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ARTICLE INFO ABSTRACT

Keywords: Efavirenz (EFV), a first generation non-nucleoside analogue reverse transcriptase inhibitor widely employed in
Autophagy combination antiretroviral therapy regimens over the last 20 years, has been associated with a wide range of
Mim_PhagY neuropsychiatric effects and has also been linked with HIV-associated neurocognitive disorder (HAND). EFV has
Eff“”renz . been reported to alter mitochondrial dysfunction and bioenergetics in different cell types, including astrocytes.
r;?;]:fg‘ii: Here, we analyzed whether this mitochondrial effect is associated with alterations in autophagy and, more
specifically, mitophagy. U251-MG cells were exposed to EFV (10 and 25 pM; 24 h) and the effect was compared
with that of CCCP - an uncoupler of the mitochondrial membrane potential and widely-employed in vitro inducer
of mitophagy — and those of the known pharmacological stressors rotenone and thapsigargin, selected due to
reported similarities with EFV. EFV induces autophagy with functional autophagic flux despite the accumulated
p62/SQSTM1. However, it fails to activate canonical mitophagy (according to mitochondrial mass and ex-
pression of mitophagy-related proteins). The fact that EFV-exposed cells display decreased levels of TOM20, an
outer mitochondrial membrane protein, together with the association of TOM20 with autophagosomes (LC3),
points to an alternative form of mitochondrial degradation. Moreover, the perinuclear mitochondrial cluster in
EFV-treated cells differs from that displayed with CCCP. Also, in EFV-treated cells, p62 was associated with
mitochondria, which may be related to the mito-protective function of this autophagic protein. In conclusion,
these findings add to the existing knowledge of the EFV-triggered mitochondrial interference, a mechanism that

may be implicated in the adverse CNS events observed in the clinics.
1. Introduction function in HIV patients (Ma et al., 2016). Although the dominant po-
sition of EFV within initial combined antiretroviral therapy (cART) has
Among the available anti-HIV drugs, the first generation non-nu- recently been challenged by the arrival of newer antivirals with better
cleoside analogue reverse transcriptase inhibitor (NNRTI) Efavirenz safety, which has relegated EFV to being an alternative treatment as
(EFV), is associated with the greatest level of CNS toxicity (Apostolova suggested by the majority of cART guidelines, EFV is still used in many
et al., 2015a), and has been linked to a decline of neurocognitive countries and takes part of the treatment of choice for specific patients.

Abbreviations: ABC, abacavir; EFV, Efavirenz; ETC, electron transport chain; HIV, human immunodeficiency virus; AW,,, mitochondrial membrane potential;
NNRTI, non-nucleoside reverse transcriptase; RVP, rilpivirine; OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen
species; Rot, rotenone; TG, thapsigargin
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Despite the achievement of HIV treatment to greatly improve the health
status of HIV-infected individuals, including a significant reduction in
the burden of neurocognitive deficiency (Clifford and Ances, 2013),
HIV-associated neurocognitive disorder (HAND) remains a major cause
of morbidity affecting up to 50% of patients. Moreover, the necessity of
chronic cART has led to various long-term complications including
numerous CNS side effects (Carr and Cooper, 2000: Abers et al., 2014;
Shah et al., 2016). The mechanisms underlying these actions have not
yet been fully elucidated, but accumulated evidence obtained by sev-
eral groups, including ours, highlights the capacity of EFV to interfere
with mitochondrial function and to alter brain cellular bioenergetics
(Streck et al., 2011; Purnell and Fox, 2014; Funes et al., 2014).

Oxidative phosphorylation (OXPHOS) and glycolysis are the main
ATP-generating pathways in mammalian cells. Neurons rely mainly on
OXPHOS; they divert glucose away from glycolysis to fuel the pentose
phosphate pathway in order to maintain high levels of reduced glu-
tathione (Magistretti and Allaman, 2018) and consequently are parti-
cularly vulnerable to mitochondrial damage. Conversely, astrocytes, the
most abundant brain cell type, display active glycolysis, which is fur-
ther enhanced under energetic stress. We observed this phenomenon in
cultured cells exposed to clinically relevant concentrations of EFV. Both
cell types displayed reduced O, consumption, with a direct and re-
versible inhibitory action on Complex I of the electron transport chain
(ETQC); increased mitochondrial superoxide production; and diminished
mitochondrial membrane potential (AW,,) (Funes et al., 2014). How-
ever, unlike neurons, astrocytes increased ATP generation through
glycolysis and thus proved less vulnerable. All evaluations were per-
formed in both human cancer cell lines and rat primary cultures of
astrocytes or neurons, rendering very similar results, for which we
believe that the action of EFV on U251-MG is not related to the can-
cerous nature of the cell line employed.

Autophagy (or more precisely macroautophagy) is an evolutionarily
conserved process in which intracellular components are engulfed in a
double membrane vesicle (autophagosome) and further degraded in the
lysosome (Choi et al., 2013). Increasing evidence suggests that autop-
hagy is a protective mechanism in the brain, as it maintains the optimal
balance and recycling of cellular resources. Mitophagy is a specialized
autophagic process that disposes of dysfunctional mitochondria in order
to maintain their overall integrity, the fine-tuning of their numbers and
to provide the necessary components for their regeneration (Kim et al.,
2007; Tolkovsky, 2009; King and Plun-Favreau, 2017). In healthy
mammalian cells, mitophagy is an infrequent event and damaged mi-
tochondria are repaired by fusion with functional mitochondria. How-
ever, when mitochondria are too heavily damaged to be repaired, their
toxic accumulation is avoided by mitophagy, the only mechanism
capable of eliminating whole mitochondria. Mitochondrial effector
proteins can initiate two mitophagy pathways: the ubiquitin- and re-
ceptor-mediated (molecules containing LC3-interacting regions or
LIRs). Ubiquitin-dependent mitophagy, the most widely understood
form of signaling, is mediated by the coordinated activities of the mi-
tochondrial serine-threonine kinase PTEN-induced putative kinase 1
(PINK1) and Parkin, an E3 ligase (called the Pink/Parkin pathway)
(King and Plun-Favreau, 2017; Narendra et al., 2010). Accumulation of
PINK1 on the outer mitochondrial surface triggers the kinase-dependent
recruitment and activation of Parkin, which promotes ubiquitin con-
jugation and sequestosome 1 (SQSTM1)/p62-mediated recognition of
target proteins within the outer mitochondrial membrane (OMM). The
classical stimulus of Parkin-dependent mitophagy is the AW, loss
achieved experimentally in vitro with high concentrations of the mi-
tochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) (King and Plun-Favreau, 2017). OMM LIR-containing proteins,
or so-called mitophagy receptors such as NIX1 (also known as BNIP3L),
BNIP3 (BCL-2 and adenovirus E1B 19-kDa-interacting protein 3), and
FUNDC1 (FUN14 domain containing 1) trigger mitophagy under dif-
ferent conditions (Novak et al., 2010).

Numerous studies support the participation of astrocytes in HIV-
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associated neurotoxicity and HAND (Ton and Xiong, 2013). Given the
peculiar cellular distribution of mitochondria in astrocytes, and their
key role in energy metabolism, it is reasoned that they may directly
participate in the metabolic changes associated with neuroinflamma-
tion, including that present in HIV infection. In astrocytes directly ex-
posed to proinflammatory mediators, mitochondrial dynamics is altered
and autophagy including mitophagy plays a role in maintaining mi-
tochondrial homeostasis. In a very recent paper, it was shown that as-
trocytes productively infected with HIV-1 survive despite displaying
mitochondrial injury due to increased mitochondrial fission and elim-
ination of damaged mitochondria by mitophagy while on the contrary,
bystander uninfected or unproductively infected astrocytes exhibit in-
flammasome activation and die by pyroptosis (Ojeda et al., 2018). In
addition, astrocytes are in close physical and functional contact with
neurons, and there is evidence of astrocytes phagocyting axonal mi-
tochondria from adjacent neurons in a process called “transcellular
mitophagy” (Davis et al., 2014). Whether this phenomenon has any link
with HIV infection and CNS side effects or HAND is unknown. In
summary, the implication of astrocytes in HAND and in particular the
pathophysiological processes related to mitochondria in these cells are
relevant and merit in-depth research.

We and others have already shown that EFV triggers autophagy in
several cell types in vitro, including neurons (Purnell and Fox, 2014;
Apostolova et al., 2011; Dong et al., 2013; Weif} et al., 2016) but there
is still a lack of information regarding astrocytes. In addition, there is no
conclusive evidence of the potential of EFV to modulate mitophagy.
Given the mitochondrial effect of EFV in glial cells and the peculiarities
of mitochondrial function in this cellular population, we aimed to
analyze whether EFV induces autophagy and, in particular, mitophagy
using the same experimental model previously described (Funes et al.,
2014).

2. Material and methods
2.1. Reagents and treatments

Unless stated otherwise, chemicals were obtained from Sigma-
Aldrich. Antiretroviral drugs - EFV, Abacavir (ABC) and Rilpivirine
(RPV) - were from Sequoia Research Products and were dissolved in
DMSO (EFV, stock of 25 mM, and RPV, stock of 1 mM) or water (ABC,
stock of 1mM). They were employed at clinically relevant plasma
concentrations- EFV (10 and 25 uM), RPV (0.25, 0.5 and 1 pM) and ABC
(5, 10 and 25 puM).

2.2. Cell line and treatments

We employed the human immortalized glioma cell line U251-MG
(CLS 300385, European Collection of Cell Culture). Cell cultures were
maintained and treated as described previously (Funes et al., 2014).
Some experiments were also performed in primary cultures of astro-
cytes obtained from cerebral cortex of 24 h-old Wistar rat neonates
(Funes et al., 2014). Isolated cells were plated (1.2 X 10° cells/cm?) in
DMEM supplemented with 10% FBS and cultured for 12-14 days.
Under these conditions, astrocytes represented 85% of the cells, the
remaining proportion being microglia and progenitor cells. The proto-
cols regarding isolation and primary cell culture were approved by the
Ethics Committee of the University of Valencia and complied with
European Community guidelines for the use of animal experimental
models.

EFV was employed at clinically relevant plasma concentrations (10
and 25 puM) similar to those employed by other groups (Arendt et al.,
2016) and chosen due to the fact that EFV presents very high plasma
protein binding capacity (> 99%) and displays great interpatient
variability in its plasma levels being these supratherapeutic in as many
as 40% of the patients in some studies (Apostolova et al., 2015b). EFV
was compared to similar pharmacological modulators: thapsigargin
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(TG), the classic inhibitor of the Ca®* transporter SERCA, which, like
EFV, has the property of being an ER stress inducer and has also been
described as a modulator of autophagy (TG, 2 uM) (Zhang et al., 2014),
and two mitochondrial stressors: rotenone (Rot, 10 uM), a common
pharmacological inhibitor of Complex I of the ETC and a producer of
mitochondrial superoxide; and CCCP (10 uM), a known activator of the
mitophagy (Shi et al., 2015). This subtoxic concentration of CCCP was
employed in order to preserve cell viability and in addition, to avoid
induction of massive (non-selective) autophagy. Additionally, we used
a vehicle control (DMSO) and a negative control (untreated cells). For
the study of autophagic flux, cells were pre-treated with bafilomycin A1l
(20nM, 1 h), a macrolide antibiotic employed as a selective and potent
inhibitor of the vacuolar-type ATPase (V-ATPase), which inhibits au-
tophagy by preventing fusion between autophagosomes and lysosomes,
and thus impairing the recycling of LC3-II for new phagophores
(Yamamoto et al., 1998).

2.3. Evaluation of protein expression analysis by Western blotting

Whole cell protein extracts were obtained, quantified and im-
munoblotted as described elsewhere (Funes et al., 2014). Im-
munolabelling was detected using the chemiluminescent substrate Lu-
minataTM Crescendo or Forte (Merck Millipore), and was visualized
with a digital luminescent image analyser (FUJIFILM LAS 3000, Fuji-
film). Multi Gauge software version 3.0. was used for densitometric
analysis. Primary antibodies: anti-Actin (rabbit polyclonal, 1:1000),
anti-SQSTM1/p62 (for the experiments in U251-MG, mouse mono-
clonal, 1:1000), anti-Parkin (mouse polyclonal, 1:500) from Santa Cruz
Biotechnology; anti-SQSTM1/p62 (for the experiments in primary rat
astrocytes, mouse monoclonal, 1:1000, Abnova) and anti-TOM20
(rabbit polyclonal, 1:1000, Proteintech); anti-PINK1, anti-MAVS, anti-
VDACI, anti-HADHA (all rabbit polyclonal), and anti-Clpx (rabbit
monoclonal) (all used at 1:1000, from Abcam); anti-LC3 (rabbit poly-
clonal, 1:1000, Sigma-Aldrich) and anti-ACO2 (rabbit polyclonal,
1:1000, Abnova). Secondary antibodies: peroxidase-labelled anti-mouse
(1:2000, Thermo Fisher Scientific) and anti-rabbit IgG (1:5000, Vector
laboratories).

2.4. Evaluation of mRNA levels by quantitative RT-PCR

Total RNA was extracted (RNeasy Mini Kit, Qiagen), eluted (30 pL of
water) and quantified (NanoDropR ND-1000 spectrophotometer,
NanoDrop Technologies). Next, complementary DNA (cDNA) was syn-
thetized (2 pg of total RNA) using the “PrimeScriptTM RT Reagent Kit”
(TaKaRa Bio Inc.) in a final volume 20uL and the presence of
PrimeScript Buffer, 1 uL PrimeScript RT Enzyme Mix I, 25 pmol Oligo
dT Primer and 50 pmol random sexamers in a GeneAmp~ PCR System
2400 (PerkinElmer) under the following conditions: 37 °C (15 min),
85°C (5s) and 4 °C (). Finally, qRT-PCR was performed with SYBR®
Premix Ex Taq™ (Tli RNaseH Plus) (TaKaRa Bio Inc.), containing
TaKaRa Ex Taq HS, dNTP mixture, Mg>*, Tli RNase H and SYBR Green
L. The reaction was performed mixing 1 uL ¢cDNA, 5 L. SYBR® Premix Ex
Taq™, 2uM primers (forward and reverse, details in Supplementary
Table 1) and RNase-free water (10 pL final volume) using a Lightcycler”
96 Real-Time PCR System (Roche Life Science). Experiments were
performed in duplicate, yielding a value for a biological replicate, to-
gether with a negative control (RNase-free water instead of cDNA).

2.5. Assessment of mitochondria, lysosomes and autophagosomes by
confocal fluorescence microscopy

We used a Leica TCS-SP2 confocal laser scanning unit (Leica
Microsystems) with argon and helium-neon laser beams, attached to a
Leica DMIRBE inverted microscope (at Unidad Central de Investigaciéon
de Medicina, UCIM, Universidad de Valencia, Valencia, Spain). Images
were captured at 63x (HCX PL APO 40.0 x 1.32 oil UV) or 40 x
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magnification (HC PL APO 40x/1.30 Oil PH3 CS2 objective).
Treatments (24 h) were performed with 25,000 cells/well, cultured on
chambered borosilicate coverglasses (Nunc™ Lab-Tek™ Chambered
Coverglass, Thermo Fisher Scientific) and included EFV (10 and 25 pM),
Rot 10 uM, CCCP 10 uM and TG 2 pM. In the case of live-cell imaging,
0.1 uM LysoTracker Green or 1 uM MitoTracker Red (both from Thermo
Fisher Scientific) were added for the last 30min of treatment. For p62
colocalization, cells were first stained with 0.5uM Mitoview633
(Biotium) during the last 30min of treatment. For
munocytochemistry experiments, cells were fixed with 4% for-
maldehyde (15 min), washed with PBS at pH 8.0 and blocked (1 h; 5%
goat serum and 0.3% Triton X-100 in PBS). Cells were then incubated
(overnight, 4 °C) with the primary antibodies anti-TOM20 (1:250), anti-
LC3 (1:400) or anti-p62 (1:150), washed and incubated (1 h, RT) with
the secondary antibodies goat anti-rabbit Alexa Fluor 488 or goat anti-
mouse Alexa Fluor 594 (Thermo Fisher Scientific, 1h, RT). Finally,
Hoechst 33342 (5 uM) was added for the last 30min to stain the nuclei.
Colocalization between two fluorescent signals was quantified using the
programme Image J (Colocalization colormap plugin) using the method
developed by Jaskolski (Jaskolski et al., 2005) which is a modification
of intensity correlation analysis and permits the quantification of cor-
relation while preserving the spatial information by evaluating pairs of
individual pixels rather than between global images. This method
provides us with a correlation index (Icorr) of the two signals and with
normalized mean deviation product (nMDP). The latter ranges from —1
to 1, where negative values represent non-correlated and positive va-
lues indicate correlated pixels. The I .., index represents the fraction of
pixels with positive nMDP values.

im-

2.6. Assessment of mitochondrial and lysosomal mass by flow cytometry

Cells were treated, detached by trypsin-EDTA (Sigma-Aldrich) and
incubated (15min, 37 °C) in complete medium containing 100 nM
MitoTracker Green or 100 nM LysoTracker Red (both from Thermo
Fisher Scientific) to analyze mitochondrial and lysosomal mass, re-
spectively, by a flow cytometer (Beckman Coulter FC500-MPL). In the
case of the measurement of mitochondrial mass, prior to treatment,
cells were preloaded with 100 nM MitoTracker’ Green FM (Thermo
Fisher Scientific) for 15 min and PBS-washed.

2.7. Presentation of data and statistical analysis

Values are expressed as mean + standard deviation (SD). The
number of independent experiments (n) is indicated in the figure le-
gends. Unless otherwise stated, data are represented as percentage of
control (untreated cells considered 100%), a normalization performed
in order to remove any unwanted sources of variation. Data were
analyzed using GraphPad Prism” V6.01 (GraphPad Prism” Software
Inc). Comparisons between two groups or with respect to control con-
ditions were independently performed using a Student's t-test; statistical
significance versus vehicle or untreated cells: P < 0.05 (*), P < 0.01
(**)or P < 0.001 (***).

3. Results
3.1. Activation of autophagy in U-251-MG cells exposed to EFV

The capacity of EFV to induce autophagy or mitophagy in U251-MG
cells was explored at two clinically relevant concentrations (10 and
25 uM) and in comparison with several other stimuli chosen due to the
similarities of their actions with those of EFV. As shown in Fig. 1A, 24 h-
treatment with EFV25 enhanced the generation of autophagosomes,
observed as increased LC3-II levels (Western blotting). Interestingly, TG
incremented LC3-II expression, while Rot failed to do so. Evaluation at
8 h showed no changes in LC3 expression (data not shown) and there-
fore we performed further experiments at 24 h. LC3 exists in two forms:
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LC3-I, cytosolic, and its product LC3-II, shorter for one amino acid,
membrane-bound and lipidated. As LC3-II is part of the autophago-
somal membrane, LC3-I-into-LC3-II conversion is a useful autophagy
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controversies (Jiang and Mizushima, 2015), we quantified both total
LC3-II and LC3-II/LC3-I ratio. The presence of LC3-Il-associated
punctae - characteristic of the formation of autophaghosomes - was
confirmed in EFV-, TG- and CCCP-treated cells by confocal fluorescence

biomarker (Klionsky et al., 2016), nevertheless given certain
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Fig. 1. Analysis of general markers of autophagy. Cells (U251-MG except for panel D, primary rat astrocytes) were treated for 24 h with efavirenz (EFV10 and 25 uM),
vehicle (DMSO), thapsigargin (TG 2 uM), rotenone (Rot 25 uM) or CCCP 10 uM. (A) Immunoblot analysis of whole-cell protein extracts showing a representative
Western blotting image and histograms expressing quantification of LC3-II and LC3-II/1 ratio, and SQSTM1/p62 levels after normalization with the expression of the
loading control, B-actin. Data are shown as mean * SD, n = 12 for LC3 (except for CCCP, n = 7) and n = 11 for p62 (except for EFV10 and TG2, n = 10) are
expressed as % of control (untreated cells, considered 100%). (B) Representative confocal fluorescence microscopy images of cells stained for LC3 (63 X aug-
mentation and images with an additional 2 x digital zoom). Autophagosome-associated punctae are marked with an arrow. (C) Analysis of the mRNA level of
SQSTM1 by quantitative RT-PCR. Data (mean + SD, n = 3 for Veh, EFV10 and TG2, and n = 4 for the rest) are expressed as mRNA content in relation to that of the
control (untreated cells, considered 1) after normalization with the expression of the housekeeping gene ACTB (p-actin). (D) Immunoblot analysis of LC3 and p62
protein content in whole-cell extracts of primary rat astrocytes using B-actin as a loading control. Representative images are shown. (E) Immunoblot analysis of
whole-cell protein extracts showing a representative Western blotting image and histograms expressing quantification of LC3-II and LC3-II/1 ratio, and SQSTM1/p62
levels after normalization with the expression of the loading control, 3-actin, in cells with and without pretreatment with 20 nM bafilomycin Al. Data (mean * SD);
n = 6 (EFV10, EFV25), 7 (CCCP10) and 8 (for the rest) are expressed as % of the control (untreated cells, considered 100%). (F) Analysis of the mRNA levels of ULK1,
BECN-1 and GABARAPLI by quantitative RT-PCR. Data show mean =+ SD: for ULK1 n = 4, except for TG2 (n = 3) and EFV10 (n = 4); for BECN-1 n = 4, except for
EFV10 (n = 3) and CCCP10 (n = 5); and for GABARAPLI n = 4 except for EFV10 and CCCP10 (n = 3) and TG 2 (n = 3). Values express mRNA content in relation to
that of control (untreated cells, considered 1) after normalization with the housekeeping gene ACTB (B-actin). (G) Analysis of the lysosomal content by flow
cytometry using LysoTracker Green. A representative cytogram (left) and quantification of the fluorescence (right, mean + SD, n = 3, fluorescence detected in
vehicle-treated cells was considered 100%) are shown. (I) Representative images of live cell confocal fluorescence microscopy (63 X augmentation and images with
an additional 2 x digital zoom) where lysosomes were stained with 0.1 uM LysoTracker Green. Statistical analysis was performed by a Student's t-test vs vehicle
(*P < 0.05, ™P < 0.01 and **"P < 0.005) and ###P < 0.005 with bafilomycin Al versus without it. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

-

microscopy (Fig. 1B) while punctae were lacking in Rot-exposed cells in autophagosomes and lysosomes in EFV-treated cells, which has been
agreement with the data obtained by Western blot. Degradation of described as an indicator of activated autophagy. In order to analyze

SQSTM1/p62 protein is widely recognized as an autophagy marker, as the specificity of the effect observed in EFV in relation to other anti-
it directly binds to LC3 and is selectively degraded by autophagy retroviral drugs, we treated U251-MG cells (24 h) with clinically re-
(Klionsky et al., 2016). We observed this effect with CCCP, but the levant concentrations of two other widely employed anti-HIV drugs,
contrary was detected with EFV, TG and Rot. p62 accumulation can be representatives of the NRTI (abacavir, ABC) and NNRTI (rilpivirine,
a sign of blockage in the autophagic process, but may also be caused by RPV) families. As shown in Fig. 2, neither ABC nor RPV induce sig-
other factors, including enhanced SQSTM1 transcription and de novo nificant changes in the protein levels of LC3 and p62, pointing to the
protein synthesis, which seemed to be the case in EFV- and TG-treated fact that action of EFV is drug-specific.

cells, as revealed by qRT-PCR (Fig. 1C). We also studied the protein

markers of autophagy in primary culture of rat astrocytes (Fig. 1D). 3.2. EFV fails to activate canonical (CCCP-like) mitophagy

Treatment (24 h) with EFV lead to an increase in both LC3 and p62

levels which underscores that the effect of EFV observed in U251-MG 3.2.1. Analysis of mitochondrial markers of mitophagy

cells is not related to the cell line. Regarding CCCP, we did not detect an Next, we explored whether EFV-treated cells also display aug-
increase of LC3-II and also p62 was enhanced meaning that primary rat mented mitophagy. We evaluated PINK1 and Parkin, mediators of
astrocytes may display somewhat different response to CCCP which PINK1/Parkin-dependent mitophagy, but found no increase with EFV
may reflect greater susceptibility to this uncoupler. In order to assess (Fig. 3A); in fact, a decrease was observed in the mRNA levels of both

autophagic flux, we determined lysosome-dependent degradation using markers with EFV25. TG enhanced mRNA of both PINKI and Parkin
bafilomycin Al. Analysis of the difference in the amount of LC3-II be- (Fig. 3B), an effect that was absent at protein level (Fig. 3A). Lastly, we
tween samples with and without this lysosomal inhibitor revealed addressed the mRNA level of the OMM protein BNIP3 and its homolog
functional autophagic flux after treatment with both EFV and CCCP NIX/BNIP3L. Nix is not only required for CCCP-induced Parkin re-
(Fig. 1E). Nevertheless, the increase in the LC3-II level in cells treated cruitment, but is also involved in the recruitment of the autophagic
with EFV or CCCP in the presence of bafilomycin Alcompared to ve- machinery to the damaged mitochondria by directly interacting with
hicle is lower than that registered in absence of the lysosomal inhibitor LC3 and GABARAP (Novak et al., 2010). While CCCP significantly en-
which may indicate certain alteration in the autophagic flux, but given hanced both mRNA levels, EFV either provoked no changes (BNIP3) or

that this is observed with the control condition CCCP, it may be an cause a decrease (NIX). Of note, nearly all the markers decreased in Rot-
effect related to the cell type/line. We also evaluated the mRNA levels treated cells. In conclusion, EFV does not seem to enhance classical
of three crucial general autophagy mediators: ULK1, Beclin-1 and mitophagy-related proteins.

GABARAPL1. Atgl/ULK1 takes part in the initial steps of autophagy

and has an important role in nutrient sensing and starvation-induced 3.2.2. Analysis of mitochondrial protein expression and mitochondrial mass
autophagy (Wong et al., 2013). Beclinl is essential for nucleation (a The assessment of mitochondrial protein expression and mass has
specific step of autophagy), as part of Beclin 1-Vps34-Vpsl5 core been accepted as a measure of degradation of mitochondria and, hence,
complexes. GABARAPL1 promotes autophagic flux by enhancing the activation of mitophagy. We determined mitochondrial mass by flow
advanced stages of autophagy (Boyer-Guittaut et al., 2014). EFV en- cytometry using the fluorochrome MitoTracker Green, which reacts
hanced mRNA levels of all three autophagic markers (Fig. 1F). Greater with free thiol groups of cysteine residues, thus covalently binding
upregulation was observed in TG-treated cells, while, interestingly, ei- mitochondrial proteins, therefore unlike with tetramethylrhodamine
ther no changes or a significant decrease was detected with Rot. Lastly, methyl ester (TMRM) and other mitochondrial dyes, staining is not lost
we also studied lysosomes by flow cytometry, a widely accepted in- when there is a drop in AW,,. As expected, CCCP led to diminished
dicator of increased autophagy (Chikte et al., 2014), discovering that mitochondrial mass, while an increase in the signal was detected with
EFV, TG and CCCP enhanced LysoTracker fluorescence while Rot failed EFV (Fig. 4A). The evaluation of mitochondrial mass as well as mor-
to do so (Fig. 1G). This was also observed with live-cell fluorescence phology was also performed with live cell fluorescence microscopy in
microscopy imaging (Fig. 1I) which enabled us to explore lysosomal which mitochondria were labelled with MitoTracker Red (Fig. 4B).
morphology detecting differences between EFV- and CCCP. With CCCP While we observed a decrease in the overall mitochondrial mass with
the signal was intense but dotted while EFV-treated cells exhibited big, CCCP, this was not evident with EFV. Moreover, mitochondria in EFV-
round spheres indicative of large and fused lysosomal particles. Con- treated cells displayed altered morphology (loss of the mitochondrial
sidered together, these results point to an increased volume of network) and altered localization/distribution (arranged in the
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Fig. 1. (continued)

perinuclear area). Given that mitophagy can be quantified by decreased
expression of mitochondrial proteins, and bearing in mind that Parkin
can also mediate proteasome-dependent degradation of OMM proteins,
we evaluated the expression, not only of OMM proteins such as voltage-
dependent anion channel-1 (VDAC1) and translocase of the outer
membrane-20 (TOM20), but also of mitochondrial matrix protein re-
presentatives aconitase 2 (ACO2), ATP-dependent Clp protease ATP-
binding subunit clpX-like (CLPX) and mitochondrial trifunctional en-
zyme subunit alpha (HADHA). While CCCP reduced the levels of
VDACI, CLPX and HADHA (and not of ACO2), EFV only diminished
those of TOM20, and even significantly incremented the expression of
VDACI1 (Fig. 4C). No significant alterations were observed with Rot,
whereas TG slightly reduced CLPX and HADHA expression. In order to
better understand the effect of EFV on the TOM20 and VDACI protein
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levels, we also assessed their mRNA by qRT-PCR, discovering that the
drug did not alter TOMM20 expression (Fig. 4D), thus proving that the
decreased TOM20 content was not due to reduced gene transcription.
On the contrary, EFV led to a slight increase in VDACI mRNA levels, an
effect that correlated with (and could be the reason for) the increased
VDACI protein expression. In conclusion, EFV fails to induce general
mitochondrial degradation (classical mitophagy) and alternatively may
mediate a different degradation as seen by the decrease in the protein
content of TOM20.

3.2.3. Analysis of mitochondrial colocalization with autophagosomes and
Lysosomes

Next, we performed confocal fluorescence microscopy experiments
in order to assess the colocalization of mitochondria and
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autophagosomes. An immunocytochemistry approach was employed
using TOM20 as a mitochondrial marker and LC3 to label autophago-
somes. The images reflect the changes in the mitochondrial morphology
produced by all the treatments (loss of the mitochondrial network) and
the dramatic increase in LC3 staining with EFV and TG (Fig. 5A).
Moreover, colocalization analysis revealed increased overlapping of the
mitochondrial signal with autophagosomes in EFV- or TG-exposed cells
(Fig. 5A). In the case of CCCP, increased colocalization was observed
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only in the perinuclear area. Perinuclear aggregation of depolarized
mitochondria (sometimes in the form of large perinuclear clusters) is
considered a hallmark of mitophagy (Vives-Bauza et al., 2010). A more
in-depth analysis of the images with overlapped signals from mi-
tochondria (TOM20) and autophagosomes (LC3) revealed spatial dif-
ferences between EFV- and CCCP-treated cells (Fig. 5B). As expected, in
cells exposed to the vehicle, there was little colocalization; on the
contrary, intense superposing was induced by both EFV and CCCP.
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Fig. 2. Analysis of autophagy markers after
treatment with other antiretroviral drugs.
U251-MG cells were treated with vehicle
(DMSO), EFV (25uM), RPV (0.25, 0.5 and
1uM) or ABC (5, 10 and 25uM) for 24 h.
Immunoblot  analysis = showing  re-
presentative Western blotting images and
histograms expressing quantification of
LC3-1I, LC3II/1 ratio and p62 levels after
normalization with the expression of the

400
$ 1200 loading control, B-actin. Data (mean * SD,
g 5 1000 0

— 300 2. n = 3) are expressed as % of control (un-
g% g? 500 treated cells, considered 100%).
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However, while in CCCP-treated cells this colocalization was evident in AW,,—sensitive mitochondrial probe, revealing several interesting re-
the mitochondria aggregated in the perinuclear region, in EFV-treated sults. Firstly, cells treated with EFV25 displayed a severely damaged
cells, the area adjacent to the nucleus contained LC3 but no TOM20- mitochondrial network (Fig. 5C). Despite the fact that these mi-
positive mitochondria. To explore further the mechanisms of mi- tochondria maintained at least a substantial part of their AW, they
tochondrial clearance induced by EFV, we aimed to discriminate be- formed unusual ring-like structures. The fact that this difference was
tween healthy and depolarized mitochondria. To this end, we per- not observed when a general mitochondrial marker was employed
formed double staining confocal fluorescence microscopy in which cells (TOM20) points to the presence of a large portion of depolarized mi-
were immunostained for p62 and labelled with Mitoview, a fluorescent tochondria in EFV-treated cells. This is in agreement with our previous
§ 207 Fig. 3. Analysis of mRNA levels and
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BNIP3L by quantitative RT-PCR. Data,
shown as mean # SD; for PINKI, n=4
(Veh, EFV10, EFV25 and TG2) and n =5
(for the rest); for PARK2, n = 5 except for
Veh (n = 3) and EFV10 (n = 4); for BNIP3
n=4 except for EFV10 and CCCP10
(n = 3); and for BNIP3L, n = 4. Values ex-
press mRNA content in relation to that of
control (untreated cells, considered 1) after
normalization with the housekeeping gene
ACTB (B-actin). Statistical analysis was
performed by Student's t-test vs control or
vehicle (P < 0.05, P < 0.01 and
*p < 0.005).
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Fig. 4. Evaluation of mitochondrial
mass and mitochondrial protein ex-
pression. Cells were treated for 24 h
with efavirenz (EFV10 and 25 uM), ve-
hicle (DMSO), thapsigargin (TG 2 pM),
rotenone (Rot 25uM) or CCCP 10 uM.
(A) Analysis of the mitochondrial con-
tent by flow cytometry using
MitoTracker Green (MTG). A re-
presentative cytogram (left) and quan-
tification of the fluorescence (right,
mean * SD, n = 3, fluorescence de-
tected in vehicle-treated cells was con-
sidered 100%) are shown. (B)
Representative images of live cell-
fluorescence microscopy (63 aug-
mentation and images with an addi-
tional 4 x digital zoom) where mi-
tochondria were stained with 1puM
MitoTracker Red. (C) Immunoblot
analysis showing a representative
Western blotting image and histograms
expressing quantification of TOM20,
VDAC1, ACO2, CLPX and HADHA le-
vels after normalization with the ex-
pression of the loading control, B-actin.
Data show mean = SD, for TOM20
n = 4 except for CCCP10 (n = 3); for
VDAC1 n =5 except for EFV25 and
CCCP10 n = 4; for ACO2 n = 3 (Veh,
EFV10, Rot10 and TG2) and n = 4 (for
the rest); for CLPX n = 5 (Veh, EFV25,
TG2 and CCCP10) or n =6 (for the
rest); and for HADHA n = 5 except for
TG2 (n = 4). Values are expressed as %
of control (untreated cells, considered
100%). (D) Analysis of the mRNA le-
vels of TOMM20 and VDACI1 by quan-
titative RT-PCR. Data show as
mean * SD of TOMM20, n = 5 except
for Veh, EFV10 and Rot10 (n = 4); and
for VDACI, n = 4 (Veh, EFV25, Rot10
and CCCP10) or n =5 (for the rest).
Values express mRNA content in rela-
tion to that of control (untreated cells,
considered 1) after normalization with
the housekeeping gene ACTB (B-actin).
Statistical analysis was performed by
Student's t-test vs control or vehicle
(*P < 0.05, P < 0.01 and
**p < 0.005). (For interpretation of
the references to color in this figure
legend, the reader is referred to the
Web version of this article.)
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Fig. 5. Assessment of autophagosomes (LC3), mitochondria (TOM20) and presence of p62 by confocal fluorescence microscopy. Cells were treated for 24 h
with efavirenz (EFV10 and 25uM), vehicle (DMSO), thapsigargin (TG 2 uM), rotenone (Rot 25 uM) or CCCP 10 uM. (A) Representative confocal fluorescence mi-
croscopy images (63 x) of cells labelled with Hoechst 33342 (nuclei), anti-TOM20 (mitochondria) and anti-LC3 (autophagosomes). Colocalization was quantified by
two means: histogram showing the index of correlation (I..,,) between the two signals (left) and the correlation between individual pairs of pixels (normalized mean
deviation product-nMDP) (right), (mean * SD, n = 3). (B) Representative confocal fluorescence microscopy images (63 x plus 2 x digital zoom) of cells labelled
with Hoechst 33342 (nuclei), anti-TOM20 (mitochondria) and anti-LC3 (autophagosomes). (C) Assessment of p62 and mitochondria (TOM20) colocalization.
Representative confocal fluorescence microscopy images (63 X ) of cells labelled with Hoechst 33342 (nuclei), Mitoview (mitochondria) and anti-p62 (autophago-
somes). Colocalization was quantified by two means: histogram showing the index of correlation (I..,;) between the two signals (left) and deviation product-nMDP
(right), (mean + SD, n = 3).

studies which have shown that 24 h-treatment with EFV (10 and 25 pM) Considered together, these data point to the absence of classical

lead to a major drop in AW,, in both U251-MG cells and primary as- mitophagy in EFV-treated cells, while suggesting the existence of an

trocytes, comparable to the effect exhibited by the mitochondrial un- alternative way of mitochondrial degradation.

coupler FCCP (Funes et al., 2014). Moreover, unlike the rest of the

treatments, EFV25-exposed cells exhibited — somewhat unexpectedly - a 4. Discussion

significant degree of overlapping between the mitochondrial signal

(red, Mitoview) and the immunofluorescence originated by p62 Mitochondria are double-membrane organelles present in eu-

(green), as shown in Fig. 5C. karyotic cells that fulfill central roles in energy metabolism, synthesis of
B Red: TOM20, Green: LC3
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Fig. 5. (continued)
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amino acids, lipids and Fe-S clusters, ion homeostasis, thermogenesis
and regulation of cell death. Mitochondrial dysfunction is closely linked
to numerous chronic diseases, including neurodegenerative disorders
and aging (Grimm and Eckert, 2017), and drug-induced neurotoxicity
(Mark and Don, 2007). Multiple studies have provided evidence that
EFV interferes with mitochondrial function in the brain, thus con-
stituting a mechanism that may participate in EFV-related CNS side
effects, alterations of major clinical relevance in the pharmacological
treatment of HIV infection. Mitochondrial quality control is an essential
process that occurs on many levels. On the organellar level, dysfunc-
tional/damaged mitochondria are detected, engulfed by autophago-
somes and cleared by a selective type of autophagy called mitophagy
(Lyamzaev et al., 2004; Kim et al., 2007). Depolarization seems to be a
consistent feature in mammalian mitophagy (Tolkovsky, 2009), and
mitophagy is typically induced in cultured cells by the mitochondrial
uncoupler CCCP. Nevertheless, the use of uncouplers as a mitophagy
model is not ideal, as the entire mitochondrial network becomes de-
polarized, which is not expected to occur in real-life situations. Mi-
tochondrial membrane depolarization initiates PINK1-mediated mito-
phagy, the best understood mechanism of mitophagy; however,
additional mechanisms, other than or independent of mitochondrial
depolarization, are involved in PINK1 accumulation, such as the pre-
sence of mitochondrial DNA (mtDNA) mutations or the excessive
amount of unfolded proteins in the mitochondrial matrix (King et al.,
2017).

Mitochondria represent a major physiological source of ROS, mo-
lecules which cause oxidative damage to virtually all cellular compo-
nents but which also serve as important signaling molecules for the
induction of autophagy (Scherz-Shouval and Elazar, 2011; Lee et al.,
2012). They have been attributed multiple actions, including ROS-
caused inhibition of the mTOR signaling pathway, a major mediator of
autophagy, and inactivation of Atg4 which reduces its de-conjugation
activity thus increasing LC3 association with the autophagosomal
membrane (Scherz-Shouval et al., 2007). Accumulated evidence pin-
points mitochondrial ROS generation (also a consequence of membrane
depolarization) as an important mediating factor in the activation of
mitophagy; however, the mechanisms at play remain unclear, as when
mitophagy was induced by ROS, it simultaneously involved the in-
duction of non-selective autophagy in virtually all cases. Rot, an in-
ducer of mitochondrial superoxide has been shown to induce mito-
phagy in neurons (PC12cells differentiated into neuron-like cells)
(Peng et al., 2019). In the present model, Rot failed to upregulate mi-
tophagy, which may be because major oxidative stress can inhibit mi-
tophagy by modification and inactivation of Parkin. Parkin contains
multiple conserved cysteine residues that are important for maintaining
its solubility (Wong et al., 2007), but which are also susceptible to
modification by oxidative and nitrosative stress, leading to the in-
activation and aggregation of Parkin (Winklhofer et al., 2003; Chung
et al., 2004). In U251-MG cells and primary rat astrocytes, EFV inter-
feres with the mitochondrial ETC by inhibiting Complex I and to a lesser
extent Complex IV, and enhances mitochondrial ROS generation (Funes
et al., 2014; Apostolova et al., 2015a,b). Despite certain similarities
between their mitochondrial actions, in the present work, EFV and Rot
produce quite a different response, possibly related to the difference in
their primary effect-while Rot acts as a stronger Complex I inhibitor and
superoxide generator, EFV has the capacity to also produce ER stress.
Given this latter fact, we also compared its effects with those of TG, a
bona fide ER stressor that has been shown to induce Parkin-2 dependent
mitophagy in both primary murine cortical neurons and a mouse model
of ischemia-reperfusion-induced brain injury (Zhang et al., 2014). In
our hands, TG induced autophagy but did not seem to induce classic
mitophagy.

In the present study, we have assessed the capacity of EFV to induce
autophagy/mitophagy in a previously described model of EFV-treated
human glioblastoma cells. We present evidence of induction of autop-
hagy and the presence of functional autophagic flux, despite the
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accumulation of p62. The role of p62 in mitophagy is controversial;
while it is recruited to damaged mitochondria (Ding et al., 2010; Geisler
et al., 2010), p62/SQSTM1 null cells have no defect in Parkin-mediated
mitophagy, and p62 is not essential for mitophagic degradation of mi-
tochondria (Ding et al., 2010; DP Narendra et al., 2010; Okatsu et al.,
2010; Strappazzon et al., 2015). Alternatively, it controls mitochondrial
distribution and, for that matter, Parkin-induced mitochondrial clus-
tering (D Narendra et al., 2010). Our result that mitochondria coloca-
lize with p62 in EFV-exposed cells is particularly interesting. p62 is a
multifunctional protein that not only participates in autophagy and
offers protection against oxidative stress but has also been attributed a
direct role in maintaining functional mitochondrial energetics and
mtDNA stability. This role has been associated with its localization at
mitochondria and deficiency in p62 exacerbates defects in AW,, and
energetics leading to mitochondrial dysfunction (Seibenhener et al.,
2013).

The evidence we present points to lack of canonical mitophagy in
EFV-treated cells. In contrast to the classic mitophagy inducer CCCP,
mitochondrial mass did not decrease and there was no up-regulation in
the mRNA levels of mitophagy genes. Nevertheless, we detected in-
creased colocalization between TOM20 and autophagosomes, accom-
panied by a decrease in TOM20 levels, suggesting that this protein was
effectively degraded. According to current knowledge in this field,
mitophagy is no longer viewed as an “all or nothing“ phenomenon, and
damaged parts of mitochondria can be removed while other portions
persist. In addition, mitochondria can hyperfuse, a mechanism that
counteracts mitochondrial degradation upon starvation, when ROS le-
vels are high and non-selective forms of autophagy are induced (Frank
et al., 2012). Mitophagy can be quantified by decreased mitochondrial
protein content; however, other simultaneously occurring processes,
including proteasomal degradation and altered biogenesis, leading to
under- or overestimation of mitophagy can heavily influence such
changes. In this vein, early studies of mitophagy used degradation of
the OMM protein TOM20 as a marker of mitochondrial mass. However,
Parkin also mediates proteasome-dependent degradation of OMM pro-
teins including TOM20 (Yoshii et al., 2011), in addition to mitophagy;
therefore, loss of OMM proteins alone is not a sufficient measure. An-
other line of mitochondrial defense against damage involves mi-
tochondrial-derived vesicles (MDVs) (Soubannier et al., 2012) which
grow from mitochondria and deliver sequestered cargo to lysosomes for
degradation. This pathway, active under steady-state conditions and
further activated by oxidative stress, involves both PINK1 and Parkin,
and is different from canonical mitophagy (Sugiura et al., 2014). We
cannot rule out that this process is active in our model, and future
studies should seek to confirm it.

Of note, during mitophagy, damaged mitochondria form a peri-
nuclear cluster, which is subsequently eliminated. While we could
clearly observe such relocation of mitochondria in EFV-treated cells, it
differed from that detected in CCCP-exposed cells. After EFV treatment,
a significant area subjacent to the nucleus contained autophagosomes
but was TOM20-free; this may be because, besides being a crucial
player in mitochondrial protein import, TOM20 has also been attrib-
uted a role in perinuclear aggregation of mitochondria (Yano et al.,
1997). We can speculate that the specific degradation of TOM20 in
EFV-exposed cells impairs perinuclear mitochondrial aggregation in a
way that facilitates their mitophagic clearance. Importantly, other
studies have also provided evidence of TOM20-negative mitochondria,
as in the case of CCCP-treated Parkin overexpressing HeLa and SHSY-5Y
cells, a phenomenon attributed to degradation of TOM20 by the pro-
teasome preceding mitophagy (Chan et al., 2011).

Collectively, our findings demonstrate that EFV triggers autophagy,
but does not induce canonical mitophagy in U251-MG cells. We cannot
rule out the possibility that other forms of mitophagy exist and are
independent of ubiquitin labeling, PINK1/Parkin function and cytosolic
receptors. Indeed, the results presented here support the existence of an
alternative mitochondrial degradation that does not lead to massive
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clearance and may involve only partial removal of parts of these or-
ganelles. Nevertheless, whether alternative mechanisms of mitophagy
are present in this model and which mechanisms govern them is an
issue that needs to be explored in future studies. Another obvious
limitation of the present work is its in vitro setting, and whether or not
the findings displayed here occur in vivo is unknown at present.
Moreover, in some parameters, the effect exerted by EFV is not con-
centration-dependent. In summary, the effect described herein may
help to better understand the mechanisms of EFV-related CNS side ef-
fects, specifically regarding EFV-induced mitochondrial alterations in
astrocytes, and thus may have potential clinical relevance for the better
management of HIV patients and in particular regarding the develop-
ment of HAND.
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