR144" had the opposite effect. Moreover, the levels of MIR144*
were elevated, whereas DRAM2 levels were reduced, in human peripheral blood cells and tissues in TB
patients, indicating the clinical significance of MIR144* and DRAM2 in human TB. Notably, DRAM2
interacted with BECN1 and UVRAG, essential components of the autophagic machinery, leading to
displacement of RUBCN from the BECN1 complex and enhancement of PtdIns3K activity. Furthermore,
MIR144* and DRAM2 were critically involved in phagosomal maturation and enhanced antimicrobial
effects against Mtb. Our findings identify a previously unrecognized role of human MIR144* in the
inhibition of antibacterial autophagy and the innate host immune response to Mtb. Additionally, these
data reveal that DRAM2 is a key coordinator of autophagy activation that enhances antimicrobial activity

Received 11 December 2015
Revised 9 September 2016
Accepted 22 September 2016

KEYWORDS

AMPK; DRAM2; MIR144";
Mycobacterium tuberculosis;
tuberculosis

against Mtb.

Introduction

Autophagy is an intracellular system utilized to degrade cyto-
plasmic cargos sequestered by double membrane-layered auto-
phagosomes that ultimately fuse with lysosomes."” Increasing
evidence has revealed that autophagy is a central element of
innate immune responses against numerous intracellular
pathogens.” Mycobacterium tuberculosis (Mtb) is a major
human pathogen that can survive within macrophages by evad-
ing the fusion of phagosomes with late endosomes or lyso-
somes.* Autophagy activation through ubiquitin-mediated
targeting of Mtb promotes the innate immune response against
mycobacterial infection.” In addition, a variety of exogenous

stimuli leading to antibacterial autophagy can target Mtb and
increase phagosomal maturation, thus inhibiting intracellular
bacterial replication.® To date, numerous stimuli including
IENG (interferon gamma), IL1B (interleukin 1 §), TLR (toll-
like receptor) ligands, and vitamin D3 have been shown to initi-
ate autophagy activation by targeting Mtb and promoting
phagosomal acidification.”””

MicroRNAs (miRNAs) are a growing family of small
noncoding RNA molecules approximately 21 to 25 nucleoti-
des long. miRNAs can control the expression of nearly 30%
of protein-coding genes by targeting mRNA, resulting in
cleavage or inhibition of translation.'®'' To investigate the
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specific miRNAs involved in the pathogenesis of tuberculo-
sis (TB), several studies on mycobacterial infections ana-
lyzed miRNA expression profiles within mixed peripheral
blood cells, whole lungs, and mouse models of infection.'>"?
miRNAs including MIR155/hsa-miR-155 and MIR155" have
been identified as potential diagnostic markers for TB (note
that the asterisk signifies a biological activity for the miRNA
that is generated from the opposite strand of the hairpin as
the canonical miRNA).'” Another study showed that
MIRI144"/hsa-miR-144-5p is overexpressed in active TB
patients compared with healthy controls (HCs; uninfected
control donors), and that it inhibits IFNG and TNF (tumor
necrosis factor) production.13 In addition, MIR21/hsa-miR-
21 is upregulated in human monocytes infected with Myco-
bacterium leprae and inhibits the expression of genes
encoding antimicrobial peptides, including CAMP (catheli-
cidin antimicrobial peptide) and DEFB4A (defensin S
4A)."* MIRLET7F/hsa-let-7f regulates immune responses
during Mtb infection by targeting TNFAIP3 (TNF «
induced protein 3), also known as A20."> These studies pro-
vided insight into the effect of mycobacterial infections on
miRNA expression patterns. However, our understanding of
the role of miRNAs in modulating host defenses in TB
infection and their clinical relevance is unclear.

In this study, we analyzed miRNA profiles from previous
works and screened miRNAs with altered levels during
human TB infection.'®'” Through our approach we found
that among the 10 miRNAs upregulated during TB,
MIR144" showed the strongest association with the auto-
phagy-related DRAM2 (DNA damage-regulated autophagy
modulator 2). We further characterized the unique role of
MIRI144" in suppressing autophagy in human primary
monocytes via post-transcriptional regulation of DRAM?2.
DRAM?2 is a lysosomal protein and member of DRAM-
related proteins, which link autophagy with the tumor sup-
pressor, TP53 (tumor protein p53; note that the mouse
nomenclature is TRP53, but we use TP53 hereafter to refer
to both the human and mouse genes/proteins for simplicity)
OK." The results from our study suggest that MIRI44*
inhibits autophagy induced by Mtb infection and by auto-
phagy activators, such as vitamin D3, 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), an activator of the
AMPK/AMP-activated protein kinase pathway, and rapamy-
cin, by targeting DRAM2. Importantly, we found that
DRAM?2 interacted with essential components of the auto-
phagy machinery, BECN1/Beclin 1 and UVRAG (UV radia-
tion resistance associated), leading to displacement of
RUBCN (RUN and cysteine rich domain containing Beclin
1 interacting protein) from the BECN1 complex and pro-
moting the activity of the class III phosphatidylinositol 3-
kinase (PtdIns3K), whose catalytic subunit is PIK3C3/
VPS34 (phosphatidylinositol 3-kinase catalytic subunit type
3). In addition, DRAM?2 was required for phagosomal acidi-
fication and antimicrobial activities in human macrophages
during Mtb infection. Furthermore, our data showed that
MIR144" levels were elevated, and those of DRAM2 were
reduced, in human peripheral blood cells and tissues in pul-
monary and extrapulmonary TB, suggesting the clinical sig-
nificance of MIR144*-DRAM?2 in TB infection.

Results

MIR144" is induced in human macrophages by
mycobacterial infection and upregulated in peripheral
blood mononuclear cells (PBMCs) and tissues from
patients with pulmonary and extrapulmonary TB

To evaluate the miRNA expression profiles of PBMCs from
patients with pulmonary TB, we analyzed 2 miRNA microarray
datasets (GSE 29190 and GSE34608) from the Gene Expression
Omnibus (GEO) public database. Fourteen miRNAs in GSE
29190 were upregulated in active pulmonary TB patients com-
pared with HCs. In addition, 180 miRNAs in GSE34608
showed increased expression levels in TB patients compared
with HCs. Therefore, only 10 miRNAs were upregulated in the
2 microarray data sets (Fig. 1A). The heatmap revealed that
MIR144" showed the greatest magnitude of upregulation
among the 10 miRNAs (Fig. 1B). Previous studies showed that
MIR144" is upregulated in the PBMCs of active pulmonary TB
patients.”> In addition, we compared the expression of
MIR144" in PBMCs from active pulmonary TB patients and
HCs. The expression levels of MIRI44" were significantly
higher in PBMCs from active pulmonary TB patients than in
HC:s (Fig. 1C).

Although previous studies have published different miRNA
expression profiles in the peripheral blood and immune cells of
TB patients,'>'®" little is known about the expression profiles
in disease sites such as the lungs and lymph nodes. Therefore,
we examined the MIRI44" expression levels in disease sites
(e.g., lungs and lymph nodes) obtained from biopsies from TB
patients. In addition, MIR144" expression was upregulated in
samples collected from disease sites in pulmonary and extrapul-
monary TB patients compared with nonTB controls (Fig. 1D).
Using a real-time polymerase chain reaction (PCR) assay, we
found that MIR144" expression was upregulated in human
monocyte-derived macrophages (MDMs) after infection with
Mtb in a multiplicity of infection (MOI)-dependent manner
(Fig. 1E; at 6 h of infection). We then performed further kinetic
experiments at an MOI of 10, which showed the greatest induc-
tion of MIR144" after Mtb infection. Notably, the expression of
MIR144" was significantly increased (by approximately 8-fold)
in human MDMs at 6 h after Mtb infection (Fig. 1F). Similarly,
a MOI- or time-dependent increase in MIR144" expression was
detected in human MDMs after infection with other mycobac-
terial strains: Mycobacterium bovis-Bacillus Calmette-Guérin
(BCG), Mtb H37Ra, and Mycobacterium abscessus (Fig. S1A to
F). Furthermore, Mtb infection of THP-1 human monocytic
cells upregulated MIR144" expression in time- and MOI-
dependent manners (Fig. S2A and B). These data indicate that
MIR144" expression is robustly increased in human MDMs fol-
lowing mycobacterial infection, and that MIRI44" levels are
upregulated in PBMCs/tissues from TB patients compared with
HCs.

DRAM2 is a direct target of MIR144"

To identify the mechanism(s) underlying the role of MIRI44" in
modulating host defenses in Mtb infection, we used computa-
tional target prediction tools miRanda (http://www.microrna.org/
microrna/home.do), Targetscan (http://www.targetscan.org),
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Figure 1. Mtb infection upregulates the expression of MIR144" in human MDMs and in TB patients. (A) Venn diagram showing the distribution of differentially upregu-
lated miRNAs between TB patients and healthy controls (HCs) from the GEO public databases (GSE 29190 and GSE34608). (B) (Left) Heatmap analysis displaying raw data.
(Right) Fold change was calculated by dividing the average signal intensity of TB patients by that of HCs. (C) Human PBMCs were isolated from HCs (n = 37) and TB
patients (n = 32). Expression levels of MIR144" were determined by real-time PCR. (D) Real-time PCR analysis of MIR144" expression in disease sites from nonTB controls
(NonTB; n = 47) and from pulmonary and extrapulmonary TB patients (TB; n = 44). (E and F) Human MDMs were infected with Mtb at the indicated MOls for 6 h (E) or at
an MO of 10 for the indicated times (F). Experiments were performed 3 times and data are presented as means + SD. *P < 0.05, “*P < 0.01 and ***P < 0.001, compared
with the uninfected control (E and F). UN, uninfected control; TB, tuberculosis; HCs, healthy controls; ns, not significant.

and DIANA-microT (http://diana.cslab.ece.ntua.gr/microT/).
More specifically, these tools identified potential target(s)
involved in autophagy, an important antimycobacterial innate
immune response.”’ Bioinformatic analysis identified 4 putative
autophagy-related genes encoding DRAM2, LAMP2 (lyso-
somal-associated membrane protein 2), ATG16L2 (autophagy-
related 16 like 2), and ATG2A (autophagy-related 2A) as
MIR144" targets.

To reduce the number of putative target genes, we utilized
several search tools. DRAM2 had the best mirSVR score
(Table S1; score = —2.52), which represents the efficiency of
the miRNAs and miRanda-predicted target binding sites.” In
addition, several studies have considered the energetic specific-
ity between target mRNA and miRNAs.**** Therefore, we
determined the free energy (AG) of the 70 nucleotides flanking
the 5 and 3’ ends of the predicted miRNA binding sites.**
According to the Unified Nucleic Acid Folding (UNAFold) and
hybridization = package (http://www.bioinfo.rpi.edu/applica
tions/), the predicted human DRAM?2 site had the greatest AG
among the autophagy-related targets (Table S2; AG
—7.54 kcal/mol). DRAM2 mRNA contains 3 MIR144"-binding
sites in its 3’ untranslated region (3" UTR) (Fig. 2A). Since
MIR144" is predicted to target DRAM2, we evaluated the effect
of MIRI44* on DRAM2 protein expression. The MIR144"
mimic inhibited DRAM2 mRNA and DRAM2 protein expres-
sion, while the MIRI44" inhibitor enhanced expression in
human primary monocytes (Fig. 2B and C, for mRNA and pro-
tein, respectively). Neither the vehicle control nor the mimic or

inhibitor control affected DRAM2 mRNA or DRAM2 protein
levels in human monocytes (Fig. 2B and C). The transfection
efficiency of the MIRI144" mimic and inhibitor in human pri-
mary monocytes was confirmed by real-time PCR (Fig. S3A
and S3B). High levels of MIR144" were detected in human
monocytes at 6 h post-transfection with the MIRI44" mimic,
and the levels remained elevated 48 h after transfection (data
not shown). Since several candidate genes are potential targets
of MIR144", we examined the effect of MIR144" on LAMP2,
ATGI6L2, and ATG2A mRNA levels in human primary mono-
cytes. As shown in Figure S4, the MIR144™ mimic or inhibitor
substantially affected LAMP2, but not ATGI6L2 or ATG2A,
mRNA levels in human primary monocytes. In addition,
DRAMI mRNA levels were not modulated by transfection of a
MIR144" mimic or inhibitor in human monocytes (Fig. 2D).
These data suggest LAMP2 to be another target of MIR144",
and that ATGI16L2, ATG2A, and DRAM]I may not be true tar-
gets of MIR144".

To investigate whether MIR144" directly regulates DRAM?2,
we subcloned a series of DRAM?2 deletion constructs into the
pmirGLO vector (deletion of the DRAM2 3’ UTR targeting site
3 [A3] and sites 2 and 3 [A2,3]) (Fig. 2E). Constructs harboring
the wild-type (WT) or the mutant DRAM?2 3’ UTR (Fig. 2E;
mock, WT, A3, or A2,3) were cotransfected with the vehicle
control, mimic negative control, or MIRI44* mimic into
human monocytic THP-1 cells, and luciferase activity was mea-
sured. Overexpression of MIRI44" significantly attenuated
luciferase activity driven by the full-length DRAM2 3’ UTR
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Figure 2. DRAM?2 is a target of MIR144". (A) Three MIR144" binding sequences located in the DRAM2 3’ UTR. (B) Human primary monocytes were transfected with vehicle
control; mimic negative control or MIR144™ mimic (10, 20, and 50 nM); inhibitor negative control or MIR144" inhibitor (50, 100, and 150 nM) for 24 h. Expression levels of
DRAM2 were determined by real-time PCR. (C) Human primary monocytes were transfected with vehicle control; mimic negative control (50 nM) or MIR144* mimic (10,
20, and 50 nM); inhibitor negative control (150 nM) or MIR144™ inhibitor (50, 100, and 150 nM) for 24 h. DRAM2 protein levels were determined by immunoblotting.
(D) Human primary monocytes were transfected with vehicle control; mimic negative control or MIR144" mimic (10, 20, and 50 nM); inhibitor negative control or MIR144*
inhibitor (50, 100, and 150 nM) for 24 h. Expression levels of DRAM1 were determined by real-time PCR. (E) Schematic representation of the 3 MIR744-binding sites in
the DRAM2 3" UTR construct (full length; WT, wild type) and generation of deletion constructs (A3, deletion of site 3; A2,3, deletion of sites 2 and 3). (F) THP-1 cells were
cotransfected with vehicle control, mimic negative control, or MIR144" mimic (50 nM) and a series of luciferase reporter constructs (pmirGLO vector (mock), wild type, A3
and A2,3), which were incubated for 24 h. Luciferase assays were conducted to assess MIR144" targeting of the DRAM2 3’ UTR. (G) Nucleotide alignments among the
MIR144" seed sequence, site 3, and mutated sequences 3 UTR of DRAM2 cloned into pmirGLO vectors. (H) THP-1 cells were cotransfected with pmirGLO vector (mock)
carrying site 3 or mutant constructs in addition to the vehicle control, mimic negative control, or MIR744" mimic (50 nM). Following cotransfection, luciferase assays were
performed. Experiments were performed 3 times, and data were presented as means 4 SD. *P < 0.05, “*P < 0.01 and ***P < 0.001, compared with the vehicle control

(B and D). ns, not significant.

(WT) construct, while the mutant constructs were unrespon-
sive to MIR144" mimic transfection (Fig. 2F). In addition, no
repression of luciferase activity was observed upon overexpres-
sion of the vehicle controls or mimic negative controls in THP-
1 cells (Fig. 2F). Transfection of THP-1 cells with the MIR144™
mimic increased MIR144" levels in a dose-dependent manner
(Fig. S5A), while transfection with a MIRI44" inhibitor
decreased MIRI44" levels in a dose-dependent manner
(Fig. S5B). These results suggest that the DRAM2 3’ UTR tar-
geting site 3 is a likely MIR144" recognition site.

To validate the binding specificity of DRAM2 3’ UTR site 3,
we designed a construct containing mutated MIR144" binding
sequences within site 3 (mutant site 3) using PCR-mediated
mutagenesis in which we replaced 8 nucleotides by a constant
linker sequence (Fig. 2G). These constructs were cotransfected
with the vehicle control, mimic negative control, or MIR144"

mimic in THP-1 cells, and luciferase activity was measured. As
shown in Figure 2H, overexpression of MIRI44" markedly
repressed luciferase activity in cells transfected with constructs
containing the WT site 3, but showed no inhibition in the
mutant construct. These results demonstrate that MIRI144"
affects DRAM?2 expression by directly binding to and targeting
the 3 UTR region of DRAM2.

DRAM?2 expression is decreased by Mtb infection in human
macrophages and in disease samples from tuberculosis
patients

To examine the effects of MIRI44™ upon DRAM2 expression
during mycobacterial infection, we first evaluated whether Mtb
infection modulates the DRAM2 mRNA and protein levels of
DRAM?2 in human MDMs. As shown in Figure 3A and B, Mtb
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Figure 3. DRAM2 expression is downregulated by Mtb infection in human macrophages and in disease samples from tuberculosis patients. (A and B) Human MDMs
infected with Mtb (MOI of 10) for the indicated times. (A) DRAM2 mRNA levels were determined by real-time PCR. (B) DRAM2 protein levels were evaluated by immuno-
blotting. (C and D) Human MDMs were transfected with vehicle control; mimic negative control or MIR144* mimic (50 nM for C); inhibitor negative control or MIR144*
inhibitor (150 nM for D) for 24 h and then infected with Mtb for 3, 6 (C) or 24 h (D). DRAM2 protein levels were then determined by immunoblotting. (E) Human PBMCs
were isolated from HCs (n = 37) and TB patients (n = 32). Expression levels of DRAM2 were determined by real-time PCR. (F) Correlation of the expression of MIR144*
and DRAM2 by Pearson regression in PBMCs from HCs and TB patients (Pearson r = —0.22, P = 0.074). (G) Real-time PCR analysis of DRAM2 expression in disease sites
from nonTB controls (NonTB; n = 47) and disease sites from pulmonary and extrapulmonary TB patients (TB; n = 44). (H) Correlation of MIR144* and DRAM2 expression
by Pearson regression in tissues from HCs and TB patients (Pearson r = —0.18, P = 0.091). Experiments were performed 3 times, and data are presented as means =+ SD.
*P < 0.05 and ***P < 0.001, compared with untreated control (A). TB, tuberculosis patients; HCs, healthy controls.

infection led to reduced DRAM2 mRNA and protein levels of and B), we assessed the effects of the MIRI44* mimic and
DRAM?2 in human MDMs in a time-dependent manner. We  inhibitor on the DRAM2 protein level, at early (up to 6 h) and
then examined whether MIR144" is involved in the modulation late (at 24 h) time points, respectively, after Mtb infection
of DRAM?2 expression in human MDMs during Mtb infection. (MOI of 10). As shown in Figure 3C and D, MIR144" overex-
Since the basal DRAM2 mRNA and protein levels of DRAM2 pression decreased DRAM?2 protein levels (up to 6 h), whereas
were markedly decreased after 3 h of Mtb infection (Fig. 3A  transfection of human MDMs with a MIRI44" inhibitor



428 J.K.KIM ET AL.

significantly increased DRAM2 protein levels (at 24 h), before
and after Mtb infection, compared with the corresponding con-
trol conditions.

Because MIR144" levels were upregulated in PBMCs from
TB patients compared with those from HCs, we further
assessed DRAM?2 expression in PBMCs from TB patients (n =
37) and HCs (n = 32) using real-time PCR (same specimen as
shown in Fig. 1D). As shown in Figure 3E, DRAM?2 expression
levels were significantly reduced in PBMCs from pulmonary
TB patients compared with those from HCs. Spearman correla-
tion coefficients revealed an inverse relationship between the
levels of MIR144™ and DRAM2 in PBMCs from HCs and TB
patients (r = —0.22, P = 0.074; Fig. 3F). In addition, DRAM2
expression was reduced in disease sites from pulmonary and
extrapulmonary TB patients, compared with those from nonTB
controls (Fig. 3G). There was also an inverse relationship
between the levels of MIR144* and DRAM?2 in tissues from TB
patients and nonTB controls (r = —0.18, P = 0.091; Fig. 3H).
Collectively, these data suggest that mycobacterial infection
suppresses the levels of DRAM2, which is targeted by MIR144".
In addition, DRAM?2 expression was significantly decreased in

PBMCs and tissues from pulmonary and extrapulmonary TB
patients compared with those from controls.

Autophagy activators upregulate, but MIR144"
downregulates, DRAM2 expression in human monocytes

Since endogenous DRAM2 protein levels were decreased by
Mtb infection, we evaluated which signals upregulated DRAM2
expression in monocytes. Since previous studies support a role
for DRAM2 in autophagy,”>*® we treated human primary
monocytes with various autophagy inducers, including vitamin
D3, rapamycin, and the PRKAA1/2/AMPKa (protein kinase
AMP-activated catalytic subunit &) activator AICAR.*”*® All of
these compounds robustly enhanced DRAM2 mRNA and
DRAM2 protein levels in monocytes (Fig. 4A and B; Fig. S6A
and B). Since both AICAR and vitamin D3 are strong activators
of the AMPK pathway,””*® we further examined the role of
PRKAA in the induction of DRAM2 expression in response to
these compounds. As shown in Figure 4C and D, silencing
PRKAAI1/2 using a specific lentiviral short hairpin RNA
(shRNA; shPRKAA) led to marked inhibition of DRAM?2
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mRNA and DRAM2 protein expression in human monocytes
before and after treatment with AICAR and vitamin D3. These
data collectively indicate that PRKAA activation is involved in
the induction of DRAM? expression in human monocytes.

In addition, the effects of MIR144" in human monocytes fol-
lowing induction of DRAM2 protein expression by autophagy
stimulators were investigated. To examine this, we transfected
human monocytes with a MIRI144" mimic or inhibitor and
measured DRAM2 expression. Overexpression of MIR144"
decreased DRAM2 protein levels in human monocytes follow-
ing treatment with AICAR, vitamin D3, and rapamycin, as
measured by immunoblot analysis (Fig. 4E; Fig. S7A). In con-
trast, transfection of cells with the MIRI44" inhibitor signifi-
cantly increased the expression of DRAM2 in human
monocytes regardless of treatment with autophagy stimulators,
compared with the vehicle control or inhibitor control (Fig. 4F;
Fig. S7B). MIR144" levels were also markedly decreased in
human primary monocytes following treatment with AICAR,
vitamin D3, and rapamycin (Fig. 4G; Fig. S7C). Moreover,
shPRKAA transduction into human monocytes counteracted
the AICAR-mediated inhibition of MIRI44™ expression
(Fig. S8), suggesting that PRKAA activation is involved in
AICAR-mediated inhibition of MIRI144* levels. Collectively,
these data suggest that autophagy stimulators increase the
expression of DRAM2, which is regulated by MIR144" and acti-
vation of the PRKAA pathway.

MIR144" affects autophagy activation in human
monocytes in response to various autophagy stimulators

The possibility that MIR144* modulates autophagy activation is
intriguing considering the proposed role of DRAM2 in mediat-
ing autophagy.”>*® We first confirmed our previous reports
that both AICAR and vitamin D3 induce autophagy in primary
monocytes>”*® by measuring the levels of cleaved and lipidated
MAP1LC3/LC3 (microtubule-associated protein 1 light chain
3; LC3-1I). As shown in Figure 5A, treatment of human mono-
cytes with AICAR or vitamin D3 led to an increase in the LC3-
ILLC3-I ratio in a time-dependent manner, indicating that
these reagents robustly activated autophagosome formation. To
further assess whether MIR144" affects autophagy activation in
response to AICAR or vitamin D3, we overexpressed the
MIRI144" mimic and inhibitor in human primary monocytes.
Transfection of the MIRI44™ mimic significantly inhibited the
amount of LC3-II in human primary monocytes in the pres-
ence of AICAR and vitamin D3, compared with the mimic neg-
ative control (Fig. 5B). In contrast, inhibition of MIR144" levels
by transfection of the MIR144" inhibitor significantly enhanced
the ratio of LC3-ILLC3-I in human monocytes in the presence
or absence of AICAR or vitamin D3, compared with the inhibi-
tor negative control (Fig. 5C). Furthermore, our results showed
that overexpression of MIR144" strongly attenuated LC3 punc-
tate structure formation in monocytes, whereas inhibition of
MIRI144" enhanced the formation of these structures, in
response to AICAR or vitamin D3 treatment (Fig. 5D and E).
There was no significant difference in autophagosome forma-
tion between the vehicle control and the mimic or inhibitor
negative controls in human monocytes in the presence or
absence of autophagy inducers (Fig. 5E).
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The role of MIRI44" in autophagy activation was also
assessed in THP-1 cells using immunoblotting. Autophagy acti-
vators enhanced the LC3-II:LC3-I ratios in THP-1 cells in a
time-dependent manner (Fig. S9A), similar to the effect seen
when human primary monocytes were treated with these
reagents. THP-1 cells transfected with the MIR144™ mimic sig-
nificantly inhibited the induction of LC3-II levels in response
to AICAR and vitamin D3 (Fig. S9B), whereas the MIR144"
inhibitor induced LC3-II levels (Fig. S9C), compared with the
corresponding mimic or inhibitor negative control. Next, we
examined whether MIR144" influences classical autophagy acti-
vation in THP-1 cells. THP-1 cell treatment with the classical
autophagy inducer rapamycin resulted in autophagy activation
in a time-dependent manner (Fig. S10A). Transfection of THP-
1 cells with the MIR144" mimic downregulated the ratio of
LC3-II:LC3-1, whereas MIR144" inhibitor transfection upregu-
lated this ratio, in the presence or absence of rapamycin
(Fig. S10B and C).

Next, we performed an autophagic flux assay”’ to assess the
effect of MIRI44" on AICAR-induced autophagic flux. To
monitor autophagic flux in primary cells, we generated a retro-
viral vector containing a mCherry-enhanced green fluorescent
protein (EGFP)-LC3B plasmid and transduced it into human
primary monocytes. Cells treated with AICAR showed an
increase in both yellow and red puncta, suggesting that
mCherry-EGFP-LC3B is delivered to lysosomes following
AICAR treatment (Fig. 5F and G). Overexpression of human
primary monocytes with the MIRI44" mimic increased only
the yellow puncta, suggesting that MIRI44" mimic prevents
autophagosomal maturation into an autolysosome. However,
transfection of human primary monocytes with the MIR144"
inhibitor upregulated red puncta, demonstrating that the
MIR144" inhibitor increases autophagic flux (Fig. 5F and G).
Collectively, these data indicate that MIRI44™ overexpression
blocks AICAR-induced autophagic flux in human monocytes,
and that MIR144" plays a role in the inhibition of autophagy
induction and autophagic flux.

DRAM_2 interacts with essential autophagy proteins,
including BECN1, UVRAG, LAMP1, and LAMP2

Autophagy initiation is regulated by several ATGs/autophagy-
related genes with functionally distinct roles. During the early
stage of autophagy activation, ULK1 (unc-51 like autophagy
activating kinase 1) and BECN1-PtdIns3K activate downstream
signaling to ATG conjugation cascades, which includes the
ATGI12-ATG5-ATG16L1 assembly and lipidated members of
the LC3 and GABARAP subfamilies.”® Considering that these
proteins are involved in the formation of autophagosomes,*"*>
we hypothesized that DRAM2 physically interacts with the pro-
teins involved in autophagosome formation, providing a poten-
tial activation signal for autophagy induction. To test this, we
cotransfected 293T cells with plasmids expressing DRAM2 and
various flag-constructs (BECNI, ATGI6L1, ATG3, and
RUBCN) and lysed cells at 48 h post-transfection. We immuno-
precipitated DRAM2 using monoclonal antibodies against
hemagglutinin (HA) and then performed immunoblotting to
test for the presence of other proteins involved in autophagy
activation or inhibition. As shown in Figure 6A, DRAM?2
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coimmunoprecipitated with BECN1 and UVRAG in the
cotransfected cells, but not in the cells containing empty vector
or other construct-transfected cells. Similar results were
obtained from coimmunoprecipitation (IP) of endogenous pro-
teins from human monocytes (Fig. 6B). AICAR treatment of
human primary monocytes led to a time-dependent increase in
the interaction of DRAM2 with BECN1 and UVRAG. Impor-
tantly, LAMP1 and LAMP2 also coimmunoprecipitated with
DRAM2 in human monocytes after AICAR treatment
(Fig. 6B). The confocal microscopy results corroborated those
of the colP; i.e., that BECN1 colocalization with endogenous
DRAM2 was increased in human primary monocytes in
response to AICAR treatment (Fig. 6C). In addition, BECN1

protein was diffusely localized in GFP vector control-trans-
fected THP-1 cells. In GFP-DRAM2-overexpressing THP-1
cells, the proportion of GFP/BECN1 (yellow) (+) THP-1 cells
was significantly increased compared with GFP-control-trans-
fected cells (Fig. S11), suggesting that DRAM?2 expression
drives BECNI1 localization in punctate structures in macro-
phages. We further showed that AICAR treatment led to a
marked increase in colocalization of DRAM2 and LAMP2 in
human primary monocytes in a time-dependent manner
(Fig. SI2A and B). Collectively, these findings indicate that
DRAM?2 physically interacts with crucial factors of the auto-
phagic machinery, i.e., BECN1, UVRAG, and the lysosomal
proteins LAMP1 and LAMP2.
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Figure 6. DRAM2 interacts with essential autophagy proteins including BECN1 and UVRAG. (A) 293T cells were cotransfected with HA-DRAM2 and Flag version of BECNT,
UVRAG, ATG16L1, ATG3 or RUBCN. After 48 h, cells were subjected to immunoprecipitation with an anti-HA, followed by immunoblotting using an anti-Flag. WCLs were
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The interaction between DRAM2 and the BECN1 complex
lead:s to displacement of RUBCN from the BECN1 complex
and promotes Ptdins3K activity

RUBCN is an autophagy inhibitor and a subunit of the BECN1-
UVRAG-PtdIns3K autophagy complex.””*> We further exam-
ined whether DRAM?2 overexpression displaces RUBCN from
the BECN1 complex and promotes PtdIns3K activity. Competi-
tion assays using DRAM?2 constructs demonstrated that
increased levels of DRAM2 diminished the interaction between
RUBCN and BECN1 or UVRAG in 293T cells (Fig. 6D).
Because the interaction of RUBCN with the BECN1-UVRAG
complex blocks PtdIns3K lipid kinase activity,”” we next exam-
ined whether the expression of DRAM?2 affects the enzymatic
activity of PtdIns3K.

To examine this, we first conducted image analysis using the
EGFP fused to the NCF4 (neutrophil cytosolic factor 4) PX
domain, which binds to phosphatidylinositol 3-phosphate

(PtdIns3P) produced by Ptdlns3K lipid kinase, for the measure-
ment of intracellular PtdIns3P levels.”>”” As shown in
Figure 6E and F, AICAR-mediated NCF4 PX-EGFP puncta for-
mation was significantly decreased in human monocytes trans-
duced with a shRNA specific for DRAM2 (shDRAM2)
compared with that in nonspecific ShRNA (shNS)-transduced
cells. To confirm the DRAM2-induced increase in Ptdlns3K
enzymatic activity, we overexpressed DRAM?2 and then mea-
sured the effects on Ptdlns3K activity using an in vitro lipid
kinase assay.”” As shown in Figure 6G, DRAM2 overexpression
in THP-1 cells significantly increased Ptdlns3K enzymatic
activity, compared with the control condition. In addition,
coexpression of DRAM2 and BECN1 amplified Ptdlns3K activ-
ity, indicating that the interaction between DRAM2 and
BECNI markedly increases Ptdlns3K activity. These data col-
lectively indicate that the interaction between DRAM?2 and
BECNI1 is critical for the displacement of RUBCN from the
BECNI1 complex and promotion of Ptdlns3K activity.
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DRAM?2 is required for autophagy activation, phagosomal  marked inhibition of LC3 colocalization with LAMP2 in
maturation, and suppression of intracellular response to AICAR, suggesting an essential role for DRAM2 in
mycobacterial growth in human macrophages autophagic maturation.

We then examined whether DRAM2 is required for
Recent studies have shown that DRAM2 expression is required PRKAA-mediated phagosomal acidification and protection
for induction of autophagy;*® however, little is known regarding  against intracellular Mtb. AICAR and vitamin D3 treatment
which step(s) of autophagy activation in human immune cells increased the colocalization between Mtb phagosomes and LC3
DRAM2 is involved. To investigate this, we knocked down autophagosomes. In contrast, knockdown of DRAM2 by
DRAM?2 using shDRAM?2 and evaluated formation of the auto- shDRAM?2 significantly reduced this colocalization (Fig. 7G). In
phagosome in human primary monocytes after treatment with  addition, transduction of human MDMs with shDRAM? signif-
AICAR or vitamin D3. Silencing of DRAM?2 significantly icantly decreased the colocalization between Mtb phagosomes
reduced AICAR- and vitamin D3-induced LC3autophagosome  with lysosomes, compared with those in shNS-transduced cells
formation in primary monocytes and THP-1 cells (Fig. 7A, B (Fig. S13). We further evaluated whether DRAM2 affects the
and data not shown). In addition, we investigated LC3-II intracellular survival of Mtb in macrophages. Importantly,
expression in response to various autophagy activators. Consis-  silencing of DRAM?2 significantly increased intracellular sur-
tent with the confocal analysis findings, silencing of DRAM2  vival of mycobacteria in MDMs, even in the absence of auto-
led to marked inhibition of the LC3-I:LC3-I ratio in AICAR- phagy inducers (Fig. 7H and I, shNS vs. shDRAM2 under
and vitamin D3- treated human primary monocytes (Fig. 7C). solvent control conditions; P < 0.05 for MOIs of 1 and 10,
In addition, overexpression of THP-1 cells with DRAM2 led to  respectively). At 72 h postinfection, knockdown of DRAM2 by
increases in the LC3-II:LC3-I ratio (Fig. 7D) and the number of shDRAM?2 also markedly reversed the killing capabilities of
LC3 puncta (Fig. 7E), compared with mock vector-transfected ~AICAR against intracellular Mtb in human MDMs (Fig. 7H
cells. We further examined whether DRAM?2 expression is and I; shNS vs. shDRAM?2 under AICAR-treated conditions;
essential for autophagy maturation. As shown in Figure 7F, P < 0.05 for MOIs of 1 and 10, respectively). Together, these
silencing of DRAM?2 in human primary monocytes led to a data indicate that DRAM2 contributes to autophagy activation
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shNS or shDRAM2 using polybrene (8 reg/ml). After 36 h, cells were infected with Mtb, followed by treatment with AICAR (0.5 mM). Intracellular survival of Mtb was deter-
mined by CFU assay. Experiments were performed 3 times, and data are presented as means + SD. “P < 0.05 and **P < 0.01. U, untreated control; A, AICAR; V, vitamin
D3; M, mock vector; D, DRAM2-HA plasmid; SC, solvent control; N, nucleus; ns, not significant.



during the induction and maturation steps, and to enhance-
ment of phagosomal acidification and antimicrobial responses,
in human monocytes and macrophages.

MIR144" inhibits phagosomal maturation and
antimicrobial responses to Mtb in human macrophages

We further addressed whether MIRI44" modulates host
defenses against mycobacterial infection. We thus examined
the effects of MIR144* on LC3 colocalization with Mtb, phago-
somal acidification, and antimicrobial responses against Mtb in
human MDMs. Since Mtb infection led to an increase in
MIRI144" levels in human MDMs (Fig. 1E and F), we trans-
fected MDMs with a MIR144™ inhibitor and evaluated its effects
on LC3 colocalization with Mtb and phagosomal maturation.
Transfection of human MDMs with a MIR144" inhibitor signif-
icantly increased the colocalization between Mtb phagosomes
and LC3 autophagosomes (Fig. 8A) and the colocalization
between Mtb phagosomes and lysosomes (Fig. 8B), compared
with those in cells transfected with the vehicle or negative con-
trol (Fig. 8A and B).

The effects of MIR144" on the regulation of intracellular
mycobacterial survival in human MDMs were analyzed next.
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Importantly, inhibition of MIRI44" decreased significantly,
whereas overexpression of MIRI44" increased, intracellular
Mtb growth, even in the absence of autophagy inducers, com-
pared with the corresponding control conditions. This demon-
strates that MIR144" is essential for intracellular survival of
Mtb in human MDMs (Fig. 8C, Ctrl. vs. Mimic under solvent
control conditions, P < 0.05 for both MOIs of 1 and 10;
Fig. 8D, Ctrl vs. Inhibitor under solvent control conditions, P
< 0.05 and P < 0.01 for MOIs of 1 and 10, respectively). More-
over, overexpression of MIR144" in AICAR-treated MDMs sig-
nificantly increased the survival of intracellular Mtb, compared
with those transfected with the mimic negative control
(Fig. 8C, Ctrl vs. Mimic under AICAR-treated conditions;
P < 0.01 and P < 0.05, for both MOIs of 1 and 10, respec-
tively). However, treatment of human MDMs with MIR144"
inhibitor did not exert significant antimicrobial effects, com-
pared with those transfected with an inhibitor negative control
(Fig. 8D, Ctrl vs. Inhibitor under AICAR-treated conditions;
not significant for both MOIs of 1 and 10).

In addition, we examined whether the intracellular survival
rates of Mtb are modulated by knockdown of DRAM2 or
BECNI in the presence of a MIR144" inhibitor. As shown in
Figure 8E, silencing of DRAM2 or BECNI led to a significant
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Figure 8. MIR144" is essential for phagosomal maturation and antimicrobial responses against Mtb infection. (A and B) Human MDMs were transfected with vehicle con-
trol, inhibitor negative control or MIR144" inhibitor (150 nM) for 24 h and then infected with Mtb-ERFP for 4 h. Cells were then stained with anti-LC3 (for A; Alexa Fluor
488; green) or anti-LAMP2 (for B; Alexa Fluor 488; green). Colocalization of Mtb-ERFP with anti-LC3 (for A) or anti-LAMP2 (for B) was evaluated by confocal microscopy.
The image is a representative of at least 3 independent experiments (Left). Scale bar: 5 um. Quantitative analysis of Mtb-ERFP colocalization with LC3 and LAMP2 (Right
A and B, respectively). (C and D) Human MDMs were transfected with mimic negative control or MIR144* mimic (50 nM for C); inhibitor negative control or MIR144" inhib-
itor (150 nM for D) for 24 h. Cells were infected with Mtb (MOI of 1 or 10), followed by treatment without or with AICAR (0.5 mM). Intracellular survival of Mtb was deter-
mined by CFU assay. (E) Human MDMs were transduced with shNS, sShDRAM2 or shBECN1 using polybrene (8 M) for 36 h and then transfected with MIR144" inhibitor
(150 nM) for 24 h. Cells were then infected with Mtb (MOI of 1 or 10), and intracellular survival of Mtb was determined by CFU assay. Experiments were performed 3 times,
and data are presented as means + SD. “P < 0.05, **P < 0.01, and ***P < 0.001. V, vehicle control; C, inhibitor negative control; |, MIR144" inhibitor; ns, not significant;

SC, solvent control.
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increase in intracellular mycobacterial growth in human
MDMs at 72 h postinfection. It was noted that the MIR144"
inhibitor did not affect the intracellular survival of Mtb in
human MDMs transduced with shDRAM2 or shBECNI, com-
pared with those in shNS-transduced MDMs (Fig. 8E). Thus,
these data suggest that MIR144" negatively regulates phagoso-
mal maturation and antimicrobial effects against Mtb by target-
ing DRAM2.

Discussion

Autophagy, a lysosome-dependent degradation process, is a
critical innate host defense mechanism in macrophages against
intracellular bacteria, especially Mtb.**** Numerous miRNAs
are emerging as regulators of autophagy pathways.”® Recent
studies have shown that several miRNAs (e.g., Mirl25a-3p/
mmu-mir-125a-3p,  Mirl55/mmu-mir-155, Mirl7-5p/mmu-
mir-17-5p, Mir31/mmu-mir-31, and Mir33/mmu-mir-33/mmu-
mir-33") can modulate autophagy and host defense mecha-
nisms against mycobacteria in murine cells and tissues.*' > At
present, little is known about the precise autophagy-regulating
functions of miRNAs relevant to human TB infection. Here we
describe a previously unknown function of MIR144": inhibition
of autophagy activation and antimicrobial responses by target-
ing DRAM?2 in human monocytes/macrophages. Our results
also demonstrate a novel relationship between DRAM2 and
activation of the autophagic machinery, which promotes anti-
mycobacterial immunity.

Our data demonstrate that MIRI44" was upregulated in
PBMCs and disease sites in pulmonary and extrapulmonary TB
patients, compared with control samples. These data are similar
to previous reports of upregulated MIR144™ expression found
in PBMCs from TB patients."> Recent genome-wide, cohort
studies reported marked downregulation of MIR144" in 1,049
samples from patients with various disease conditions (10 can-
cers and 9 noncancer diseases), suggesting that it may serve as
a general disease state marker.*® However, in previous studies,
the expression patterns of several miRNAs, including MIR144",
were different from those in PBMCs and pleural fluid mononu-
clear cells from TB patients.*” Levels of MIR144" were lower in
cells obtained from pleural fluids of TB patients versus HCs,
whereas MIR144" levels were comparable in peripheral blood
cells between TB patients and HCs.*” We also found that infec-
tion with other mycobacterial strains (M. abscessus, M. bovis
BCG, and Mtb H37Ra) led to a substantial increase in MIR144"
expression in human MDMs; Mtb H37Rv infection led to the
highest MIR144" level. Therefore, MIR144™ is unlikely to be
useful as a specific biomarker for the diagnosis of TB. Despite
this, the current discovery of the role of MIR144" in the inhibi-
tion of antimycobacterial host defenses suggests a mechanism
of TB pathogenesis in terms of modulation of host cell auto-
phagy. The mechanisms by which Mtb or other mycobacterial
strains induce MIR144™ in human MDMs are not well under-
stood. Recent studies have shown that TLR2 and nuclear fac-
tor-«B signaling are required for biogenesis of Mirl125a-5p and
Mir33/Mir33" in murine macrophages during Mtb infection,
respectively.*>*> Thus, TLR inflammatory signaling triggered
by Mtb infection may play a role in the induction of MIR144"
expression in human macrophages.

During infection, Mtb interferes with the normal phago-
some maturation process in macrophages, resulting in vacuoles
with characteristics similar to those of early endosomes.*®
Importantly, we found that MIR144" plays an important role in
suppression of phagosomal maturation and antimicrobial
responses in human macrophages infected with Mtb by target-
ing DRAM2. Current studies focus on enhancing the elimina-
tion of intracellular mycobacteria by determining the
mechanisms of the antibacterial autophagy that overcomes
Mtb-induced arrest of phagosomal maturation.*** Several
autophagy inducers have been reported to enhance antimicro-
bial effects against mycobacteria.**’ More specifically, TLR sig-
nals,’*! IFNG,*? vitamin D3,”” and AMPK activation®® have
been reported to activate autophagy as part of innate effector
pathways against Mtb. Vitamin D3-induced autophagy
increases the expression of the target antimicrobial peptide
CAMP LL-37, which is also required for induction of autopha-
gosome and phagosome colocalization, as well as antimicrobial
effects against Mtb in human monocytes and macrophages.””
However, the molecular mechanisms of regulation of antibacte-
rial autophagy in human monocytes/macrophages during Mtb
infection, and the clinical relevance thereof, remain largely
unknown. Our results reveal a central role for DRAM2 as an
important target of MIRI144" in the regulation of antibacterial
autophagy induced by various autophagic stimulators (e.g.,
AICAR, vitamin D3, and MTOR inhibition) in human mono-
cytes and macrophages.

DRAM?2 is a transmembrane lysosomal protein that plays a
role in the initiation of starvation-induced autophagy.”® How-
ever, the precise function of DRAM?2 is unclear. In this study,
we found that DRAM2 plays a critical role in autophagy induc-
tion and maturation in response to PRKAA-mediated auto-
phagy stimulators and classical autophagy activators. Our
results agree in part with previous studies® that have revealed
the function of DRAM2 in the initiation of autophagy activa-
tion. We found that DRAM?2 overexpression increased, whereas
silencing of DRAM2 decreased, autophagosome formation and
the LC3-II/I ratio in human monocytic cells. A recent study
has reported disease-causing variants of DRAM2 in families
with retinal dystrophy, suggesting a role for DRAM?2 in photo-
receptor renewal and preservation of visual function.”® Another
study highlights the role of DRAM2 as a target of MIRI25B1-
mediated oncogenic pathogenesis in acute promyelocytic leuke-
mia, particularly its regulatory effects on the autophagy-lyso-
somal pathway.>* Several autophagy genes have been identified
as targets of MIR125B1.>* We found that MIR144" affected the
LAMP2 mRNA level (see Fig. S4A), suggesting a role for
MIR144" in lysosomal biogenesis and function during myco-
bacterial infection. Future studies should investigate other tar-
gets of MIR144" and the functions thereof.

Our data provide new insight into the mechanisms by
which DRAM2 contributes to autophagy activation in
human cells, as follows: 1) DRAM2 interaction with BECN1
and UVRAG; 2) the correlation between DRAM2 expres-
sion and autophagy activation; 3) the finding that enhance-
ment of DRAM2 leads to displacement of RUBCN, a
known inhibitor of autophagy maturation,”>** from the
BECN1 complex; and 4) the interaction between DRAM?2
and LAMP1 and LAMP2, which is required for autophagy



maturation. The observation that DRAM2 interacts with
both BECN1 and UVRAG suggests that DRAM2 crosstalk
with the BECN1 complex is an essential part of autophagy.
BECN1 was shown to form a core complex with PtdIns3K
and was also associated with other physiological binding
partners under various conditions.”’ BECN1 contains a
BH3 domain at its N terminus, a central coiled-coil domain
(CCD), and an evolutionarily conserved domain at its C
terminus.”> BECN1 regulates autophagy pathways at multi-
ple steps by interacting with different binding partners. For
example, the CCD domain of BECNI1 is responsible for
interactions with UVRAG and is required for promotion of
autophagosome formation and maturation.>>>” In contrast,
interaction of the BECN1-UVRAG complex with RUBCN
negatively regulates autophagy.”> We observed that the
overexpression of DRAM?2 attenuated the interactions of
BECN1 and UVRAG with RUBCN, leading to RUBCN dis-
placement from the BECNI1-Ptdlns3K-UVRAG complex.
Moreover, DRAM2 was required for colocalization of Mtb
phagosomes with LC3 autophagosomes or lysosomes. These
results indicate a critical role for DRAM2 in the enhance-
ment of phagosomal maturation against Mtb, which is
based on existing literature showing that live Mtb prevents
phagosome-lysosome fusion.”®

Our data also suggest a somewhat consistent and differ-
ent role for DRAM2 compared with its homolog DRAM1, a
TP53-induced modulator of autophagy and apoptosis,” in
autophagy activation during mycobacterial infection.*’
DRAM1 and DRAM?2 have partially redundant functions in
autophagy-mediated host defenses against mycobacterial
infection and enhancement of antimicrobial responses.®’
Although DRAMI1 was required for selective autophagy
activation  against mycobacterial infection through
SQSTM1/p62,°° DRAM2 contributes to initiation and matu-
ration of autophagy processes. In addition, DRAM2 inter-
acts with BECN1 and UVRAG, resulting in the
displacement of RUBCN and enhancement of Ptdlns3K
activity. In addition, DRAMI expression was not modulated
by MIRI44" in human primary monocytes, suggesting no
direct relationship between MIR144" and DRAMI.

A major finding associated with our study is that MIR144"
not only regulates autophagy but also represses phagosomal
maturation and intracellular killing of Mtb by targeting
DRAM?2. Indeed, we identified MIR144™ as a potential contribu-
tor to TB pathogenesis, as indicated by their effects on the
enhanced intracellular mycobacterial growth via suppression of
autophagy. To our knowledge, this is the first report of the
expression of autophagy genes in tuberculosis patients and its
inverse correlation with miRNA levels and the first to suggest a
mechanism of TB pathogenesis. Understanding the role of spe-
cific miRNAs during the regulation of autophagy may provide
insight into the pathogenetic mechanisms of various infectious
diseases through post-transcriptional regulation of the auto-
phagy process. Furthermore, these studies may shed light on
anti-TB therapeutics, especially with regard to host-directed
therapies, because a series of targeted agents used to enhance
antimycobacterial activities via activation of the autophagy
pathway are inevitably associated with host defenses in Mtb
infection.
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Materials and methods
Bioinformatics analysis

To perform miRNA profiling assays, we downloaded 2 independent
miRNA expression datasets (GSE 29190, GSE34608). The raw data
are available on the National Center for Biotechnology Information
Gene Expression Omnibus website (http://www.ncbinlm.nih.gov/
geo/). miRNAs considered to be upregulated (fold change >1.5
or <0 .666666, P value <0 .05) were selected. A Venn diagram
was generated using VennPlex version 1.0.0.2 (National Insti-
tutes of Health, http://www.irp.nia.nih.gov/bioinformatics/ven
nplex.html). The heatmap was analyzed using MultiExperiment
Viewer version 4.8.1 (The Institute for Genomic Research,
http://www.tm4.org/mev/). miRNA targets were identified
using miRanda (http://www.microrna.org), and miRDB (http://
mirdb.org/miRDB/) and DIANA-microT (http://diana.cslab.
ece.ntua.gr/microT/) were used to predict miRNA sequences
and targets. The hybridization package (http://www.bioinfo.rpi.
edu/applications/following) was used to further determine AG,
following the instructions provided online.

Study population

Two types of samples were included in this study. All patients
and HCs provided informed consent, and the patients were
enrolled based on their diagnosis prior to chemotherapy treat-
ment. We collected peripheral blood from 69 individuals: 37
HCs (median age 46.6 £ 12.7 y; male 43.2%) and 32 TB patients
(median age 49.0 + 18.4 y; male 43.8%). In addition, disease site
samples were obtained from 91 formalin-fixed paraffin-embed-
ded (FFPE) tissues: 47 control samples from nontuberculous and
nonmalignant patients (median age 54.0 £ 16.5 y; male 42.6%)
and 44 samples from pulmonary and extrapulmonary TB
patients (median age 45.1 & 16.1 y; male 40.9%). Detailed infor-
mation regarding the patients and controls is shown in
Tables S3 and S4. Individual samples were diagnosed for Mtb by
chest x-ray, Ziehl-Neelsen staining, mycobacterial culture, and
PCR. All samples were HIV negative. All patients provided
informed consent, and the protocol conformed to the guidelines
of the Declaration of Helsinki. The Chungnam National Univer-
sity Hospital Bioethics Committee approved this study protocol,
and informed written consent was obtained from all participants
(CNUH 2014-04-039-009). The biospecimens and data used for
this study were provided by the Biobank of Chungnam Univer-
sity Hospital, a member of the Korea Biobank Network.

RNA extraction from formalin-fixed paraffin-embedded
tissues

For the initial evaluation, total miRNA and RNA were isolated
from FFPE lung and lymph node tissue blocks, which were sec-
tioned at a thickness of 20 um. miRNA and RNA were isolated
from FFPE blocks using the miRNeasy FFPE Kit (Qiagen,
217504) and RNeasy FFPE Kit (Qiagen, 217504), according to
the instructions of the respective manufacturers.

Cell cultures

Human PBMCs were isolated from heparinized venous blood
using Ficoll-Hypaque (Lymphoprep; Axis-Shield, 1114545) as
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described previously.®" For macrophage differentiation, adher-
ent monocytes were incubated in RPMI 1640 (Lonza, 12-702F)
with 10% pooled human serum (Lonza, 14-402), 1% L-gluta-
mine, 50 IU/ml penicillin, and 50 pug/ml streptomycin for 1 h
at 37°C, and nonadherent cells were removed. Human MDMs
were prepared by culturing peripheral blood monocytes for 4 d
in the presence of 4 ng/ml human CSF/macrophage colony-
stimulating factor (Sigma-Aldrich, M6518) as described previ-
ously.”” 293T (ATCC, 11268), and human monocytic THP-1
(ATCC, TIB-202) cells were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS; Lonza,
BW14-503E) and antibiotics. THP-1 cells were treated with
20 nM phorbol-12-myristate-13-acetate  (Sigma-Aldrich,
P8139) for 24 h to induce differentiation into macrophage-like
cells. Human Phoenix AMPHO (ATCC, CRL-3213) cells were
maintained in Dulbecco’s modified Eagle’s medium (Lonza, 12-
604F) containing 4 mM glutamine, penicillin (100 IU/ml),
streptomycin (100 pg/ml), and 10% FBS. Cells were incubated
in a 37°C humidified atmosphere with 5% CO,. All experimen-
tal procedures were approved by the Chungnam National Uni-
versity Institutional Research and Ethics Committee.

Bacterial strains and conditions

Mtb H37Rv was kindly provided by Dr. R L Friedman (Univer-
sity of Arizona, Tucson, AZ, USA) and was grown at 37°C with
shaking in Middlebrook 7H9 broth (Difco, 271310) supple-
mented with 0.5% glycerol, 0.05% Tween-80 (Sigma-Aldrich,
P1754), and oleic albumin dextrose catalase (BD Biosciences,
212240). Bacterial cultures were harvested by centrifugation at
500 x g for 20 min, and the pellets were resuspended in bacte-
rial culture medium. Bacterial cultures were divided into 1-ml
aliquots and stored at —80°C. Mtb-enhanced red fluorescent
protein (ERFP) was described previously.®> We used 50 pg/ml
kanamycin (Sigma-Aldrich, 60615) to culture the Mtb-ERFP
strain. For all experiments, mid-log-phase bacteria (absorbance
0.4) were used. Representative vials were thawed and colony-
forming units (CFUs) enumerated by serially diluting and plat-
ing on Middlebrook 7H10 agar (Difco, 262710).

Bacterial infections

Bacterial clumps were removed by passing the washed suspen-
sion through a 22-gauge syringe. The optical density at 600 nm
of the culture was measured to calculate the required inoculum
for infection. Cells were infected for 4 h with Mtb H37Rv or
Mtb-ERFP at the indicated MOIs. Cells were washed 3 times
with phosphate-buffered saline (PBS; Sigma, P4417) to remove
extracellular bacteria and incubated with fresh medium at 37°C
and 5% CO.,.

Reagents, plasmids and antibodies

AICAR (A9978), lo,25-dihydroxyvitamin D3 (vitamin D3,
D1530) and 4',6-diamidino-2-phenylindole (DAPI, D9542)
were purchased from Sigma-Aldrich. Rapamycin (553211) was
purchased from Calbiochem. For real-time PCR, a MIR144"
primer (MS00008701) was purchased from Qiagen. For immu-
nofluorescence analysis, anti-LC3A/B (PM036) was purchased

from Medical & Biological Laboratories International. Alexa
Fluor 488-conjugated anti-rabbit IgG (A17041) was purchased
from Molecular Probes. pBABE-puro mCherry-EGFP-LC3B
was from Addgene (22418 deposited by Jayanta Debnath).
Anti-LC3A/B (L8918) for immunoblotting was purchased from
Sigma-Aldrich. Anti-DRAM2 (sc-241076), anti-ACTB (sc-
1616), anti-HA (sc-805), anti-Flag (sc-807), anti-GFP
(sc-8334), anti-BECNI1 (sc-11427), anti-V5 (sc-83849),
anti-LAMPI (sc-20011), and anti-LAMP2 (sc-18822) were pur-
chased from Santa Cruz Biotechnology. Anti-PRKAA1/2/
AMPKu (2532), anti-BECN1 (3495) and anti-UVRAG (13115)
were purchased from CST Cell Signaling Technology.

Plasmid construction

DNA fragments corresponding to the coding sequences of the
human BECNI, UVRAG, ATGI6L1, ATG3, and RUBCN genes
were amplified by PCR and subcloned into pEF-IRES-puro
between the AfIII and Xbal sites. HA-tagged human DRAM?2
was cloned into the BamHI and Notl sites in pCDH-CMV. All
constructs were sequenced using the ABI PRISM 377 automatic
DNA sequencer (Applied Biosystems, Inc., Carlsbad, CA USA )
to verify 100% correspondence with the original sequence. The
3’ UTR of the human DRAM?2 sequences, containing the
MIR144"-binding elements, was amplified by PCR and subcl-
oned into the pmirGLO reporter vector (Promega, E133A).
The A3 and A2,3 sequences were obtained by PCR from full
length DRAM?2. The primer sequences used were as follows:
full length (forward, 5'-ATGTGGTGGTTTCAGCAAGGCCT-
CAGTTTC-3, reverse, 5-ATGGAAGAGCCCACATGAATC-
CAGGTCTAC-3'), A3 (forward, 5'- ATGTGGTGGTTTCAG
CAAGGCCTCAGTTTC-3, reverse, 5-AAAAAGTATAGGC
ATAGGTGTTTTTAATAG-3), and A2,3 (forward, 5'- ATGT
GGTGGTTTCAGCAAGGCCTCAGTTTC-3/, reverse, 5-AG
AATAATCTATCAAATGGCTTCTTTCATG-3'). A mutant
form of site 3 was obtained by site-directed mutagenesis (Invi-
trogen, A14604) of the WT construct.

Cell transfections

The MIRI44* mimic (5-GGAUAUCAUCAUAUACU-
GUAAG-3') and MIR144" inhibitor (5-CUUACAGUAUAU-
GAUGAUAUCC-3') were purchased from Genolution. The
mimic negative control (4464058) and inhibitor negative con-
trol (4464076) were purchased from Ambion. Human mono-
cytes, MDMs grown to 70% confluence in appropriate culture
plates, were transfected with a miRNA mimic negative control
or MIRI44" mimic (50 nM), inhibitor negative control or
MIR144" inhibitor (150 nM) using Lipofectamine 2000 (Invi-
trogen, 12566014) for 24 h according to the manufacturer’s
instructions. The transfection medium was then replaced with
normal medium. THP-1 cells were seeded at 1 x 10> per well
in 48-well plates and transfected with mimic negative control
or MIRI44" mimic (50 nM), inhibitor negative control or
MIR144" inhibitor (150 nM), or the NCF4 PX-EGFP plasmid.
To assay luciferase activity, THP-1 cells were cotransfected
with the pmiR-DRAM2 3’ UTR WT or mutated vector and
MIR144" mimic using Lipofectamine 2000 for 24 h.



RNA preparation and quantitative real-time polymerase
chain reaction

For quantitative real-time PCR analysis, total RNA from cells
was isolated using QIAzol lysis reagent (Qiagen, 79306), and
purification of miRNA was performed using the Qiagen miR-
Neasy Mini Kit (Qiagen, 217004) according to the manufac-
turer’s instructions. After RNA quantitation, cDNA was
synthesized by reverse transcription using the miScriptll RT
Kit (Qiagen, 218161). Real-time PCR was performed using the
miScript SYBR Green PCR Kit (Qiagen, 218073), and samples
were amplified for 50 cycles as follows: 95°C for 15 s, 55°C for
30 s, and 72°C for 30 s. The expression of MIR144" was calcu-
lated relative to RNU6-6P/RNU6B, a ubiquitous small nuclear
RNA.

Two-step real-time PCR was performed using the Rotor-Gene
SYBR Green PCR Kit (Qiagen, 204074) using the real-time PCR
cycler Rotor-Gene Q 2plex system (Qiagen GmbH, 9001620, Hil-
den, Germany). The samples were amplified for 40 cycles as fol-
lows: 95°C for 5 s and 60°C for 10 s. The following primer
sequences were used: HsDRAM?2 (forward, 5-CCTTTCCTAC-
CAAATGCAGCCC-3, reverse, 5-GCCACTGTGCAAAACTGA
TGAGC-3'), HsDRAMI (forward, 5'-CATCTCTGCCGTTTC
TTGCG-3, reverse, 5-GGGTGACACTCTTTTCTCTTGG-3'),
HsGAPDH (forward, 5-TCTCCTGCGACTTCAACA-3', reverse,
5-TGGTCCAGGGTTTCTTACT-3'), HsPRKAAI (forward, 5'-
AGGAAGAATCCTGTGACAAGCAC-3, reverse, 5'- CCGATCT
CTGTGGAGTAGCAGT-3), and MIR144" (5'-GGATATCAT-
CATATACTGTAAG-3).

Immunofluorescence and confocal microscopy

Immunofluorescence and confocal microscopy were performed
as described previously.®* After the appropriate treatment, cells
on coverslips were washed 3 times with fresh PBS, fixed with
4% paraformaldehyde for 15 min, permeabilized with 0.25%
Triton X-100 (Sigma, T8787) for 10 min, and incubated with
primary antibodies—anti-LC3A/B, anti-LAMP?2, anti-DRAM2,
and anti-BECN1—for 2 h at room temperature. Cells were
washed with PBS to remove excess primary antibodies and
then incubated with secondary antibodies for 1 h at room tem-
perature. Nuclei were stained with DAPI for 1 min. After
mounting, fluorescence images were acquired using a confocal
laser-scanning microscope (LSM 710; Zeiss, CLSM, Jena, Ger-
many), with constant excitation, emission, pinhole and expo-
sure time parameters.

To quantify autophagy, LC3 punctate dots were determined
using Image] software. Each condition was assayed in tripli-
cate, and at least 100 cells per well were counted. Colocaliza-
tion of autophagosome and lysosome markers with
mycobacterial phagosomes were analyzed as described previ-
ously.*** To quantify the percentage of mycobacterial phago-
somes, autophagosomes (LC3) and/or lysosomes (LAMP2),
Mtb-infected cells were visualized directly by confocal laser
scanning microscopy, and the images were captured using the
ZEN 2009 software (version 5.5 SP1; Zeiss). Quantification of
mycobacterial colocalization with autophagosomes and lyso-
somes was performed by counting the red (noncolocalized)
and yellow (colocalized) mycobacteria. A minimum of 300
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bacterial phagosomes or autophagosome and lysosome
markers were analyzed per coverslip for each experiment.
Each experiment was completed on triplicate coverslips and
expressed as the average and standard deviation. For autopha-
gic flux analysis, human monocytes were transduced with a
retrovirus expressing an LC3B plasmid and miRNA (e.g., the
negative control, mimic, or inhibitor) and then analyzed.
Images of dynamic cell colocalization were recorded as vertical
z-stacks. LAS X small 2.0 and Adobe Photoshop 7 (Adobe
Systems) were used for image processing.

In vitro assay of Ptdins3K activity

PtdIns3K activity was assayed as described previously.® Briefly,
Ptdlns3K immunoprecipitates were obtained using an antibody
against-PIK3C3/VPS34 (Echelon Biosciences, Z-R015) in lysis
buffer (50 mM Tris, pH 7.4, 7.5% glycerol, 150 mM NaCl,
1 mM EDTA, and protease inhibitors [Roche, 11697498001]).
The immunoprecipitates were incubated with beads for 4 h at
4°C. The beads were then washed 4 times with lysis buffer and
once in substrate buffer (75 mM Tris, pH 7.5, 125 mM NaCl,
12.5 mM MnCl,). The beads were resuspended in substrate
buffer containing 250 pg/ml phosphoinositol (Sigma, 79403)
on ice for 15 min. The kinase reaction was started by addition
of 10 uM ATP (Sigma, A6559) for 30 min at 20°C. The reac-
tion mixtures were spotted on nitrocellulose membranes,
blocked for 1 h in PBS containing 1% low-fat dry milk, and
incubated with 0.5 pg/ml PtdIns3P Grip (Echelon Biosciences,
G-0302) for 2 h. The membrane was incubated with an anti-
GST antibody (Sigma, G1160) for 2 h and then an anti-mouse
secondary antibody (Calbiochem, 401215).

Lentiviral shRNA production and transduction

For silencing of human DRAM?2 and PRKAAI in primary cells,
packaging plasmids (pRSV-Rev; 12253, pMD2. G; 12259 and
pMDLg/pRRE; 12251, purchased from Addgene, deposited by
Dr. Didier Trono) and pLKO.1-based target shRNA plasmids
[HsDRAM?2, sc-88105-SH and HsPRKAA1, sc-29673-SH], pur-
chased from Santa Cruz Biotechnology) were cotransfected
into 293T cells using Lipofectamine 2000. After 72 h, virus-
containing medium was collected and filtered. Human primary
monocytes (5 x 10°/well) in RPMI 1640 medium supple-
mented with 10% FBS were seeded into 24-well plates and then
infected with lentiviral vectors in the presence of 8 pg/ml poly-
brene (Sigma-Aldrich, H9268). On the following day, the
medium was replaced with fresh medium. After 3 d, transduc-
tion efficiency was analyzed by PCR.

Generation of a tandem LC3B retroviral vector (mCherry-
EGFP-LC3B) for measurement of autophagic flux in
primary cells

For recombinant retroviral production, Phoenix amphotropic
cells were seeded at 70-80% confluence into a 6-well plate and
cotransfected with 0.75 ug of packaging plasmid pCL-Eco
(Addgene, 12371), 0.25 g of envelope plasmid pMDG (Addg-
ene, 12259), and 1 ug of pBABE-puro mCherry-EGFP-LC3B
plasmid using Lipofectamine 2000. After 6 h, the medium was
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replaced with fresh culture medium. The retrovirus-containing
medium was harvested at 24 h and 48 h post-transfection and
filtered through a 0.45-um syringe filter.

Immunoblotting and immunoprecipitation

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP40
(Invitrogen, FNN0021), and 0.25% Na-deoxycholate (Invitro-
gen, 89904) supplemented with complete protease inhibitor
cocktail. Proteins were separated by 12% or 15% SDS-PAGE
and transferred to a polyvinylidene difluoride membrane
(PVDE; Millipore, IPVH0001). Membranes were blocked in 5%
nonfat milk in PBST (3.2 mM Na,HPO,, 0.5 mM KH,PO,,
1.3 mM K(l, 135 mM NaCl, 0.05% Tween 20 [Sigma, P9416],
pH 7.4) for 1 h and incubated with the following primary anti-
bodies: anti-DRAM?2, anti-LC3A/B, anti-Flag, anti-HA, anti-
V5, anti-BECN1, anti-UVRAG, anti-LAMP1, anti-LAMP2,
and anti-ACTB. After incubation with the appropriate antibod-
ies, immunoreactive band analysis was performed using an
ECL reagent (Millipore, WBKL SO 500), and bands were
detected using a Vilber chemiluminescence analyzer (Vilber
Lourmat, Fusion SL 3, Eberhardzell, Germany). Immunopre-
cipitation was performed as described previously®® with minor
modifications. We collected and lysed human monocytes and
THP-1 cells using RIPA buffer supplemented with a complete
protease inhibitor cocktail. After preclearing with protein A/G
agarose beads (GE Healthcare, GE17-0708-01) for 2 h at 4°C,
whole-cell lysates were used for immunoprecipitation with the
indicated antibodies. In general, 1 to 2 ug of commercial anti-
body was added to 1 ml cell lysate and incubated at 4°C for
18 h. After incubation with protein A/G agarose beads for 6 h,
immunoprecipitates were washed extensively with lysis buffer
and eluted with SDS loading buffer by boiling for 5 min. The
samples were separated by SDS-PAGE and transferred to
PVDF membranes. Proteins were detected by immunoblotting.

Autophagy analysis

LC3-1I protein levels were evaluated by immunoblotting using an
antibody against LC3A/B (Sigma; L8918). LC3 punctate staining
was quantified in triplicate from at least 100 randomly chosen cells
using Image] software. Autophagic flux assays were performed
using a retrovirus expressing a tandem LC3B plasmid.

Luciferase reporter assays

Vectors containing full-length, A3, A2,3, WT, or mutated bind-
ing site 3 from the DRAM2 3’ UTR were cotransfected with
vehicle control, mimic negative control or MIR144" mimic into
THP-1 cells. After 24 h, cells were lysed in lysis reagent (Prom-
ega, E1531) and luciferase activities analyzed using the Dual-
Luciferase Reporter System (Promega, E1910), according to the
manufacturer’s instructions.

CFU assay

To assess bacterial viability within human MDMs, cells were
infected with Mtb at an MOI of 1 or 10 for 4 h. The infected

cells were washed 3 times with PBS to remove extracellular bac-
teria. The infected cells were incubated for the indicated peri-
ods and then lysed with 0.3% saponin (Sigma, 47036) to release
intracellular bacteria. Thereafter, bacteria were harvested and
inoculated onto Middlebrook 7H10 agar with oleic albumin
dextrose catalase. Plates were incubated for 3 wk, and colonies
were counted.

Statistical analysis

All analyses were performed using SPSS 20.0 for Windows
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5.03 for
Windows (GraphPad Software Inc., San Diego, CA, USA). For
comparisons of 2 treatment groups, the Student ¢ test was used.
For comparisons of 3 or more groups, one-way ANOVA was
used with the Bonferroni post-hoc test for comparison of 2
selected treatment groups; the Dunnett post-hoc test was used
for comparisons of the other treatment groups with the corre-
sponding controls. Data are presented as means =+ standard
deviation (SD) or medians with ranges. Comparison between
HCs and TB patients was performed using the Student ¢ test.
Pearson correlation analysis was also performed to evaluate cor-
relations between MIR144" and DRAM?2. A value of P < 0 .05
was considered to indicate statistical significance.

Abbreviations

AICAR AMP-mimetic 5-aminoimidazole-4-car-
boxamide-1-8-D-ribofuranoside

AMPK AMP-activated protein kinase

ATG autophagy related

BCG Mycobacterium bovis-Bacillus Calmette-
Guérin

CCD coiled-coil domain

CFUs colony-forming units

DRAM2 DNA damage-regulated autophagy mod-
ulator 2

FFPE formalin-fixed paraffin-embedded

GFP green fluorescent protein

HA hemagglutinin

HCs healthy controls

LAMP lysosomal-associated membrane protein

MAPILC3/LC3 microtubule-associated protein 1 light
chain 3

MDMs monocyte-derived macrophages

miRNAs microRNAs

MIR144" hsa-miR-144-5p

MOI multiplicity of infection

Mtb Mpycobacterium tuberculosis H37Rv

PBMCs peripheral blood mononuclear cells

PCR polymerase chain reaction

PIK3C3/Vps34 phosphatidylinositol 3-kinase catalytic
subunit type 3

PtdIns3K phosphatidylinositol 3-kinase

PRKAA1/2/AMPKa protein kinase AMP-activated catalytic
subunit o

RUBCN RUN and cysteine rich domain contain-
ing Beclin 1 interacting protein

TB tuberculosis



TNEF/TNE-« tumor necrosis factor

ULK1 unc-51 like autophagy activating kinase
1

3’ UTR 3’-untranslated region

UVRAG ultraviolet radiation resistance associated

WT wild type
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