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Abstract

Aroylated phenylenediamines (APDs) are novel modulators
of innate immunity with respect to enhancing the expres-
sion of antimicrobial peptides and maintaining epithelial
barrier integrity. Here, we present a new study on induction
of autophagy in human lung epithelial cells by the APD
HO53. Interestingly, HO53 affected autophagy in a dose-de-
pendent manner, demonstrated by increased microtubule-
associated proteins 1A/1B light-chain 3B (LC3B) processing
in mature polarized bronchial epithelial cells. The quantifica-
tion of LC3B puncta showed increased autophagy flux and
formation of autophagosomes visualized by transmission
electron microscopy. The phenotypic changes indicated
that autophagy induction was associated with activation of
5" adenosine monophosphate-activated protein kinase
(AMPK), nuclear translocation of transcription factor EB

(TFEB), and changes in expression of autophagy-related
genes. The kinetics of the explored signaling pathways indi-
cated on activation of AMPK followed by the nuclear trans-
location of TFEB. Moreover, our data suggest that HO53
modulates epigenetic changes related to induction of au-
tophagy manifested by transcriptional regulation of his-
tone-modifying enzymes. These changes were reflected by
decreased ubiquitination of histone 2B at the lysine 120 res-
idue that is associated with autophagy induction. Taken to-
gether, HO53 modulates autophagy, a part of the host de-
fense system, through a complex mechanism involving sev-
eral pathways and epigenetic events.
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Introduction

Autophagy is the essential adaptive process promoting
cell survival and maintaining cell homeostasis in response
to different stimuli from constantly changing environ-
ment. The prominent function of autophagy is to provide
nutrients and energy for cellular processes during starva-
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tion. It is also cytoprotective in stress conditions such as
hypoxia, shortage of growth factors, accumulation of
misfolded proteins, and damaged organelles [1, 2]. More-
over, autophagy is considered as a selective process for
innate and adaptive immunity, a part of cell autonomous
defense system, protecting the host from pathogens [3, 4].
Interestingly, autophagy impairment is also related to au-
toimmune and inflammatory diseases such as inflamma-
tory bowel diseases, e.g., Crohn’s disease [5], implicating
autophagy as a vital process with precise regulation [1, 4].

The epithelial layer in the human respiratory tract is
the first line of defense, providing an important protec-
tive barrier for the host [6]. The initial active shield con-
tains the mucus layer composed of different glycopro-
teins and antimicrobial peptides (AMPs) [6, 7] accompa-
nied by mucociliary clearance [8]. However, when the
first line of defense fails and bacteria enter epithelial cells,
autophagy is a crucial process for protecting the host
from invading pathogens [9, 10]. Dynamics of the au-
tophagy process varies depending on the cell type. The
clearance of pathogens is more rapid in phagocytic cells
such as macrophages than in nonphagocytic bronchial
epithelial cells [11]. Importantly, airway epithelial cells
can effectively eliminate pathogens like Pseudomonas ae-
ruginosa [12, 13]. Moreover, pathogens utilize a variety of
virulence factors, allowing them to replicate within host
cells, e.g., Mycobacterium tuberculosis (Mtb) blocks au-
tophagosome maturation in infected macrophages [14].
Therefore, modulation of autophagy pathways can be an
effective strategy to eliminate pathogens and to avoid/
limit use of antibiotics, thereby reducing the selection of
multidrug-resistant bacterial strains [15].

Several different agents including inducers of AMPs,
phenylbutyrate, and the active form of vitamin D3 have
been shown to induce autophagy and promote intracel-
lular killing of Mtb in human macrophages [16, 17]. In
addition, vitamin D3 and phenylbutyrate gave a positive
outcome in the clinical trials for the treatment of pulmo-
nary tuberculosis [18, 19]. Moreover, the short-chain fat-
ty acid butyrate imprints an antimicrobial program in
macrophages including activation of autophagy [20]. Re-
cently, we reported on a compound from the novel group
of aroylated phenylenediamines (APDs), HO53, that in-
duced expression of several antimicrobial effectors, en-
hanced tight junctions and was efficient against P. aeru-
ginosa infection [21].

In this study, we analyzed if HO53 induced autophagy
in human airway epithelial cells and investigated molecu-
lar mechanisms behind autophagy induction by HO53.
For this purpose, we utilized two human bronchial epi-
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thelial cell lines BCi-NS1.1 (hereafter BCi) and VA10.
Both cell lines retain basal-like character and are able to
differentiate toward polarized epithelium approaching
mature epithelial cells [22, 23]. For differentiated BCi
cells in air-liquid interphase (ALI) culture, autophagy in-
duction with HO53 was monitored by analysis of micro-
tubule-associated proteins 1A/1B light-chain 3B (LC3B)
processing, the presence of LC3B puncta, and transmis-
sion electron microscopy (TEM). To define cell signaling
pathway/s involved in induction of autophagy by HO53
in the ALI culture of BCi cells, we performed RNA se-
quencing (RNAseq) analysis. Further, we analyzed phos-
phorylation level of 5" adenosine monophosphate-acti-
vated protein kinase (AMPK), nuclear translocation of
the transcription factor EB (TFEB), and expression of au-
tophagy-related genes. In addition, we evaluated it HO53
modulates autophagy through epigenetic events related
to changes in gene expression of histone-modifying en-
zymes. We analyzed the expression of ubiquitin-specific
peptidase 44 (USP44) and enhancer of zeste homolog 2
(EZH2) and if these transcriptional changes were reflect-
ed in ubiquitination status of histone 2B at lysine 120 res-
idue (H2BK120) and trimethylation of histone H3 at ly-
sine 27 residue (H3K27me3), respectively. Taken togeth-
er, we evaluated induction of autophagy by HO53 in
human airway epithelial cells and defined several signal-
ing pathways and epigenetic events involved in this stim-
ulation.

Materials and Methods

Reagents and Materials

Collagen from human placenta (C7521), the secondary anti-
body conjugated with horse radish peroxidase for Western blot-
ting (A0545), DAPI (D9564), and all chemicals were purchased
from Sigma. UltroserG (15950-017) was obtained from Pall Life
Sciences and DMSO (sc-358801), Bafilomycin Al (sc-201550),
and rapamycin (sc-3504) from Santa Cruz. Secondary antibodies
for immunofluorescence staining were obtained from Thermo Sci-
entific (A-11070, A-11020, and A-21244). HO53 was synthesized
as described previously [21].

Cell Cultures

The human bronchial epithelial cell line BCi-NS1.1 (BCi) im-
mortalized with aretrovirus expressinghuman telomerase (hTERT)
was from Dr Matthew S. Walters, Weill Cornell Medical College,
New York, NY, USA [23]. An E6/E7 viral-oncogene-immortalized
human bronchial epithelial cell line VA10 has been described pre-
viously [22]. Both cell lines were cultured in Bronchial/Tracheal
Epithelial Cell Growth Medium (Cell Applications, 511A-500) sup-
plemented with retinoic acid (Cell Applications, 511-RA) and pen-
icillin-streptomycin (20 U/mL, 20 pg/mL, respectively; Life Tech-
nologies, 15140122) at 37°C and 5% CO,. The ALI culture of BCi
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and VAI0 cells was maintained as described previously [22, 23].
Cells in monolayer were treated by direct addition of the com-
pound to the culture medium. Differentiated cells were used for
experiments after 21 days of the ALI culture, and the treatment
compound was added to the lower chamber for indicated time.

Immunoblotting

Cells were washed with PBS and lysed in RIPA lysis buffer (San-
ta Cruz, sc-364162) supplemented with Halt Protease Inhibitor
Cocktail (Thermo Scientific, 87786) and Phosphatase Inhibitor
Cocktail (Cell Signal., 5870) on ice for 30 min. Histone extracts were
obtained from ~5 x 10° differentiated cells lysed in 80 pL of PBS
with 0.5% Triton X-100 supplemented with protease and phospha-
tase inhibitors cocktail for 10 min on ice followed by overnight acid
extraction (in 0.2 N HCI) of histones from cell pellets. Acid extracts
containing histones were neutralized by addition of 2 M NaOH
(1/10 of final volume). The total protein of 10-20 pg and 2.5 ug of
purified histone extracts was separated using NuPAGE 4-12% Bis-
Tris gradient gels (Life Technologies, NP0323) and NuPAGE MES
SDS Running Buffer (Life Technologies, NP0002) or polyacryl-
amide gel electrophoresis and SDS-Tris-glycine buffer (25 mM Tris,
250 mM glycine, and 0.5% SDS) with the running conditions 120 V
and 275 mA. As described previously [21], the proteins were trans-
ferred on to a polyvinylidene fluoride membrane (0.2 pm pores)
using XCell II"™™ Blot Module (Invitrogen, EI9051), and the mem-
brane was blocked with 10% skimmed milk or 10% BSA in TBS-T
buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween-20) for 1 h at room
temperature. Then, the membrane was incubated with primary an-
tibodies (shown in online suppl. Table S1; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000521602) overnight at
4°C using a dilution recommended by the manufacturer’s protocol.
After washing with TBS-T buffer, the membrane was incubated
with horse radish peroxidase-conjugated secondary antibodies
(1:10,000 dilution) in 5% skimmed milk or 5% BSA in TBS-T for at
least 1.5 h at room temperature. Immunoblots were developed us-
ing Pierce ECL Plus Western Blotting Substrate (Thermo Scientific,
#34095) or Western Blotting Luminol Reagent (Santa Cruz, sc-
2048) and the ImageQuant LAS 4000 system (GE Healthcare).
Quantification of the band intensity was performed using Image]
software.

Immunofluorescence

Cells growing on ALI filters were fixed using prechilled metha-
nol at 4°C overnight and then by prechilled acetone. Fixed cells on
ALI filters were hydrated in IF buffer (0.3% Triton X-100 in PBS)
and incubated with the blocking buffer (10% FBS in IF buffer) and
then with primary antibodies (shown in online suppl. Table S1)
overnight at 4°C using concentration recommended by the manu-
facturer’s protocol. The next day, filters were washed and incu-
bated with DAPI (1:5,000) and secondary antibodies Alexa Fluor
488 (A-11070) and/or Alexa Fluor 594 (A-11020) for 2 h. Cells
growing on ALI filters were mounted in Fluoromount™ Aqueous
Mounting Medium (F4680 Sigma), and coverslips were placed
over the filters. Images were taken using Olympus fluoview FV1200
confocal microscope at 30x and 60x magnification followed by
Image] analysis. The randomized blind counting of LC3B puncta
was performed manually from at least 3 different random areas of
each sample. Nuclear translocation of TFEB and co-localization of
LC3B with mucous and ciliated cells were evaluated by using the
“Colocalisation” function of the Olympus fluoview FV1200 confo-
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cal microscope software. The threshold was adjusted to value of
1,250, showing signal only from co-localized TFEB/nuclei (pink)
extracted from merged images followed by quantification of pixel
intensity by Image] software. The same parameters of image acqui-
sition and threshold were used for all images.

Transmission Electron Microscopy

BCi-NS1.1 cells growing on trans-well inserts in ALI condi-
tions were fixed with 2.5% glutaraldehyde (Ted Pella, Inc.) by ad-
dition of fixative to the upper and lower chamber. Next, cells were
washed in phosphate buffer (0.075 M with 0.15 M sucrose) twice for
2 min and postfixed in 2% osmium tetroxide (J.B. EM Services
Inc.) for 30 min followed by washing twice for 3 min. Cells were
dehydrated in increasing concentrations of ethanol: 25%, 50%, and
70% for 2 min each. Then, alcohol was replaced with 4% uranyl
acetate in 70% ethanol (J.B. EM Services Inc.) for 7 min, followed
by 2 min incubations in 80%, 90%, and 96% solutions of ethanol
and at the end, in pure ethanol for 5 min and twice for 7 min. Then,
the trans-well filters were placed on the coverslips with a drop of
resin (Spurr Resin; Ted Pella, Inc.), and cells were embedded by
adding a few drops of resin on top of the cell layer and incubated
for 2 h at room temperature. Gelatin capsules were filled with res-
in and placed upside down on top of the coverslips to create a block
and incubated overnight at 70°C. Afterward, resin blocks and fil-
ters were separated from coverslips by submerging them for few
seconds in liquid nitrogen. After that, plastic filters were broken
away which created round-shaped resin disks. Ultrathin (100 nm)
sections were cut with diamond knife (45° DIATOME) on an ul-
tramicrotome (Leica EM UC7) and placed on copper grids (Ted
Pella, Inc.). Sections on grids were stained for 1 min with lead ci-
trate (3% Ultrostain 2, Leica) and imaged using a JEM-1400PLUS
PL Transmission Electron Microscope at various magnifications.

Cytotoxicity Assay

The cytotoxic effect of Bafilomycin Al on bronchial epithelial
BCi cells differentiated in an ALI culture was assessed by measure-
ments of lactic dehydrogenase release from the cells in both the
apical (upper, with cells) and basolateral (lower) side of the ALI
filters. Bafilomycin A1 at 100 nM was added to the lower chamber
of the trans-well insert (basolateral side), while standard cell cul-
ture medium was applied on the apical side for 24 h. Cytotoxicity
of bafilomycin was measured using the CytoTox 96 Non-Radioac-
tive Cytotoxicity Assay (Promega) with modified incubation time
of 15 min. Cytotoxicity was calculated as a percentage of lactic de-
hydrogenase release in the positive control (100%).

RNA Analysis

Total RNA was extracted using the NucleoSpin RNA kit (MA-
CHEREY-NAGEL, 740955.50). Total RNA of 1 ug was used to syn-
thesize complementary DNA (cDNA) according to the manufac-
ture’s recommendations using the High-Capacity cDNA Reverse
Transcriptase Kit (Applied Biosystems, 4368814). One pl of cDNA,
5 uL of PowerUp SYBR Green Master Mix (Applied Biosystems,
A25742), and 0.5 uM primers (shown in online suppl. Table S2)
were used for QRT-PCRs. qRT-PCRs were performed using the LG
7500 Real-Time PCR System (Applied Biosystems) with the follow-
ing cycling conditions: (1) holding stage: 95°C for 10 min, followed
by 40 cycles of (2) denatured stage: 95°C for 15 s and (3) annealed/
extended stage: 60°C for 1 min. The 2044CD Livak method was uti-
lized for calculating fold differences over untreated control [24].
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Preparation of Poly-A cDNA Sequencing Libraries

As described previously [25, 26], the quality (RIN score) and
quantity of isolated total RNA samples were assessed using the
DNA 5K/RNA chip for the LabChip GX (PerkinElmer). cDNA li-
braries derived from poly-A mRNA were generated using Illumi-
na’s TruSeq RNA v2 Sample Prep Kit. Briefly, poly-A mRNA was
isolated from total RNA samples (0.2-1 pg input) using hybridiza-
tion to poly-T beads. The poly-A mRNA was fragmented at 94°C,
and first-strand cDNA was prepared using random hexamers and
the SuperScript II Reverse Transcriptase (Invitrogen). Following
second-strand cDNA synthesis, end repair, addition of a single A
base, indexed adapter ligation, AMPure bead purification, and
PCR amplification, the resulting cDNA sequencing libraries were
measured on the LabChip GX, diluted to 3 nM and stored at —20°C.

RNAseq and Gene Expression Analysis

Samples were pooled and sequenced on NovaSeq 6000 (24 sam-
ples/pool/lane) using on-board clustering. Paired-end sequencing
(2 x 125 cycles) was performed using $4 flowcells, following the XP
workflow. We quantified the RNA transcript expression with Kal-
listo (version 0.45.0) [27] using the Homo sapiens GRCh38 refer-
ence transcriptome [28]. Gene expression estimates were comput-
ed with the sleuth R package (v0.30) [29]. Gene set enrichment
analysis (GSEA; version 3.0) developed by Broad Institute [30] was
used for gene ontology analysis. The differentially expressed genes
were ranked on the list based on the expression (b-estimate) and
qvalue. Next, the ranked lists of differentially expressed genes were
analyzed by GSEA software using the “hallmark gene sets” data-
base of biological processes and the customized list of autophagy-
lysosome genes [31] as a reference with the following parameters:
(1) number of permutations: 1,000, (2) enrichment statistic: clas-
sic, and (3) gene sets larger than 5,000 and smaller than 15 were
excluded from the analysis. Among positively and negatively en-
riched gene sets, autophagy-related pathways with a false discov-
ery rate <0.05 were presented. Heatmaps showing significant (p <
0.05) gene expression presented as log2 fold change were created
in R studio software.

Statistical Analysis

Results are presented as mean + standard error of mean from
at least three independent experiments. One- and two-way ANO-
VA and the student t-test were used to determine significance of
the data; p values and corrections for multiple comparisons are
indicated in the figure legends. The statistical analysis was per-
formed with GraphPad Prism 6 software (GraphPad, San Diego,
CA, USA). Western blots are representative of at least three inde-
pendent experiments, except online supplementary Figure S4A.

Results

HOS53 Induces Autophagy in Mature Human Lung

Epithelial Cells

Several markers are utilized to monitor autophagy in-
duction. The most common is the autophagosomal mark-
er LC3B, more precisely, processing of the soluble LC3B-
I to autophagosome-associated LC3B-II, indicating the
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formation of autophagosomes. Further, degradation of
the autophagy-substrate p62, as well as Bafilomycin Al,
an inhibitor of lysosomal acidification and autophago-
some-lysosome fusion, is used to evaluate lysosomal deg-
radation of autophagosomal cargo described as the au-
tophagy flux [32]. To assess the effect of the APD com-
pound HO53 on autophagy induction in the human
bronchial epithelial cell lines BCi and VA10, we analyzed
LC3B processing and visualized the presence of LC3B
puncta and the occurrence of autophagosomes using
TEM. Both human bronchial epithelial cell lines can be
used as undifferentiated monolayer cells or mature dif-
ferentiated cells in ALI cultures, forming polarized epi-
thelial layers [22, 23]. First, we analyzed the effect of
HOS53 on autophagy induction by analysis of LC3B pro-
cessing in both ALI and undifferentiated cells (shown in
Fig. 1a, b). Treatment with increasing doses of HO53 for
24 h led to dose-dependent accumulation of LC3B-II in

Fig. 1. HO53 treatment induces autophagy in human airway epi-
thelial cells. BCi cells were stimulated for 24 h with different doses
of HO53, and 250 nM Rapa was used as a positive control for au-
tophagy induction, and DMSO (final concentration of 0.3%) was
used as a solv, all in combination with (+Baf.A1) or without (-Baf.
Al) Bafilomycin Al (100 nM). Treatment of differentiated BCi
cells was performed by addition of the compound to the lower
chamber of the trans-well insert. Induction of autophagy in the
ALI culture (a) and undifferentiated BCi (b) was evaluated by
analysis of LC3B processing on Western blotting. The processing
of LC3B-1to LC3B-II was quantified by measurement of the LC3B-
II band intensity versus GAPDH loading control and presented as
the LC3B-II/GAPDH ratio. Data present average + SEM from n =
3 independent experiments analyzed by one-way ANOVA with
Sidak post hoc test, where *p < 0.05, **p < 0.01 and ns versus sol-
vent control, p < 0.05 versus 50 uM HO53, ¥&p < 0.01 versus 12.5
uM HOS53. Samples were run in one experiment on separate gels/
blots processed in parallel, and full-length blots are presented in
Supplementary Figure S7. ¢ Analysis of the autophagy induction
by HO53 (75 uM) in ALI-cultured BCi cells by immunostaining of
LC3B puncta (green), nuclei (blue), and occludin (red), a tight-
junction protein characteristic for the differentiated BCi cells in
the ALI culture. The scale bar is 10 pm. Autophagy flux in ALI-
cultured BCi was calculated based on number of LC3B+ (positive)
puncta using the formula: (sample + Baf.AI)/sample presented as
autophagy flux LC3B + puncta. Data present average + SEM from
n =5 independent experiments analyzed by an unpaired f-test,
where *p < 0.05. d TEM analysis of differentiated BCi cells treated
with HO53 (75 puM) and Bafilomycin Al (100 nm) for 24 h. Au-
tophagosomes are indicated by red arrows. TF indicates the trans-
well filter/insert; red squares indicate a magnified area with scale
bars for images as indicated (from left to right) 2 um, 1 um and 200
nm. Representative images of n = 4 trans-well inserts from 2 inde-
pendent experiments. ns, nonsignificant; solv, solvent control;
Rapa, rapamycin; SEM, standard error of mean.

(For figure see next page.)
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ALI BCi (shown in Fig. 1a) but not in undifferentiated
cells (shown in Fig. 1b). Further, in co-treatment with
Bafilomycin A1l applied for 24 h, without presenting any
significant cytotoxic effect on the cells (shown in online
suppl. Fig. S2), these changes were significant also in un-
differentiated cells for 75 um HO53 (shown in Fig. 1b) but
in ALI cells only, at 150 pM (shown in Fig. 1a). These re-
sults indicate that autophagy is induced in the mature po-
larized BCi cells. A similar phenotype of autophagy in-
duction by HO53 linked to cell differentiation status was
observed in VA10 cells (shown in online suppl. Fig. S1A,
S1B), where autophagy induction was identified only in
mature cells (shown in online suppl. Fig. SIA). We ob-
served a low expression level of p62 protein, an addition-
al autophagy flux indicator in both human lung epithe-
lial cell lines VA10 and BCi, and the expression remained
unchanged upon treatment with HO53 (shown in online
suppl. Fig. SIA-D, respectively). Considering the pro-
nounced effect of HO53 on the conversion of LC3B-I to
the lipidated LC3B-II form in BCi ALI cells, we continued
our studies with ALI cells resembling in vivo environ-
ment. Based on the processing of LC3B-I to LC3B-II and
our previous studies [21], we selected 75-pM HO53 con-
centration for further studies. Fluorescent LC3B puncta
are commonly used as an indicator for autophagosomes
[32]. The treatment with HO53 increased the number of
LC3B puncta in ALI cells co-stained with occludin, a
tightjunction protein serving as a marker for differenti-
ated cells (shown in Fig. 1¢). The quantification of LC3B
puncta (LC3B+) in cells with and without Bafilomycin A1
indicated that the treatment with HO53 induced autoph-
agy flux in differentiated BCi cells (shown in Fig. 1c). In-
terestingly, the LC3B puncta were mainly clustered in
small groups, suggesting that autophagy possibly occurs
in specific cell types of ALI differentiated cell layers.
Therefore, we next co-stained LC3B with mucin 5AC
(MUC5AC), amarker for mucous cells, and acetylated (at
K40) tubulin a A4 (TUBA4A acetyl K40), a marker for
ciliated cells, both occurring in ALI-differentiated cell
layers (shown in online suppl. Fig. S1E, S1F). We ob-
served co-localization of LC3B and MUCS5AC in specific
areas but occurrence of LC3B puncta clusters was not ex-
clusively restricted to mucous cells (shown in online sup-
pl. Fig. S1E). Next, TEM analysis of ALI cells treated with
HO53 and Bafilomycin A1 revealed the presence of typi-
cal double-membrane-limited autophagosomes (shown
in Fig. 1d) characteristic for autophagy induction. Taken
together, our findings show that HO53, an innate immu-
nity modulator, stimulates autophagy in human lung ep-
ithelial cells.
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HOS53 Treatment Alters Autophagy-Related Pathways

in Mature Human Bronchial Epithelial Cells (BCi)

To resolve the mechanism behind induction of au-
tophagy by HO53 in ALI BCi cells, we performed RNA-
seq analysis of the transcriptome at different time points.
Based on our previous studies, where we observed HO53
affecting innate immunity and epithelial barrier integrity
[21], we selected 4 h, 8 h, and 24 h time points of HO53
treatment. Analysis of the transcriptome of ALI BCi cells
treated with HO53 revealed a broad response at the RNA
level that was observed after 4 h treatment and expanded
with time (shown in Fig. 2, online suppl. S3A). GSEA re-
vealed that several gene sets were affected by HO53
(shown in online suppl. Fig. S3B) and among them were
pathways related to autophagy [33-40] (shown in Fig. 2).
After 4 h treatment with HO53, we observed molecular
signature for the following autophagy-related pathways
that were positively correlated to the gene set enrichment
(upregulated): (1) reactive oxygen species (ROS) [36], (2)
xenobiotic metabolism [38], (3) glycolysis [34], (4) inter-
leukin 6-Janus kinase-signal transducer and activator of
transcription 3 (IL6-JAK-STAT3) [37], (5) peroxisome
[33, 39], and (6) fatty-acid metabolism [33, 39]. More-
over, the negatively correlated pathways (downregulated)
were the following: (7) phosphoinositide 3-kinase-pro-
tein kinase B-mechanistic target of rapamycin kinase
(PI3K-AKT-mTOR) [40], (8) mechanistic target of ra-
pamycin kinase complex 1 (mTORCI1) [40], and (9) oxi-
dative phosphorylation (OXPHOS) [35, 36] (shown in
Fig. 2a). With time, the molecular signatures were altered,
and ROS and peroxisome pathways were not enriched in
the GSEA categories at 8 and 24 h (shown in Fig. 2b, c).
Furthermore, the pathway linked to fatty-acid metabo-
lism was negatively correlated after 8 h (shown in Fig. 2b).
We observed only four negatively correlated pathways
linked to mTOR/mTORCI signaling, fatty-acid metabo-
lism, and OXPHOS after 24 h (shown in Fig. 2c). Impor-
tantly, mMTOR/mTORCI signaling and OXPHOS path-
ways were negatively enriched for all time points. Overall,
a broad effect of HO53 on the gene expression in human
lung epithelial BCi cells shows molecular signature for
pathways involved in autophagy regulation.

HOS53 Activates the AMPK Pathway Linked to

Autophagy

In our previous studies, we demonstrated that HO53
increases phosphorylation of STAT3 in the monolayer
BCi, and the STAT3 pathway has been shown to be in-
volved in the autophagy process [21]. Therefore, we first
analyzed if HO53 has the same effect on posttranslation-

Myszor et al.
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Fig. 2. HO53 affects autophagy-related pathways in mature human
bronchial epithelial cells (BCi). Volcano plots with differentially
expressed transcripts and GSEA of the expression data from BCi
cells differentiated in an ALI culture after 4h (a), 8 h (b),and 24 h
of treatment with HO53 (75 uM) (c). Volcano plots represent b-
estimate (expression) versus log of significance (-logl0[q]) from
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the Kallisto/sleuth Wald test. Significant differentially expressed
genes were marked in red based on g < 0.05. In pathway analysis
(GSEA), autophagy-related gene sets were presented as positively
correlated gene sets (red, NES >0) and negatively correlated gene
sets (blue, NES <0) with FDR <0.05. FDR. FDR, false discovery
rate; NES, normalized enrichment score.
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al modifications of STAT3 in ALI BCi cells and if these
changes contribute to autophagy induction. Our results
suggest that treatment with HO53 did not affect post-
translational modifications of STAT3 related to autoph-
agy induction in differentiated BCi cells (shown in online
suppl. Fig. S4A). Galectins have been shown to act as a
cytoplasmic sensor of intracellular pathogens, leading to
activation of autophagy [41]. In addition, galectins can
control mTOR and AMPK to induce autophagy upon en-
dolysosomal membrane damage [42, 43]. Interestingly,
analyses of the RNAseq data revealed enhanced expres-
sion of genes encoding galectins, e.g, LGALS4,
LGALS9B/C, LGALS7 (shown in Fig. 3a), and other genes
encoding key proteins involved in the mechanism of au-
tophagy induction initiated by galectins [42] (shown in
Fig. 3a). Notably, the expression pattern of LGALS9B/C
encoding galectin 9 observed in RNAseq data was con-
firmed by qPCR, demonstrating significant increase after
8 h (shown in Fig. 3b). However, these changes were not
reflected by galectin 9 at the protein level as we detected
a slight increase of galectin 9 at later time points (shown
in online suppl. Fig. S4B). Furthermore, we observed re-
markably high expression of PRKAA2 encoding catalytic
subunit a2 of AMPK for all time points of HO53 treat-
ment (shown in Fig. 3a). We confirmed this observation
by qPCR, noting 4-, 15-, and 33-fold increase in PRKAA2
gene expression at 4 h, 8 h, and 24 h, respectively (shown
in Fig. 3¢). To test whether these transcriptional changes
caused by HO53 contribute to the activation of AMPK
and inhibition of mMTOR/mTORCI indicated in the path-
way analysis, we examined phosphorylation status of
AMPK (Thr172) (shown in Fig. 3d) and the downstream
target of mTOR and ribosomal protein S6 kinase Bl
(S6K1) (Thr389) (shown in online suppl. Fig. S4C). We
measured p-AMPK/AMPK and p-S6K1/S6K1 ratios at 2,
4, 6, 8, and 24 h of treatment with HO53 and found an
increased phosphorylation level of AMPK at 8 h (shown
in Fig. 3d). We also observed a decreased but not signifi-
cant phosphorylation level of S6K1 at 4 h (shown in on-
line suppl. Fig. S4C). Together, these results suggest that
HOS53 induces autophagy through a complex mechanism
involving many cellular pathways linked to AMPK and
possibly mTOR signaling.

HO53 Treatment Leads to TFEB Nuclear

Translocation and Augments Expression of

Autophagy-Associated Genes

We next monitored TFEB nuclear translocation re-
sponsible for transcriptional regulation of autophagy and
lysosomal gene expression. Moreover, RN Aseq analysis in-
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dicated that HO53 affected the mTOR pathway, well
known as a negative regulator of TFEB translocation [44,
45]. We observed increased nuclear localization of TFEB
at 24 h of treatment with HO53 (shown in Fig. 4a). Only
weak nuclear signal for TFEB was detected at earlier time
points of 4 and 8 h (shown in online suppl. Fig. S5A, S5B),
suggesting that TFEB nuclear translocation is a late event
of the HO53-induced signaling cascade, leading to autoph-
agy induction. We also assessed whether HO53 treatment
of mature BCi cells led to the differential expression of au-
tophagy-related genes. By using the list of autophagy-relat-
edgenes (HUGO Gene Nomenclature Committee [HGNC]
Group ID 1022) [46] from HGNC database [47, 48] as a
reference, we analyzed their expression in the RN Aseq data
(shown in Fig. 4b) and confirmed expression of selected
genes by qPCR (shown in Fig. 4c-f). Interestingly, the
HO53 compound enhanced expression of the genes en-
coding LC3 isoforms, especially MAPILC3A encoding
LC3A at 24 h (shown in Fig. 4c) and MAPILC3C encoding
LC3C at 8 h and 24 h (shown in Fig. 4d). Further, HO53
treatment affected expression of ATGI6L genes in differ-
entiated BCi cells, encoding a component of E3-like com-
plex that couples ATG8 family proteins to phosphatidyl-

Fig. 3. HO53 activates the AMPK signaling cascade in differenti-
ated BCi cells. Differentiated BCi cells in the ALI culture were
treated with HO53 (75 uM) for 4 h, 8 h, and 24 h. a Heatmap show-
ing changes in expression as log2FC of genes related to the mTOR/
AMPK pathway at 4 h, 8 h, and 24 h of treatment with HO53. The
heatmap shows significantly differentially expressed genes in com-
parison to control cells collected at the same time points (p < 0.05).
Genes selected for further analysis were marked in red. Nonsig-
nificant differentially expressed genes have arbitrary value 0. Ex-
pression level of LGALS9B/C (b) and PRKAA?2 (c) genes analyzed
by qRT-PCR. Gene expression was represented as a fold change in
comparison to control cells (value 1, dashed line) collected at the
same time point as treated cells and normalized to the EEF2 refer-
ence gene. n = 3 trans-well inserts from 3 independent experiments
+ SEM. *p < 0.05, ***p < 0.001 versus control cells analyzed by one-
way ANOVA with the Dunnett post hoc test. d Activation of the
AMPK signaling pathway analyzed by Western blotting of phos-
phorylated AMPKa (Thr172) at different time points of HO53
treatment. Quantification of Western blots was performed in two
steps: first, by measurements of band intensity and normalization
to GAPDH (loading control) and then by calculation of the nor-
malized ratio for phospho-AMPKa (Thr172) to total AMPKa. The
representative Western blot of n = 4 independent experiments.
Quantitative comparison was done on the samples run in one ex-
periment on separate gels/blots processed in parallel. Statistical
analysis was performed by one-way ANOVA with the Sidak post
hoc test, where *p < 0.05 versus corresponding solvent control.
Full-length blots are presented in online supplementary Figure S7.
log2FC, log, fold change; SEM, standard error of mean.

(For figure see next page.)
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ethanolamine [1]. Interestingly, the expression of AT-
GI6L1 decreased with time, but the expression of its
homolog ATGI6L2 was increased in analyzed RNAseq
data (shown in Fig. 4b). The same expression pattern for
ATGI6LI and ATG16L2 was reconfirmed by qPCR, where
expression of ATG16L1 was downregulated during the
HO53 treatment (shown in Fig. 4e), and ATG16L2 was up-
regulated after 24 h (shown in Fig. 4f). These results indi-

cate that HO53 affects nuclear translocation of TFEB and
induces expression of selected autophagy-related genes as-
sociated with formation of autophagosomes at the early
phase of the autophagy process. Notably, several autopha-
gy-related genes were downregulated (shown in Fig. 4b).
To evaluate if expression of lysosomal genes was affected
by HO53, we performed gene set enrichment analysis for
the set of autophagy-lysosomal genes at 24 h (shown in
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Fig. 4g) [31]. The enrichment plot for autophagy-lysosom-
al genes was negatively correlated, indicating that other
mechanisms partially interacted with the effect of TFEB.

HOS53 Modulates Epigenetic Changes Involved in

Autophagy Induction

Treatment with HO53 induces a broad response in gene
expression and affects several autophagy-related pathways
in differentiated human lung epithelial cells. Therefore, we
hypothesized that HO53 modulates epigenetic events such
as histone modifications, leading to autophagy induction.
It has been shown that epigenetic enzymes like histone
deacetylases, methyltransferases, and ubiquitinases can af-
fect regulatory pathways for autophagy [49, 50]. We ana-
lyzed if HO53 can modulate expression of histone-modi-
fying enzymes. Interestingly, USP44 expression encoding
USP44, a key enzyme contributing to enhanced autophagy
by deubiquitination of H2BK120Ub [51], was strongly up-
regulated after 8 h and 24 h of HO53 treatment (shown in

Fig. 4. HO53 treatment leads to nuclear translocation of TFEB and
augments expression of autophagy-related genes in differentiated
BCi cells. a Analysis of TFEB nuclear translocation upon treatment
with 75 um HO53 after 24 h by confocal imaging of nuclei (blue,
DAPI), TFEB (red), and extracted signal from co-localized TFEB/
nuclei (pink) from merged channels with scale bar 50 um. Repre-
sentative single slices from z-stacked images (15/39) were placed
for each channel of HO53-treated samples with scale bar 10 pm.
The representative images from at least 3 different areas of the ALI
filter from n = 3 independent experiments with quantification of
pixel intensity for a signal from co-localized TFEB/nuclei (pink)
extracted from merged DAPI/TFEB images + SEM. Statistical
analysis was performed by using an unpaired ¢-test with Welch’s
correction, *p < 0.05. Changes in autophagy-related genes expres-
sion in differentiated BCi cells in ALT at 4 h, 8 h, and 24 h of treat-
ment with HO53. b A heatmap showing the expression level rep-
resented as a log2FC of significantly differentially expressed genes
in comparison to control cells collected at the same time points
(p < 0.05). Genes selected for further analysis were marked in red.
Nonsignificant differentially expressed genes have arbitrary value
0. Expression level of selected autophagy-related genes: MA-
PILC3A (¢), MAPILC3C(d), ATG16L1 (e),and ATGI16L2 (f) ana-
lyzed by qRT-PCR. Gene expression was represented as a fold
change in comparison to control cells (value 1, dashed line) col-
lected at the same time point as treated cells and normalized to the
EEF?2 reference gene. n = 3 trans-well inserts from 3 independent
experiments + SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001 versus
control cells analyzed by one-way ANOVA with the Dunnett post
hoc test. g Enrichment plot for autophagy-lysosomal genes ob-
tained from GSEA of the expression data from differentiated BCi
cells in the ALI culture after 24 h of treatment with HO53. NES and
NOM p are indicated on the plot. log2FC, log, fold change; NES,
normalized enrichment score; NOM p, nominal p value; SEM,
standard error of mean.
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Fig. 5a). The enhanced expression of USP44 was recon-
firmed by qPCR (shown in Fig. 5b). Moreover, expression
of EHMT?2 encoding euchromatic histone lysine methyl-
transferase 2 (G9a), responsible for dimethylation of lysine
9 residue on histone 3 (H3K9me?2), resulting in inhibition
of autophagy [52], was downregulated to a different extent
at all analyzed time points of HO53 treatment (shown in
Fig. 5a). This was in agreement with expression of EHMT2
analyzed by qPCR (shown in Fig. 5¢) and could promote
autophagy by suppressing the inhibitory effect. Another
enzyme repressing autophagy by trimethylation of H3K-
27me3 is EZH2 [50]. Based on RNAseq data, the expres-
sion of EZH2 was downregulated at the beginning of HO53
treatment and then enhanced after 24 h (shown in Fig. 5a).
This suppression of EZH2 expression was confirmed at 4
h and 8 h by qPCR and reached a similar level as in un-
treated BCi cells after 24 h (shown in Fig. 5d). The kinetics
of transcriptional changes for EZH2 was reflected in ex-
pression of TSC2 encoding tuberin, a downstream target
gene of EZH2 (shown in Fig. 5e). Expression of TSC2, a
negative regulator of mTOR, is regulated by EZH2 that
binds to the TSC2 promoter and silences TSC2 transcrip-
tion, leading to activation of the mTOR pathway and inhi-
bition of autophagy [50]. Unlike EZH2, expression of TSC2
was gradually decreased with time of HO53 treatment
(shown in Fig. 5e). In the continuation, we verified if his-
tones modification status reflects transcriptional changes
in expression of key epigenetic enzymes regulating au-
tophagy. Consequently, we analyzed ubiquitination status
of H2BK120 and trimethylation of H3K27 over time of
HO53 treatment (shown in Fig. 5f, online suppl. $6). Inter-
estingly, in bronchial epithelial cells, we observed a re-
duced level of ubiquitinated H2BK120 at 8 h as a result of
HO53 treatment, indicating autophagy induction (shown
in Fig. 5f). The level of trimethylated H3K27 in BCi cells
remained unchanged upon treatment with HO53 at all an-
alyzed time points (shown in online suppl. Fig. $6). In sum-
mary, these results indicate that HO53 affects expression
of histone-modifying enzymes, precisely controlling epi-
genetic machinery responsible for the balance between in-
duction and inhibition of autophagy.

Discussion

Autophagy as an integral part of innate immunity is
recognized as one of the main host defense systems con-
trolling invading pathogens (xenophagy). In response to
the host defense mechanisms, several pathogens have
evolved a variety of different strategies to escape from au-
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Fig. 5. HO53 treatment modulates epigenetic regulation of au-
tophagy in ALI-cultured BCi cells. Differentiated BCi cells in the
ALI culture were treated with HO53 (75 uM) for 4 h, 8 h, and 24 h.
a Heatmap showing changes in expression of genes encoding epi-
genetic enzymes involved in regulation of autophagy presented as
log2FC at4h, 8 h, and 24 h of treatment with HO53. The heatmap
shows significant differentially expressed genes in comparison to
control cells collected at the same time points (p < 0.05). Genes
selected for further analysis were marked in red. Nonsignificant
differentially expressed genes have arbitrary value 0. Expression
level analyzed by qRT-PCR for the genes USP44 (b), EHMT?2 (c),
EZH2(d),and TSC2 (e), a downstream target of the EZH2 protein.
Gene expression was represented as a fold change in comparison
to control cells (value 1, dashed line) collected at the same time
points as treated cells and normalized to the EEF2 reference gene.
n = 3 trans-well inserts from 3 independent experiments + SEM
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kD < 0.0001 versus control cells analyzed by one-way ANOVA
with the Dunnett post hoc test. f A representative Western blot of
H2BK120 ubiquitination and the total H2B level (loading control)
analyzed by Western blot analysis in the ctrl, treated with solvent
(=) and 75 uMm HO53 (+) BCi cells in ALI at indicated time points.
DMSO at final concentration of 0.3% was used as a solvent control.
The Western blot band intensity was quantified as the ratio of
H2BK120UD to total H2B and normalized to solvent control (val-
ue 1) based on n = 3 independent experiments + SEM. Quantitative
comparison was done on the samples run in one experiment on
separate gels/blots processed in parallel. Statistical analysis was
performed by two-way ANOVA with Bonferroni’s multiple com-
parisons test, *p < 0.05. Full-length blots are presented in online
supplementary Figure S7. log2FC, log, fold change; ctrl, control;
SEM, standard error of mean.
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tophagy clearance. Therefore, development of novel au-
tophagy activating molecules for the enhancement of in-
nate immunity defenses against invading pathogens would
be a beneficial therapeutic approach to treat infections.
Here, we present a novel innate immunity inducer,
HOS53, from the class of APD compounds in relation to
autophagy in human airway epithelial cells. Treatment
with HO53 of mature bronchial epithelial cells cultured in
an ALI model, resembling the in vivo situation, led to in-
creased LC3B-II accumulation together with the presence
of LC3B puncta and autophagosomes visualized by TEM
analysis. Based on these, we conclude that HO53 stimu-
lates autophagy by promoting autophagosome formation
in mature bronchial epithelial cells. Analysis of autophagy
flux by measuring levels of p62 to evaluate lysosomal deg-
radation of autophagosomal cargo revealed that levels of
p62 in both undifferentiated and ALI cells remained un-
changed. Thus, we used an additional approach, the co-
treatment with Bafilomycin A1, an inhibitor of autopha-
gosome-lysosome fusion. The quantification of LC3B
puncta with and without Bafilomycin Al showed in-
creased autophagy flux in cells stimulated with HO53. The
effect of HO53 on autophagy initiation in the ALI model
seems to be similar to the mechanism of AMPK, promot-
ing autophagy by priming autophagy kinases upon detec-
tion of bacterial outer-membrane vesicles independently
on bacterial invasion [53]. Importantly, we showed previ-
ously that HO53 can induce production of antimicrobial
effectors by the innate immunity system and enhance ep-
ithelial barrier integrity [21]. This, together with induc-
tion of autophagy could provide prevention and/or treat-
ment of infectious diseases, especially caused by patho-
gens affecting initiation of autophagosome formation.
Furthermore, to exploit molecular mechanisms be-
hind the observed induction of autophagy, we per-
formed RNAseq analysis of mature bronchial epithelial
cells treated with HO53 for different time points. The
early response to HO53 resulted in enrichment of the
following pathways directly related to autophagy: ROS,
xenobiotic metabolism, glycolysis, IL6-JAK-STATS3,
peroxisome, fatty-acid metabolism, PI3K-AKT-mTOR,
and OXPHOS. Shen et al. [54] showed that phosphory-
lation of STAT3 at Y705 is considered as a stimulus for
autophagy induction. Phosphorylated STAT3 was not
able to interact with the catalytic domain of the eukary-
otic translation initiation factor 2 a kinase 2 that conse-
quently allowed for phosphorylation of eukaryotic
translation initiation factor 2A and activation of au-
tophagy [37, 54]. In our study, we observed enrichment
in the IL6-JAK-STAT3 pathway at early time points of

HO53 Stimulates Autophagy in Human
Airway Epithelial Cells

HO53 treatment. However, we did not observe any
changes in phosphorylation of STAT3 at Y705 in mature
BCi cells, suggesting that the STAT3 pathway is not in-
volved in the autophagy induction in mature bronchial
epithelial cells. Moreover, our results suggest that HO53
affects phosphorylation of STAT3 depending on the cell
differentiation status because unlike in monolayer BCi
cells used in our previous work [21], we did not observe
any changes in mature BCi cells. Furthermore, stimula-
tion of autophagy by pro-inflammatory stimuli is un-
likely because our previous work showed that unlike in
monolayer BCi cells, HO53 did not induce pro-inflam-
matory cytokines/chemokines in ALI-cultured cells at
the protein level [21].

Moreover, HO53 treatment of mature BCi cells affect-
ed the ROS pathway that could contribute to further in-
duction of autophagy because ROS are known autophagy
mediators in response to oxidative stress or in infection
with Salmonella 36, 55]. In addition to the ROS pathway,
we also observed enrichment in the peroxisome pathway
at early time point of HO53 treatment. Recently, Kim et
al. [39] demonstrated an essential role of peroxisome pro-
liferator-activated receptor a in innate host defense
against Mtb. They showed that stimulation of peroxisome
proliferator-activated receptor o led to activation of TFEB
and increased lipid catabolism, depriving bacteria from
the lipid source necessary for creation of an intracellular
niche for Mtb replication [39]. Therefore, the interesting
effect of HO53 on bronchial epithelium connected to en-
richment in ROS and peroxisome pathways warrants fur-
ther research on exploring APD compounds as potential
modulators of PPARs. This concept gains further support
as HO53 affected the fatty-acid metabolism pathway that
in turn can regulate PPARs controlling lipid metabolism
and inflammation [33]. The role of nuclear receptors such
as PPARs or the xenobiotic nuclear receptor pregnane X
receptor linked to drug metabolism has been shown to
modulate the antimicrobial response against Mtb [35,
38]. In our model, HO53 affected the xenobiotic metabo-
lism pathway in mature BCi cells, which might be linked
directly to the metabolic turnover of HO53 but also to the
observed promotion of autophagy.

Importantly, we demonstrated that HO53 activated
the AMPK pathway together with enrichment in posi-
tively correlated glycolysis and negatively correlated OX-
PHOS pathways. Activation of AMPK can stimulate gly-
colysis in response to the energetic deficit in the cell and
directly inhibits the mTOR pathway [36]. Interestingly,
HO53 treatment led to activation of AMPK, enhance-
ment of the glycolytic pathway, and inhibition of
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mTORCI after 8 h that can explain the signaling cascade
leading to autophagy induction at later time point. Thus,
the enzyme catalyzing the first reaction of glycolysis,
hexokinase-II, can directly bind and inhibit mTORCI,
leading to autophagy induction [34]. This might explain
inhibition of the mTORCI pathway without enrichment
in the glycolytic pathway observed after 24 h. Moreover,
it has been demonstrated that activation of AMPK and
enhanced expression of peroxisome proliferator-activat-
ed receptor-gamma coactivator la contribute to the au-
tophagic clearance of Mtb and induced expression of
genes involved in the OXPHOS [35]. In our model, we
observed inhibition of OXPHOS during treatment with
HO53 that might indicate additional regulatory mecha-
nisms other than the AMPK-peroxisome proliferator-ac-
tivated receptor-gamma coactivator la pathway.

In connection to the possible role of galectins in HO53-
induced autophagy, we anticipated that HO53 increases
production of galectins, which enhances detection of un-
identified trigger/triggers in our model and activates
AMPK, similar to the mechanism described previously,
where galectin 9 recognized endolysosomal damage and
activated AMPK [42]. We observed only slight increase in
the galectin 9 protein level, ruling out our hypothesis that
HO53 treatment activates the AMPK signaling cascade
through increased galectin 9 protein expression and indi-
cating additional mechanisms of AMPK activation. Fur-
ther, the indication of mTOR inhibition by HO53 in airway
epithelial cells was followed by investigation of TFEB nu-
clear translocation. TFEB is a key regulator of host innate
immunity response to infections [56]. It has been shown to
be responsible for the defense response against Staphylo-
coccus aureus infections in mouse and in Caenorhabditis
elegans by its ortholog HLH-30 [56]. In our model, trans-
location of TFEB to the nucleus is a rather late event linked
to potential mechanism of autophagy induction by HO53
in mature bronchial epithelial cells. Despite of nonsignifi-
cant decrease in phosphorylation of S6K1, transcriptome
analysis and the cellular localization of TFEB suggest that
mTOR inhibition might contribute to the alterations in ex-
pression of autophagy-related ATG and MAPILC3 genes.
These genes encode proteins involved in formation of au-
tophagosomes, and the enhanced expression of these genes
corresponds to increased formation of autophagosomes
analyzed by the LC3B marker and observed by TEM. Since
TFEB translocated to the nucleus between 8 and 24 h and
we observed changes in the expression of autophagy-relat-
ed genes at earlier time points (4 h and 8 h), we conclude
that additional regulatory mechanisms are most likely in-
volved in induction of autophagy by HO53.
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Treatment with HO53 led to a broad response and
caused pronounced transcriptional changes in mature
BCi cells. Moreover, the HO53 compound is related to the
parental compound entinostat [57, 58], the histone
deacetylase inhibitor [59], which led us to the hypothesis
that mechanisms related to epigenetic regulation of the
chromatin state could be involved in the HO53-induced
autophagy. It has been shown that several histone-modi-
fying epigenetic enzymes, e.g., G9a, EZH2, USP44, or
CARM1 (coactivator-associated arginine methyltrans-
ferase 1) are important in the modulation of autophagy
[50]. Interestingly, in our model, HO53 affected the most
expression of genes encoding G9a — H3K9 methyltrans-
ferase, EZH2 - H3K27 methyltransferase, and USP44 -
H2BK120 deubiquitinase. We anticipated that changes in
the expression of histone-modifying enzymes might con-
tribute to autophagy induction by decreased H2BK120Ub
status as a result of increased USP44 expression and re-
duced H3K27me3 status caused by downregulation of
EZH2 expression. We observed decreased ubiquitination
of H2BK120 at 8 h followed by increased expression of
USP44 at 24 h of HO53 treatment. Despite of changes in
expression of EZH2, we did not observe any changes in
H3K27me3 status. In mature BCi cells, observed epigen-
etic changes of histone modification and expression of
histone-modifying enzymes were rather late events.
However, regulation of the chromatin state is recognized
as a dynamic process, and therefore, we would expect
these changes at early time points.

When we consider the overall picture of molecular sig-
naling caused by HO53, we can conclude that two regula-
tory mechanisms are intersected mainly at 8 h and 24 h
time points. Hence, we suggest the mechanism for induc-
tion of autophagy by HO53 in mature bronchial epithe-
lial cells as follows; HO53 treatment causes activation of
AMPK (at 8 h) concomitant with decreased ubiquitina-
tion of H2BK120, followed by nuclear translocation of
TFEB and increased expression of USP44 at 24 h. The
mechanism of HO53-induced autophagy in mature hu-
man airway epithelial cells presents a complex picture,
involving nuclear events that interplay with defined au-
tophagy-related pathways, such as mTOR or AMPK. Our
results and suggestion are nota complete version of HO53
mechanism, and additional effectors are most likely in-
volved in the signaling cascade, leading to autophagy in-
duction. Further investigation and evaluation of these ad-
ditional effectors remain a future challenge as utilization
of differentiated lung cells in the ALI culture has limita-
tions in respect to genetic manipulations.

Myszor et al.



In summary, our results present a novel effect of the
drug candidate HO53, which represents APD compounds
and can be utilized as an inducer of autophagy in mature
bronchial epithelial cells. Our studies focus on dissecting
molecular pathways responsible for stimulation of au-
tophagy by HO53 in mature bronchial epithelial cells. Al-
though, the complete mechanism has not been resolved
yet, our results warrant further studies including infec-
tions and in vivo models. Together with previously shown
properties of HO53, enhancing epithelial barrier integri-
ty, and production of AMPs, the compound has thera-
peutic potential for prevention and/or treatment of infec-
tions, limiting the usage of antibiotics and reducing the
selection of antibiotic-resistant strains.
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