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ARTICLE INFO ABSTRACT

Keywords: Cystic fibrosis (CF) is a hereditary disease mostly related to AF508 CFTR mutation causing a proteinopathy that
Cystic fibrosis is characterized by multiple organ dysfunction, primarily lungs chronic inflammation, and infection. Defective
Sphingolipids

autophagy and accumulation of the inflammatory lipid ceramide have been proposed as therapeutic targets.
Accumulation of lipids and cholesterol was reported in the airways of CF patients, together with altered tri-
glycerides and cholesterol levels in plasma, thus suggesting a disease-related dyslipidemia. Myriocin, an inhibitor
of sphingolipids synthesis, significantly reduces inflammation and activates TFEB-induced response to stress,
enhancing fatty acids oxidation and promoting autophagy. Myriocin ameliorates the response against microbial
infection in CF models and patients’ monocytes. Here we show that CF broncho-epithelial cells exhibit an altered
distribution of intracellular lipids. We demonstrated that lipid accumulation is supported by an enhanced syn-
thesis of fatty acids containing molecules and that Myriocin is able to reduce such accumulation. Moreover,
Myriocin modulated the transcriptional profile of CF cells in order to restore autophagy, activate an anti-
oxidative response, stimulate lipid metabolism and reduce lipid peroxidation. Moreover, lipid storage may be
altered in CF cells, since we observed a reduced expression of lipid droplets related proteins named perilipin 3
and 5 and seipin. To note, Myriocin up-regulates the expression of genes that are involved in lipid droplets
biosynthesis and maturation. We suggest that targeting sphingolipids de novo synthesis may counteract lipids
accumulation by modulating CF altered transcriptional profile, thus restoring autophagy and lipid metabolism
homeostasis.

Myriocin
Lipid droplet
Lipid metabolism
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1. Introduction

Cystic fibrosis (CF) is characterized by multiple organs dysfunction,
primarily lungs and pancreas, due to the mutation of the chloride/car-
bonate channel CFTR [1]. The 508-phenylalanine deletion is the prev-
alent mutation, encoded in 70% of mutant alleles in Caucasian patients,
causing a proteinopathy, which is responsible for inducing oxidative
stress and reduced autophagy. CF patients are characterized by chronic
inflammation and the inability to clear airways infections [2] and
pancreatic insufficiency. Along with the improvement of therapeutic
strategies and the increase of life expectancy, the rate of comorbidities
affecting CF patients is augmenting, including the less studied dyslipi-
demia. High triglycerides, low LDL and cholesterol levels have been
identified in the plasma of CF patients [3-5], as well as peripheral tissue
fat accumulation [3,6-10], cholesterol malabsorption and enhanced
synthesis in the liver and in other tissues [11,12]. We previously
demonstrated that CF bronchial epithelial cells accumulate lipids and
exhibit a higher content of the sphingolipid ceramide, which is known to
contribute to CF airways inflammation [13], together with glycer-
ophospholipids and cholesterols [14,15]. Furthermore, we showed that
de novo synthesis of sphingolipids is up-regulated in acute and chronic
inflammation [16,17]. By modulating sphingolipid synthesis and
impairing the accumulation of ceramide with Myriocin (Myr), we were
able to reduce also glycerol- and cholesterol-based lipids [14,15], to
promote fatty acids (FA) oxidation [14], to reduce inflammation and
oxidative stress and to restore defensive response against pathogens
infection, which is defective in CF [18-20].

Due to their hydrophobicity, intracellular lipids traffic is either
vesicles or protein-mediated. Lipid Droplets (LDs) are ubiquitous or-
ganelles that function as a storage of intracellular lipids to regulate
cellular lipid homeostasis. LDs biogenesis initiates at the endoplasmic
reticulum (ER), by triacylglycerol (TAG) synthesis, followed by their
nucleation and lens formation. Next, a budding process occurs, leading
to an ER anchored droplet. In addition to incorporating newly synthe-
sized lipids, LDs serve as a storage and reservoir of cellular lipids and
take part in important processes such as the response to oxidative stress
and autophagy induction during stress or nutrient depletion. LDs ensure
the homeostasis of membranes, organelles, energy, and redox balances
by sequestering toxic molecules, preventing lipid peroxidation,
removing damaged proteins, and acting as a supply of key signaling
lipids involved in inflammation and immunity [21,22]. Autophagy,
another important stress defensive mechanism, supports LDs biogenesis,
contributing to shifting their role from structural lipids pool towards
energy-related lipid storages, which may finally be used via lipophagy
and lysosomal acid lipolysis [23,24]. In addition, during autophagy, FA
are sequestered in LDs to prevent the accumulation of acyl-carnitines,
which would disrupt mitochondrial integrity [25]. Importantly,
impaired chloride ions exchange was reported to reduce LDs size by
downregulation of their fusion [26]. These observations suggest that CF
proteinopathy can impair autophagy and hinder LDs biogenesis, causing
lipid accumulation and the related exacerbation of inflammation,

Here, we compare the lipid distribution in CF and healthy bronchial
epithelial cells to investigate a possible defective LD formation and
related lipid metabolism. We hypothesize that Myr can restore lipid
homeostasis in CF by reducing lipid content, promoting FA oxidation
and inducing autophagy. We speculate that lipid metabolism regulation
may be an innovative therapeutic approach in CF.

2. Materials and methods
2.1. Reagents and antibodies

The following materials were purchased: LHC Basal, LHC-8 w/o
gentamicin culture media from Gibco (USA); Fetal Bovine Serum and

Minimum Essential Medium Earle’s salt from EuroClone Life Science
(Italy); penicillin/streptomycin and RIPA buffer were purchased from

Cellular Signalling 81 (2021) 109928

Sigma-Aldrich (USA); OA/BSA cell culture mix (Sigma-Aldrich, USA);
protease inhibitors cocktail (Roche, Switzerland); Quick Start™ Brad-
ford Dye Reagent and Clarity™ Western ECL Blotting Substrates,
iScript™ cDNA synthesis, retro-transcription kit (BioRad, Italy); BODIPY
493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene), catalogue number D3922, and BODIPY™ 558/568 C12 (4,4-
Difluoro-5-(2-Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic
Acid), catalogue number D3835, Prolong® Gold antifade reagent, were
purchased from ThermoFisher Scientific, Molecular Probes™ (USA); NE-
PER™ Nuclear and Cytoplasmic Extraction Reagents from ThermoFisher
Scientific (USA); ReliaPrep™ Miniprep RNA extraction System and
GoTaq qPCR Master Mix (Promega, USA); SYBR Green (Takara, Japan);
synthetic oligonucleotides from eurofins genomics (Germany). Primary
antibodies: anti- PPAR-y, anti-NRF2 and anti-Lamin A (ElabScience,
USA), anti-SQSTM1/p62 (D1Q5S), anti p-ACTIN (Sigma-Aldrich, USA),
anti-TFEB (ab2636, Abcam, UK). The secondary antibodies were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA). Human MDA
(Malondialdehyde) Elisa Kit was purchased from Fine Test, Labospace
(Italy).

2.2. Cells and treatments

IB3-1 cells (named CF cells), an adeno-associated virus-transformed
human bronchial epithelial cell line derived from a CF patient (AF508/
W1282X) and provided by LGC Promochem (USA), were grown in LHC-
8 medium supplemented with 10% FBS, 1% penicillin/streptomycin at
37 °C and 5% CO,. Human lung broncho-epithelial cells 16HBE14o-
(named healthy cells), originally developed by Dieter C. Gruenert, were
provided by Luis J. Galietta, (TIGEM, Napoli) and cultured, as recom-
mended, in Minimum Essential Medium (MEM) Earle’s salt, supple-
mented with 10% FBS, 1% penicillin/streptomycin at 37 °C and 5% CO».
When indicated, cells have been pretreated with oleic acid (OA) and
bovine serum albumin (BSA) sterile solution (33 pM OA, 4 h, followed by
additional 24 h either alone or in combination with Myr). Myr treat-
ments (24 h) were performed at a concentration of 10 or 50 pM, in 100
mm dishes plated at 1 x 10° cells/each. At least triplicate samples for
each experiment were performed, except differently indicated.

2.3. Lipidomic analysis

Lipids extraction from cell pellets (0.5-1 x 10° cells) was performed
using a monophasic extraction method with water: chloroform: meth-
anol (1:3:6 v/v/v). Purified extracts were analyzed by a Shimadzu UPLC
coupled with a Triple Tof 6600 Sciex, running data-dependent acquisi-
tion with positive electrospray ionization. All samples were analyzed in
duplicate for the identification and semi-quantification of lipids. The
separation was achieved by an Acquity BEH C18 column 1.7 pm 2.1 X
100 mm (Waters, USA) using as mobile phase (A) water/acetonitrile
(60:40) and as mobile phase (B) 2-propanol/acetonitrile (90:10) both
containing 10 mM ammonium acetate and 0.1% of formic acid. The
lipidomics data analysis was processed using MS-DIAL (ver. 3.4). Data
analysis and plotting were achieved with MetaboAnalyst (ver. 4.0), after
being log-transformed and auto-scaled [15].

2.4. Microscopy analysis

Cells were seeded on glass slides and grown for 24 h (70% conflu-
ence). For FA incorporation to label lipid biosynthesis, BODIPY™ 558/
568 C12 was added to culture medium, according to manufacturer’s
instruction, and cells were labeled overnight. For neutral lipid staining,
the BODIPY 493/503 was added to the culture medium, according to
manufactures instruction, and cells were labeled for 30 min. Next, the
slides were washed and dried for 3 min at room temperature, fixed in 4%
buffered formalin for 30 min at RT, rinsed twice in PBS as previously
shown [27]. Sections on a glass slide were inverted and mounted onto
glass slides by means of anti-fading and DAPI containing mounting
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Fig. 1. Different intracellular lipid storage in CF and healthy epithelial cells in basal condition. (A) Confocal immunofluorescent images of CF and healthy cells and
(B) histograms of mean fluorescence intensity (gray intensity). Images were obtained after staining of neutral lipid aggregates (Bodipy green) and nuclear coun-
terstaining (DAPI blue), scale bars represent 20 ym. (C—D) Histograms representing the percentage of spots having a defined area (in pm?) in the entire population of
Healthy (C) and CF (D) cells analyzed, respectively. Bin width 0.1um> (E) Histograms of the medium value of spot’s area (in pmz) in CF and healthy cells. (F-G)
Difference of lipid droplets genes expression in CF and healthy cells measured by qRT-PCR and represented as fold change of CF versus healthy cells. All data are
expressed as mean + SE (** p < 0.01; *** p < 0.001; ****p < 0.0001); two-tailed unpaired Student’s t-test.

reagent for nuclei counterstaining. Confocal images were acquired using
Nikon Al Laser Scanning Confocal microscope (60x oil immersion
objective). Image quantitation was performed using Fiji analysis soft-
ware. All values were normalized onto nuclei count. For spot counting
and quantification, cells were seeded in 24 wells plates and treated as
above indicated. The plates were processed in full automation by using
IN Cell Analyzer 1000, General Electric Co (now Cytiva). A Nikon Plan
Fluor 40x (NA 0.6; 0,161 pm/pixel) dry objective was used to capture
25 images for each well. Dapi staining was detected with an excitation
wavelength of 360 + 40 and emission wavelength of 460 + 40, while
Bodipy green signal was detected with an excitation wavelength of 480
+ 40 and emission wavelength of 535 + 50. Developer Toolbox software
was used to count the green spots in cells and measure the area of every
single spot. The experiment IN Cell Analyzer was performed once with
triplicate samples.

2.5. ELISA kit

Levels of oxidative stress were measured using an MDA Elisa kit (Fine
Test, Labospace, Italy) following the manufacturer’s protocols. Briefly,
cells were treated or not with Myr 50 uM for 24 h. Following treatments,
the supernatant was collected and centrifuged at 1000 xg for 20 min at
2-8 °C, to remove insoluble impurity and cells debris. The supernatant
was dispensed into the wells; 50 pl biotin-labeled antibody (included in
kits) was added, and the plate was incubated at 37 °C for 45 min. The
samples were washed three times with wash buffer before adding 100 pl
HRP-Streptavidin Conjugate (SABC). The plate was incubated at 37 °C
for 30 min. The wells were washed three times with wash buffer, fol-
lowed by the addition of 90 pul of TMB substrate; the plate was incubated
at 37 °C in the dark for 15-20 min. After adding the stop solution into
each well, absorbance was measured at 450 nm using a microplate
reader (EnSight™, PerkinElmer, USA).

2.6. Protein extraction and western blotting

For transcriptional factors, western blottings, nuclear and cyto-
plasmic protein extract from cells were obtained with the NE-PER Nu-
clear and Cytoplasmic Extraction Reagents kit (ThermoFisher Scientific,
USA) according to the manufacturer’s instructions. Total cell proteins
were extracted from cells in RIPA buffer. The concentration of proteins
in lysates was measured by Quick Start™ Bradford Dye Reagent (595 nm
OD read). 20 pg of proteins per sample were separated on SDS-PAGE gel
and electro-blotted onto a nitrocellulose membrane. After washing in
Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and blocking
with 5% non-fat dry milk for 1 h at room temperature, membranes were
probed overnight at 4 °C with the primary antibodies. After three washes
in TBS-T, the blot was incubated with the horseradish peroxidase-
conjugated secondary antibodies. After the final washings, proteins
were detected using an enhanced chemo-luminescent horseradish
peroxidase substrate, and the relative bands were captured and quan-
tified by Alliance™ UVITEC Cambridge (UK).

2.7. RNA extraction and sequencing

Total RNA was isolated from harvested cells with the ReliaPrep™
Miniprep RNA extraction system (Promega, USA), according to the
manufacturer’s instructions.

Sequencing was performed on Illumina NextSeq using the protocol
SMART-Seq for the preparation of the libraries, obtaining an average of
15 million single-end reads per sample. All sequences are of fixed length
75 bp, and have a high quality for a single base.

2.8. RNA-seq data analysis

Raw single-end reads were aligned to the human reference genome
(GRCh38) using STAR [28] and only uniquely mapping reads were
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Fig. 2. Different Myr effects on intracellular lipid storage in CF and healthy epithelial cells. Confocal immunofluorescent images of CF cell line and healthy cell line,
either treated or not with 50 pM Myr for 24 h. Confocal images were obtained after staining of neutral lipid aggregates (green, A) or by labeling de novo synthesized
fatty acids containing lipids (red, C); DAPI (blue), nuclear counterstaining. Scale bars represent 20 pm. Representative histograms of intracellular lipids fluorescence
(gray intensity) are shown (B and D). Data are presented as means + SE (* p < 0.05; ** p < 0.01); one-way ANOVA test followed by Bonferroni correction was used

for all data.

considered for downstream analyses. Reads were assigned to genes with
featureCounts [29], using the gencode primary assembly v.31 gene
transfer file (GTF) as a reference annotation file for genomic features
boundaries. Raw counts matrices were then processed with the Deseq2
package [30] following the standard workflow. In particular, we eval-
uate both in CTRL and CF cells the effect of Myr comparing treated
versus untreated condition. Genes with FDR less than 0.05 were
considered differentially expressed (DEGs; in Fig. 7A, ACADSB and
ACADVL were added in the list despite their p.adj was slightly higher
than 0.05 threshold). Downstream analysis, including Gene Set
Enrichment Analysis (GSEA) and Over Representation Analysis (ORA)
were performed with ClusterProfiler Bioconductor package [31] using a
list of databases including Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), Reactome pathway and the Molecular
Signatures Database (MsigDB). Enriched terms with a g-value <0.05

were considered statistically significant. Charts and images were pro-
duced using ggplot2 R package.

2.9. qRT-PCR

1 pg of purified RNA was reverse-transcribed to cDNA. The ampli-
fication was performed for the following target genes: CPT1A, SREBF1,
NRF1, IL-B, TBK1, TP53INP, TMEM59, PPARa, NPC1, NPC2, SNX14,
FITM2, BSCL2, PLIN2, PLIN3, and PLIN5. Relative mRNA expression of
target genes was normalized to the endogenous GAPDH control gene
and represented as fold change versus control, calculated by the
comparative CT method (AACT Method). The analysis was performed by
referring to control values that do not significantly differentiate (tripli-
cate samples, and their standard deviation value divided by their mean
value is <1) [32]. Real-time PCR was performed by SYBR Premix Ex
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Fig. 3. A) Heatmap of the entire lipidome (n = 625 species) in different cell phenotypes treated or not with Myriocin, divided in columns. Features, in rows, were log-
transformed and auto-scaled for visualization. The color-scale differentiates values as high (red), mid (white), and low (blue). The left color-scale indicates the
different lipid classes. (B) Relative quantification of all the lipids identified in cell pellets (n = 6 for each class). Boxplots are defined with the first and third quartiles
(25th and 75th percentile) for lower and upper hinges, min-max for the length of the whiskers, and median for the centerline. Statistical significance was investigated

by unpaired one-way ANOVA with Bonferroni post-hoc test.

Taq™ II (Takara, Japan); primer sequences for SNX14 and NPC1, NPC2
was previously published [33,34]; all other sequences are available on
request.

2.10. Statistical analysis

Data are expressed as mean =+ SE, calculated from experimental
replicates. The normal distribution of the data was checked by the
Kolmogorov-Smirnov test. Data significance was then evaluated by one-
way ANOVA test followed by Bonferroni correction (p < 0.05) or two-
tailed Student t-test, as specified in figure legends. Statistical analysis
was performed by GraphPad Instat software and graph illustrations
generated by GraphPad Prism software (La Jolla, USA).

3. Results
3.1. Differential lipid distribution in CF cells compared to healthy cells

In order to verify the defect of lipid metabolism in CF cells, we
labeled the cells by means of a fluorescent probe with a high affinity for
neutral lipids. We compared CF to healthy cells. A slight but consistent
increase of the fluorescence signal (Fig. 1 A and B) demonstrates a
higher overall accumulation of lipids in CF compared to healthy cells.

We observed a different signal intensity and a different lipid distribu-
tion, which appears as lipid aggregates, organized in intracellular
structures in healthy cells (resembling lipid droplets) and conversely
widespread in CF cells, that exhibit more diffused fluorescence. To
confirm the data, we analyzed each fluorescence spot area, observing
that the percentage of large spots is higher in healthy cells than in CF
cells (Fig. 1 C—D). Furthermore, the average of spots’ area was signif-
icantly higher in healthy than CF cells (Fig. 1 E). In order to identify the
role of lipid aggregates, we evaluated the association between the
presence of lipid structures and the expression of LDs markers as peril-
ipins (PLINs) and seipin (BSCL2). We observed a reduction in the
expression of PLIN3, PLIN5 and BSCL2 in CF cells compared to healthy
cells (Fig. 1 F and G). These data suggest that the CF cells exhibit an
accumulation of widespread lipids and a reduced ability to form lipid
droplets.

In order to understand the role of Myr in lipid mobilization and
catabolism, we labeled neutral lipids in Myr-treated CF and healthy cells
and observed that Myr was able to significantly reduce lipids in CF but
not in control cells (Fig. 2A and B). Here, we investigated the effects of
Myr on FA containing lipids synthesis. To this purpose, we labeled cells
with a fluorescent FA (lauric acid), which is incorporated in FA con-
taining lipids (Fig. 2C and D) and quantified the fluorescence per cell.
First, we observed an increased amount of new synthesized FA
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Fig. 4. Myr (10uM Myr for 24 h) effect on gene expression profile in CF and healthy cells. RNAseq analyses. Heatmap of DEGs obtained from the comparison of
treated and untreated conditions both in healthy (A) and CF cells (B). In the chart are shown the row-scaled gene expression rlog values. Tiles are colored according to
up (red) or down (blue) regulation. In black the untreated samples, whereas in gray the Myr-treated samples. Chart produced with ggplot2.
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containing lipids in CF compared to healthy cells. Second, we demon-
strated that Myr treatment induced a significant reduction of fluores-
cence in CF cells. The above-reported data suggest that Myr effects could
be mediated by its ability to restrain lipid synthesis, enhancing, at the
same time, their catabolism and oxidation.

3.2. CF and healthy epithelial cell lines exhibit a different lipidomic and
transcriptional profile in response to sphingolipid synthesis inhibition

We investigated the effect of Myr on total lipid molecules in healthy
and CF cells by untargeted LC/MS and observed a different pattern of

lipids, with CF cells displaying a diffused accumulation in lipids that can
be partially counterbalanced by Myr treatment (Fig. 3A). Specifically,
we observed that sphingolipids (ceramides, hexosylceramides, dihy-
droceramides, sphingomyelins) are significantly increased in CF cells
and reduced by Myr treatment. A similar behavior is shown for lipids
involved in energy metabolism (such as triacylglycerols) and in struc-
tural or signaling roles such as phospholipids and lyso-phospholipids
and in cholesterol esters. A significant decrease in acyl-carinitine,
partially corrected by Myr treatment, is found in CF compared to con-
trol cells. The semi-quantitative analysis showed that an increase in total
lipids amount characterize CF cells compared to healthy cells and Myr
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treatment significantly reduces it (Fig. 3B).

In order to better understand the therapeutic effect of sphingolipid
synthesis inhibition in CF, we analyzed the transcriptomic profile of CF
and healthy cells. We performed an RNA-sequencing analysis of CF and
healthy epithelial cells after Myr treatment for 24 h. As shown in Fig. 3,
Myr induced a stronger modification of the transcriptional profile in CF
cells than in healthy cells, as shown by the higher number of annotation
bars in CF cells than in healthy cells. Furthermore, the different red (up)
and blue (down) color distribution shows a different amount of up and
down-regulated genes in the two cell lines. We identified only 55
Differentially Expressed Gene (DEGs) in healthy cells and 1629 DEGs in
CF cells in response to Myr treatment (Fig. 4).

3.3. Myriocin modulates gene sets involved in autophagy, lipid
metabolism, inflammation and oxidative stress in CF cells

Next, we investigated the Myr-modulated genes in CF cells. Starting
from the DEG list, over-representation analysis was performed using
different gene sets (GO, KEGG, MSigDB), in order to identify the pres-
ence of enriched functional categories. In particular, categories related
to CF disease, such as autophagy, lipid metabolism, inflammation and
oxidative stress, were identified (Fig. 5). We strikingly noticed that
whereas in control cells, very few genes belonging to these major on-
tologies were modulated by Myr, an elevated number of genes were
significantly modulated in CF cells among the above-mentioned clusters.

To validate these findings, the expression of a few genes represen-
tative of each category identified by enrichment analysis was evaluated
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by RT-PCR (Fig. 6A-G). The obtained data showed that Myr increased
the carnitine palmitoyl transferase 1a (CPT1A) expression and inhibited
the sterol regulatory element binding transcription factor 1 (SREBF1)
expression, two genes belonging to the category of lipid metabolism
(Figs. 6A and B). Regarding the ontologies of oxidative stress and
inflammation, we observed an increase of the Nuclear Factor Erythroid 2
(NFE2L2/NRF2) and a decrease of Interleukin 1 f§ (IL-1p) gene expres-
sion in Myr-treated CF cells (Figs. 6C and D). Finally, we found that Myr
increased the expression of TANK Binding Kinase 1 (TBK1), Tumor
Protein P53 Inducible Nuclear Protein 1 (TP53INP1) and Trans-
membrane protein 59 (TMEMS59) genes involved in autophagy processes
(Fig. 6E, F and G).

3.4. Myr activates transcription factor EB (TFEB) mediated response to
stress

We previously demonstrated that, by reducing lipid synthesis, Myr
activates an early TFEB-induced response to stress (5 h) [14]. TFEB
controls lipid metabolism, inflammation, and oxidative stress by acti-
vating peroxisome proliferator-activated receptors (PPARs) and by
autophagy induction. We here demonstrated that Myr induces a sus-
tained TFEB nuclear migration (up to 24 h), together with PPARy (fig-
ure7A and B) and concomitantly to the activation of oxidative stress
response via autophagy-mediated clearance of p62 (Fig. 7C), allowing

the release of an active NRF2. We found that Myr induced nuclear
migration of NRF2 (Fig. 7D). Indeed, these events lead to reduced lipid
peroxides products (Fig. 7E).

3.5. Myr transcriptionally regulates genes involved in lipid consumption
and droplets formation

Through the analysis of the DEGs between Myr-treated and untreated
CF cells, we selected the key genes involved in lipid consumption and
lipid droplets formation. Fig. 8 shows the top genes involved in lipid
metabolism, lipid traffic, oxidation, remodeling and droplets formation,
that were up- or down-regulated by Myr treatment. Myr up-regulated
the expression of: PPAR« that regulates lipid metabolism, TAG remod-
eling enzymes such as glycerol-3-phosphate acyl transferase 3/4 (GPAT
3/4), lipase A (LIP A) for cholesterol esters formation, Niemann-Pick C
proteins (NPC 1 and 2) for intracellular cholesterol transport. Moreover,
Myr up-regulated genes encoding proteins that are localized at ER-LD
contact sites and involved in the maturation/growth process of LDs
biogenesis, such as: sorting nexin 14 (SNX 14); fat storage inducing
transmembrane protein 2 (FITM 2); abhydrolase domain containing
proteins (ABHD2 and ABHD3), whose family members have been re-
ported to interact with PLINs in the promotion of triglycerides mobili-
zation from LDs storages [35]. In addition, the transcription of CPT2
(carnitine palmitoyl transferase 2), CROT (carnitine O-octanoyl
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transferase) and acyl-CoA dehydrogenase (ACAD), regulating FA mito-
chondria entry and their oxidation, was also increased. In line with
promoting lipid traffic, storage or oxidation, Myr downregulated
SREBF1, which drives cholesterol and other lipid synthesis and FASN,
fatty acid synthase.

As Myr is known to reduce the excess of cytosolic lipids in CF cells by
transcriptional regulation of genes involved in lipid metabolism, we
treated CF cells with oleic acid (OA/BSA) in order to enhance the FA
cells load and investigated the expression of lipid droplets related genes
under Myr treatment. Even in these conditions, Myr significantly
increased the expression of PPARa, NPC 1 and 2, SNX 14, FITM 2. In
addition, we observed a significant increase of the expression of PLIN2,
3 and 5 and of BSCL2 (Fig. 9). Importantly, PLIN 3 and 5 are down-
regulated in CF cells in comparison to healthy (Fig. 1).

4. Discussion

The present data demonstrate that lipid metabolism and organiza-
tion is altered in CF. In agreement with the literature data reporting
peripheral tissues accumulation of lipids in CF, we previously demon-
strated that CF bronchial epithelial cells are enriched in most of the
structural lipids species, compared to normal cells [14,15]. We also
demonstrated that induction of FA oxidation in CF cells restores the
defective autophagy and pathogen killing [14,20], pointing out a
possible deficiency of lipid catabolism at the root of autophagy
impairment. Since we already proved that sphingolipid synthesis is
enhanced in CF, we studied the formation of other lipids by labeling cells
with lauric acid and following FA incorporation into complex molecules
(red fluorescence). To note, we showed an increased acyl-containing
lipids synthesis in CF compared to healthy cells, suggesting that not
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only lipid catabolism is affected by proteinopathy but also their
biosynthesis. Another relevant difference observed in CF cells is their
lipids differential distribution within the cytosol, with organized struc-
tures resembling LDs in healthy cells and markedly diffused lipid signal
in CF (green fluorescence). This is flanked by a reduced expression of
PLINs, which correlates with the defective size of LDs in chloride
transport deficient cells [26]. Other than being involved in LDs
biogenesis, PLINs take part in their maturation process. PLINs reduced
expression in CF may contribute to lipid altered distribution. We also
observed a marked reduction in the expression of seipin (BSCL2), an ER
membrane protein that exerts an important role in the conversion of
nascent to mature lipid droplets by transfer of lipids [36,37]. Since Myr
exerts a defensive response against stress, via autophagy induction and
energy production from FA oxidation [14], here we demonstrated that
Myr reduces overall lipids content (green fluorescence) and significantly
reduces the synthesis of acyl-containing lipids (red fluorescence), the
expression of the lipid synthesis key promoter SREBPF1 and other genes
involved in the pathway, such as FASN. A semi-quantitative analysis
confirms that CF cells exhibit an increased content of most lipid classes
analyzed. Ceramides are significantly enhanced in CF versus healthy
cells and reduced upon Myr treatment, in agreement with our previous
findings [19]. Interestingly, the fatty acids containing triacylglycerols
and phospholipids exhibit a similar trend, in agreement with recently
published lipidomic data on CF patients serum analysis [5]. The marked
reduction of acyl-carnitine in CF cells may be associated with reduced
fatty acid import for their oxidation. Myr treatment slightly increased
this lipid class in CF cells. Myr treatment reduced the overall CF lipids
content. The lung cells may sense the alteration of vesicles/lipid traffic,
which is caused by the CF proteinopathy, and, therefore, promote the
synthesis of lipids, with subsequent accumulation, LDs storage and
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Student’s t-test.

catabolism. This stack could be responsible for the rise of a vicious in-
flammatory cycle. To evaluate the mechanism of action and the thera-
peutic potential of Myr, we investigated gene expression profile under
Myr treatment in both healthy and CF cells and observed that the
number of modulated genes is significantly higher in diseased cells. This
is in line with our previous observation that even if Myr targets the rate-
limiting step of de novo sphingolipids synthesis, its administration
significantly reduces total lipids in CF cells and modestly affects healthy
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* p < 0.0001); two-tailed unpaired

cells [14,15,20]. Such enhanced sensitivity to Myr (at the low doses
experimented) is possibly caused by an increased sphingolipid synthesis,
which is related to CF lipid dysmetabolism and targeted explicitly by the
molecule. Interestingly, we confirmed that Myr induces a sustained
activation of TFEB, a master activator of autophagy and lipid catabo-
lism, and PPARy, which regulates lipid consumption and storage and
inflammatory responses. Moreover, Myr, possibly via autophagy-related
p62 clearance, activates NRF2, which promotes anti-oxidant response
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and therefore reduces lipid peroxidation. This metabolic shift aim at
stress defense leads to a transcriptional phenotype change. In agree-
ment, RNAseq downstream analysis (ORA) highlighted DEGs belonging
to key functional categories as inflammation (including IL1p), auto-
phagy (including TBK1, TP53, TMEMS59), oxidative stress (including
NRF2), and lipid metabolism (including CPT1a and SREBF1). These two
latter genes belong to “PPAR« activates gene expression” and “regula-
tion of lipid metabolism by PPAR«” reactome terms, which also contain
Nuclear Receptor Coactivator (NCO) and Mediator complex (MED) gene
families. These two gene families are known as transcriptional coac-
tivators and both enhance PPARs transcription and the regulation of FA
peroxisomal and mitochondria oxidation [38-42]. NCOs and MEDs
family members, were up-regulated by Myr. In addition, among all
differentially expressed genes regulating lipid metabolism, Myr treat-
ment of CF cells up-regulated: CPT1 and 2, ACADSB and ACADVL take
part in FA oxidation; CROT and GPTA3/4 in glycerol lipids remodeling
enzymes; NPC1, NPC2 [43,44] and LIPA respectively contribute to
cholesterol transport and are directly involved in esterification; SNX14
and FITM2 code for proteins localized at ER-LD contact sites and
directly involved in LDs biogenesis [45,46]; moreover SNX14 is also
reported to promote autophagy process [33,47,48].

The overall data assess that lipid synthesis is increased in CF,
whereas their catabolism is reduced, contributing to inflammation,
oxidative stress and impaired autophagy. Interestingly, ontologies
related to autophagy induction, stress response and inflammation and
lipid metabolism were similarly regulated by Myr in CF patients derived
monocytes, infected in vitro with A. fumigatus, in association with a
slight but consistent improvement of infection clearance ability [20].
Not only do lipids accumulate, but also their traffic and subcellular
storage in lipid droplets are affected. At the aim of validating the ther-
apeutic potential of Myr, we stressed CF cells by feeding with oleic acid
and evaluated the transcriptional effect of Myr on genes that are
required for lipid droplets biogenesis, which is putatively defective [26].
Even under FA overload, Myr significantly increased (1) the expression
of the lipid catabolism regulator PPAR«, which is a crucial promoter of
lipid droplets formation, (2) NPC1 and — 2 that mediate the lysosomal
extraction and cytosolic transfer of cholesterol, (3) LDs related protein
BSCL2, SNX14, FITM2 and PLIN2, —3, and — 5 that are specifically
involved in lipid remodeling inward and outward of lipid droplets.

Interestingly, the expression of PLIN5 promotes both triglyceride
storage and FA oxidation. PLIN5 expression is up-regulated by PPARs
that promote the expression of genes involved in FA oxidation [49-51].
Lipid droplets stem at the ER, as small lens budding from ER membranes
with the help of specific proteins [52]. Therefore, the budding process
and transcriptional regulation may be regulated by Myr. We can hy-
pothesize that Myr may favor the budding process by reducing sphin-
goid base formation at the cytosolic face of the ER. This hypothesis
requires further investigation. On the other side, Myr induced up-
regulation of both PLIN family and PPAR family members, suggesting
that Myr promotes a transcriptional program that shifts cell metabolism
from lipid accumulation to oxidation, intending to overcome lipo-
inflammation.

5. Conclusion

Our data suggest that CF proteinopathy causes an impaired ability to
use lipids for energy production and storage. Lipid droplets management
could be disassembled, causing a vicious cycle of reduced lipid oxida-
tion, storage and enhanced synthesis in peripheral tissues, significantly
contributing to chronic inflammation. In this view, dyslipidemia should
be considered a contributor to CF airways chronic damage, and thus
lipid metabolism should become an important pharmacological and
therapeutic target.
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