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Abstract. To the best of our knowledge, the vertebrate apoli-
poprotein l (aPol) family has not previously been ascribed 
to any definite pathophysiological function, although the 
conserved BH3 protein domain suggests a role in programmed 
cell death or an interference with mitochondrial processes. in 
the present study, the human aPol1 was expressed in the yeast 
Saccharomyces cerevisiae in order to determine the molecular 
action of aPol1. aPol1 inhibited cell proliferation in a 
non-fermentable carbon source, such as glycerol, while it had 
no effect on proliferation in fermentable carbon sources, such 
as galactose. aPol1, expressed in yeast, is localized in the 
mitochondrial fraction, as determined via western blotting. 
aPol1 induced a loss of mitochondrial function, demonstrated 
by a loss of respiratory index, and mitochondrial membrane 
potential. Green fluorescent protein tagging of mitochondrial 
protein revealed that aPol1 was associated with abnormal 
mitochondrial and lysosomal morphologies, observed by a 
loss of the normal mitochondrial tubular network. Thus, the 
results of the present study suggest that aPol1 could be a 
physiological regulator of mitochondrial function.

Introduction

apolipoprotein l (aPol) belongs to the high-density lipo-
protein (Hdl) family and is present in a number of species, 
including all mammals (1); however, its role remains poorly 
understood. The human aPol family consists of six genes 
clustered on chromosome 22 (2). Human APOL1 was first 
identified and characterized as one of the proteins associated 
with a subset of Hdl particles (3). its lipid binding capability 
was later demonstrated in vitro and is therefore considered to 
be involved in lipid transport and metabolism (4). its toxicity 
against Trypanosoma brucei brucei was later demonstrated 
to involve a protein domain that can form anionic pores in 
lipid membranes (5). More recent studies have suggested 
novel actions for aPol1 in programmed cell death (Pcd), 
more specifically autophagy. These actions have been shown 
to be associated with the BH3 domain, a Bcl2 homology 
domain; BH3 domain is ubiquitously expressed in regula-
tors of programmed cell death in the Bcl2 and BH3-only 
families (6,7).

The network of these regulators is complex, containing 
eight BH3-only and at least 20 Bcl2 family members in 
humans, and is known to be involved in numerous types of 
cell death. as this machinery remains much simpler in yeast, 
involving only one Bcl2 family member, yBH3 (8), the present 
study used the yeast Saccharomyces cerevisiae as a model 
organism in order to investigate aPol1 function. in the 
present study, a yeast model for aPol1 expression was devel-
oped and used to investigate aPol1 function. The present 
study revealed its mitochondrial localization and interference 
with mitochondrial integrity, which had deleterious effects 
on yeast proliferation; the effect was observed when the cells 
were obliged to undergo respiration in a medium containing 
glycerol.

Materials and methods

Yeast strain and growth conditions. The S. cerevisiae strains 
used in the present study were isogenic to the wild type Σ1278b 
strain: 23344c (ura3, lab collection: laboratory of Membrane 
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Transport Biology, iBMM, université libre de Bruxelles) 
and 27061b (ura3 and trp1, lab collection: laboratory of 
Membrane Transport Biology, iBMM, université libre de 
Bruxelles) (9,10). cells were grown in a minimum buffered 
(pH 6.1) medium prepared as described previously (11) with 
3% galactose (MGal), glucose (MGlu) or glycerol (MGly) 
as the carbon source or in non‑inducible medium raffinose 
(Mraf) and glutamate as a nitrogen source, supplemented 
with vitamins and minerals (11). Yeasts were grown at 29˚C.

Plasmids and mutagenesis. For aPol1 expression, the 
human aPol1 was cloned into the centromeric p416Gal.1 
(Ha) (12) yeast expression plasmid under the control of a 
Gal1 promoter by homologous recombination. Yeast cells 
transformed with empty p416Gal.1 (Ha) vector were used 
as control. The primers used are listed in Table i. The aPol 
with the mutated BH3 domain was amplified using PCR with 
Phusion™ High-Fidelity dna Polymerase (Thermo Fisher 
Scientific, Inc.) and the APOL1‑∆BH3F/r oligonucleotides 
(Table i) and introduced in the aPol1-pGal.1 vector. The 
reaction mixtures were processed with an initial denaturation 
period at 98˚C for 30 sec, followed by a three‑step PCR 
program for 30 cycles that consisted of 98˚C for 10 sec, 70˚C 
for 20 sec and 72˚C for 25 sec, prior to a final extension step 
at 72˚C for 10 min.

The mutant aPol1-∆BH3 (BH3 domain deletion) was 
sequenced by Beckman coulter (illumina HiSeq) to verify 
the introduction of the desired substitution. pYX232-mtGFP 
(TRP1), encoding green fluorescent protein (GFP) fused to 
the mitochondrial pre-sequence subunit 9 of the F0-aTPase 
(mt-GFP) under the control of the constitutive triosephosphate 
isomerase promoter was used to monitor mitochondrial struc-
ture and morphology. pYX232-mtGFP was kindly provided 
by Professor Benedikt Westermann (universität Bayreuth, 
Germany) (13).

Western blot analysis. Total protein extracts were performed 
as previously described (14). aliquots of 1 ml at an optical 
density (od) of 0.2 (107 cells/ml; λ=660 nm) from cells at the 
exponential growth phase were harvested by centrifugation at 
room temperature for 5 min at 3,500 x g. The cell pellet was 
suspended in 500 µl water and the cells were lysed with 50 µl 
of 2 M naoH for 10 min. The proteins were precipitated with 
50 µl of 50% trichloroacetic acid and collected by centrifuga-
tion at 4˚C for 5 min at 12,000 x g. The pellet was suspended 
with gel loading buffer containing 4% (w/v) SdS, 100 mM 
Tris pH 6.8, β-mercaptoethanol 2% (v/v), 20% (v/v) glycerol 
and blue bromophenol. Samples were heat‑treated at 37˚C 
for 10 min. For the western blotting analysis, equal protein 
amounts (~20 µg) were loaded onto a 8% SdS-PaGe. after 
transfer to nitrocellulose membranes, Ha-tagged aPol1 
was probed with anti-Ha (1:10,000, cat. no. 26183, Molecular 
Probes; Thermo Fisher Scientific, inc.), while Sc-dpm1, 
Sc-Pma and Sc-porin were probed with anti-dpm1 (1:5,000, 
cat. no. a-6429), anti-Pma1 (1:10,000, cat. no. Ma1-91567) 
and anti-porin (1:5,000, cat. no. 459500; all from invitrogen; 
Thermo Fisher Scientific, inc.). Primary antibodies were 
detected with horseradish peroxidase-conjugated secondary 
antibodies anti-rabbit-igG (1:1,000, cat. no. na934; cytiva) 
and anti-mouse-igG (1:5,000, cat. no. na931; cytiva) for 

1 h at room temperature) followed by measurement of 
chemo-luminescence (lumi-lightPluS, roche diagnostics). 
The western blot experiments in the present study analyzed 
membrane proteins; accordingly, Pma1 was used as a suitable 
control (15).

Growth curve and clonogenic assay. For growth in liquid 
medium, yeast were grown overnight at 29˚C in MGlu or 
MGal medium and diluted to an od (λ=660 nm) of 0.2 in 
MGlu and MGal, respectively. od was measured repeatedly 
over 9 days. in order to test the proliferation of cells grown on 
agar plates, yeast previously grown in liquid MGlu or MGal 
were spotted at a final concentration of 103 cells on MGlu 
or MGal solid media. in parallel, aliquots were collected for 
immunostaining for the detection of aPol1/aPol1-∆BH3 
expression in inducible conditions.

Reactive oxygen species (ROS) assessment. cells were cultured 
in MGal overnight at 29˚C and then diluted in fresh media to 
an od (λ=660 nm) of 0.2. cell aliquots were collected, washed 
twice in PBS and re-suspended at 1x107 cells/ml in 1 ml of 
2.5 µg/ml dihydroethidium (dHe) (37291, Sigma-aldrich) in 
PBS and incubated for 15 min in the dark at room tempera-
ture. Then, cells were washed with 1 ml PBS and analyzed via 
flow cytometry. Flow cytometric analysis was performed on a 
canto ii (Bd Biosciences) and results were analyzed with the 
FlowJo program (V10.5.0, FlowJo llc).

Tetramethylrhodamine, ethyl ester (TMRE) staining. Yeast 
strain cell cultures were collected at od=0.2 (λ=660 nm) of 
the exponential phase in MGal medium. cells were incubated 
with 50 pM TMre (TMre-Mitochondrial Membrane assay 
Kit, ab113852, Abcam) for 10 min at 4˚C, washed twice with 
PBS 1X, then cells were harvested, centrifuged (1,600 x g 
for 4 min at 4˚C) and suspended (~1x106 cells ml-1) in PBS, 
in order to be analyzed by flow cytometry, according to the 
manufacturer's protocol, on a canto ii (Bd Biosciences). 
carbonilcyanide p‑triflouromethoxyphenylhydrazone (FCCP, 
ab120081, abcam) treatment, an uncoupling agent, was used 
as a positive control, as it is able to completely depolarize the 
mitochondrial outer membrane. it was added to cell cultures at 
a final concentration of 20 µM 20 min prior to the incubation 
with TMre.

Fluorescence microscopy for yeast organelles. For vacuole 
staining, cells were collected at od=0.2 (λ=660 nm) of the 
exponential phase in MGal growth medium and resuspended 
in 1 ml of pre-heated medium and 80 nM FM4-64 (T3166, 
Invitrogen, Thermo Fisher Scientific, Inc.). Cells were incu-
bated at 29˚C for 15 min, centrifuged (5,000 x g at room 
temperature for 5 min), collected and resuspended in 5 ml of 
medium and incubated at 29˚C for 120 min. For fixed (1.1 ml 
of 37% formaldehyde incubated at 29˚C for 30 min) or live 
cells, mt-GFP was monitored at a wavelength of 510 nm 
(magnification, x63 and x100).

Immunofluorescence assay. Yeast strains were cultured at 
29˚C overnight in MGal media until they reached the log 
growth phase. at od=0.2 (λ=660 nm), cell aliquots of 9 ml 
were fixed with 1.1 ml of formaldehyde 37% and incubated at 
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29˚C for 30 min. Cells were collected, washed and resuspended 
in Buffer B [Sorbitol (1 M), K2HPo4, 3H2o (1 M) and KH2Po4 
(1 M) at pH 7.5]. a total of 5 µl of lyticase (10,000 u/ml) and 
2 µl of β-mercaptoethanol were added. after 30 min incuba-
tion at 29˚C, cells were collected, washed and suspended in 
1 ml of PBS 1X. a total of 20 µl of yeast culture was seeded on 
10-well slides (MP Biomedicals, llc.). cells were stained for 
aPol1/aPol1-∆BH3 expression levels with mouse anti-Ha 
(1:100, cat. no. 26183, Molecular Probes; Thermo Fisher 
Scientific, Inc.) overnight at room temperature in a humidi-
fied chamber. A series of PBS washes preceded the secondary 
anti-mouse antibody (1:1,500, a-11001; invitrogen; Thermo 
Fisher Scientific, Inc.) incubation for 1 h at room temperature 
in a humid chamber. daPi (cat. no. d9542; Sigma aldrich) 
was used to stain the nuclei of yeast cells. The revelation 
of aPol1/aPol1-∆BH3 expression was assessed using a 
Zeiss inverted fluorescence microscope (magnification, x63 
and x100).

Mitochondrial isolation. The procedure was performed as 
previously described (16). Yeast strains were grown at 29˚C 
for 16 h, collected by centrifugation (3,000 x g for 5 min 
at room temperature) and then washed twice with distilled 
water. cells were suspended in dithiothreitol (dTT) buffer 
(100 mM Tris, pH 9.4, 10 mM DTT) and incubated at 29˚C for 
20 min with gentle shaking. after removing the supernatant 
by centrifugation at 3,000 x g for 5 min at room temperature, 
cells were resuspended in Zymolyase buffer (1.2 M sorbitol 
buffer containing 1 mg zymolyase 20T per gram of cells). 
Following incubation at 29˚C for 30 min with gentle shaking, 
cells were centrifuged at 2,200 x g for 8 min and resuspended 
in homogenization buffer [0.6 M sorbitol, 1 mM edTa, 
10 mM Tris, 0.2% (w/v) BSa pH 6.0]. These cells were centri-
fuged at 2,200 x g for 8 min at 4˚C and then homogenized 
15 times with a tight pestle in a glass homogenizer. The 
unbroken cells were then pelleted at 1,500 x g for 5 min at 
4˚C. The resulting supernatant was collected and centrifuged 
first at 3,000 x g for 5 min at 4˚C and again at 12,000 x g for 
15 min at 4˚C. After repeating centrifugation (3,000 x g for 
5 min and 12,000 x g for 15 min at 4˚C) and resuspension 
of this pellet to yield pure mitochondria, the mitochondrial 
pellet was finally resuspended in SEM buffer (10 mM MOPS, 
250 mM sucrose, 1 mM edTa pH 7.4). Highly pure enriched 
mitochondria fraction was subjected to a sucrose gradient 
purification. After centrifugation of 134,000 x g for 1 h at 
4˚C, an oxidized band was extracted and pelleted again at 

10,000 x g for 30 min at 4˚C. Western blot analyses were 
performed to examine preparation of the mitochondrial frac-
tion as detailed above.

Index of respiratory competence assay (IRC). exponentially 
MGal‑growing cells at a final density of 103 cells were spread 
onto MGly agar plates or MGal in parallel, incubated at 29˚C 
for three days. at the end of the incubation, cells were observed 
and counted manually, and. the irc was calculated as colony 
number observed on MGly plates divided by the number of 
colonies on MGal plates.

Statistical analysis. PriSM (version 6.0 GraphPad Prism 
software, inc.) was used to perform statistical data analysis 
and plot the graphs. data are presented as the mean ± standard 
error of the mean (SeM). a minimum of three experiments 
were performed for statistical analysis. one-way anoVa 
followed by Tukey's post hoc test and Student's t-test were used 
to determine statistically significant differences between the 
different experimental conditions. P<0.001 was considered to 
indicate a statistically significant difference.

Results

APOL1 does not inhibit yeast proliferation in fermentable 
media. in order to investigate the action of human aPol1 in 
yeast, a sequence covering the whole aPol1 open reading 
frame was inserted in the yeast vector (pGal1) allowing 
expression induction by galactose and repression by glucose. 
as the BH3 domain is one of the primary features of aPol1 
and has been associated with the pro-apoptotic function of 
Bcl2 family proteins, the activity of the BH3-deleted version 
of aPol1 (∆BH3) was tested. cells were cultured in a 
medium containing glucose (MGlu-repressive conditions, 
negative control) or galactose (MGal-induced conditions) 
as carbon sources. in order to test cell proliferation, cells 
expressing aPol1 variants and control cells were plated on 
MGlu and MGal. No significant differences were observed 
in the number of colonies between cells expressing or not 
expressing APOL1 (Fig. 1B). As expected, no significant 
difference was observed between the different cells on 
MGlu, the repressive medium. Similarly, Fig. 1c shows no 
significant differences in the proliferation of cells expressing 
or not expressing an aPol1 variant on liquid MGal or 
MGlu media although its expression was properly induced 
in the MGal medium (Fig. 1a). Thus, aPol1 expression 

Table i. Primers used for construction of plasmids.

oligonucleotides
or primers Sequence, 5'-3' Purpose

aPol1-F GTTaaTaTaccTcTaTacTTTaacGTcaaGGaGaaaaaacTaTaGGTac Plasmid construction
 cTaGaTGGaGGGaGcTGcTTTGc3
aPol1-r caGcaccGGcTGcTccTGcTccTGcTccTGcTccTGcTcccTcGaGca Plasmid construction
 GTTcTTGGTccGcc
aPol1-∆BH3-F TTGTGGaccTTccTTcTTaTGTTaTccTcaaGc Plasmid construction
aPol1-∆BH3-r aTaaGaaGGcTcaaGGTccacaaaGGcaccac Plasmid construction
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levels do not influence cell proliferation in these conditions. 
in the presence of glucose or galactose, yeast cells primarily 
undergo anaerobic fermentation, generating roS. in order to 
monitor roS generation in induced and non-induced condi-
tions, cells were stained with dHe detecting superoxide 

molecules and analyzed by flow cytometry in the present 
study. As presented in Fig. 1D and quantified in Fig. 1E, 
this analysis did not detect any significant difference in the 
fraction of the cell population producing roS between the 
strains expressing or not aPol1.

Figure 1. APOL1 expression levels, cell proliferation and intracellular ROS. (A) HA tagged wild type APOL1 and BH3‑deleted APOL1 (∆BH3) expression 
was induced in cells from a galactose inducible vector and revealed by immunoblotting assay using an anti-Ha antibody; cells transfected with the empty 
vector (pGal1) were used as negative control; loading control was made by immunoblotting analysis using an anti-Pma1 antibody. (B) aPol1 had no effect 
on yeast proliferation as measured using clonogenic assay: cells analyzed in panel a were grown on solid media containing glucose or galactose and counted. 
(c) aPol1 had no effect on yeast proliferation as measured using liquid growth assay: cells analyzed in panel a were inoculated in liquid media containing 
either glucose or galactose and proliferation was assessed by od measurement. (d) cells were treated with the roS detecting reagent (dihydroethidium) and 
analyzed by flow cytometry. (E) Quantification of the flow cytometry analysis performed in D. Data are presented as the average of three independent cultures. 
error bars represent the standard error of the mean. aPol1, apolipoprotein l 1; roS, reactive oxygen species; od, optical density.
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APOL1 inhibits yeast proliferation in non‑fermentable 
media. in the presence of a fermentable carbon source such as 
glucose or galactose, yeast cells preferentially generate energy 
by undergoing fermentation, and can grow normally with a 
minimal level of mitochondrial respiration, generating ethanol 
as the end product of fermentation. When fermentable carbon 
sources become limiting, genes required for respiration are 
induced, and aTP is generated by metabolizing non-ferment-
able carbon sources such as glycerol, ethanol or lactate in the 
mitochondria (17).

in order to determine whether human aPol1 could 
interfere with mitochondrial function, cells initially grown 
on MGal to induce aPol1 expression were transferred to 
an MGly medium, containing glycerol, a non-fermentable 
carbon source. as presented in Fig. 2a, yeast proliferation was 
inhibited in MGly media when aPol1 was induced (Fig. 2B) 
compared with the control culture. This indicated that aPol1 
was able to inhibit yeast proliferation in conditions in which 
aerobic respiration is required, indicating that this protein 
could interfere with mitochondrial function.

as mitochondria are primarily involved in respiration, 
the present study assessed the irc in cells expressing or not 
aPol1 variants. This index measures the percentage of viable 
respiration‑competent cells and reflects the fraction of cells 
that can grow on non-fermentable (glycerol) carbon sources 
compared with the fraction of cells growing on fermentable 
(galactose) carbon sources (18). at the same time, the expres-
sion levels of the induced gene were verified (Fig. 2D). As 

presented in Fig. 2c, while the irc value was 100% at the 
beginning of the experiment for all three strains, the irc value 
started decreasing at day 1 only in the cells expressing aPol1 
and aPol1 ∆BH3. This decrease continued, reaching almost 
20% after 7 days, while irc remained higher than 70% for 
the control strain. The absence of the BH3 domain in aPol1 
∆BH3 expressing cells had no effect on the number of viable 
respiration-competent cells.

APOL1 depolarizes the mitochondrial membrane. as a result 
of the cell proliferation inhibition observed on MGly media 
and the drop in respiratory index, the present study investi-
gated whether the mitochondrial membrane potential (∆ψm) 
of yeast is affected by aPol1 induction. Maintenance of the 
membrane potential is key for mitochondrial functions (19). 
Thus, cells expressing or not expressing native aPol1 or 
aPol1-∆BH3 on a fermentable carbon source (MGal), were 
incubated with TMre, a chemical dye able to accumulate in 
the mitochondria depending on membrane polarization (20). 
The positive control, which included treatment with FccP 
(an ionophore that uncouples the electron transport chain 
from aTP production), completely prevented TMre 
staining. as presented in Fig. 3, cells expressing aPol1, 
whether native or ∆BH3, showed a loss of membrane poten-
tial. TMre uptake into the mitochondria was decreased by 
68 and 70% in cells expressing native aPol1and ∆BH3 
APOL1 respectively (P<0.0001). This suggests that aPol1 
expression levels promote loss of mitochondrial membrane 

Figure 2. aPol1 expression levels and cell proliferation on non-fermentable media. (a) aPol1 inhibited yeast proliferation in non-fermentable media: Ha 
tagged wild type and BH3‑deleted (∆BH3) APOL1 expression was induced by galactose and cells were then shifted in liquid glycerol containing MGly media 
at T=0. error bars represent standard errors on three independent experiments. (B) aPol1 protein expression levels after 15.5 h: cell lysates were analyzed 
using immunoblotting with an anti-Ha antibody. loading control was made using immunoblotting analysis with an anti-Pma1 antibody. (c) aPol1 interfered 
with the respiratory competence. The capability of carbon sources to support proliferation was analyzed by plating cells (at 103 density) on solid media 
containing galactose or glycerol. Viable colonies on MGly plates were counted and compared with viable colonies under fermentable conditions. (d) aPol1 
and BH3 deleted‑APOL1 (∆BH3) proteins were expressed during the index of respiratory competence assay (days 1, 3, 5 and 7). Cell extracts taken at the 
indicated time points were analyzed using immunoblotting with the indicated antibodies. loading control was made using immunoblotting analysis with an 
anti-Pma1 antibody. aPol1, apolipoprotein l 1; MGly, glycerol-containing medium; od, optical density; T, time.
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potential and that this ability does not require the BH3 
domain.

APOL1 is found in the mitochondrial fraction. as aPol1 
induction provoked mitochondrial membrane depolar-
ization, the present study investigated a potential direct 
aPol1 interaction within the yeast mitochondria. in order 
to assess the subcellular localization of aPol1 in yeast, 
aPol1-expressing cells were grown on galactose medium 
for 24 h and mitochondria enrichment was performed using 
these cells. a fraction of Ha-aPol1 was consistently found 
in the mitochondrial-enriched fraction (enriched mitochon-
dria) as validated by the detection of the outer membrane 
mitochondrial channel-forming protein porin in this fraction 
(Fig. 4).

APOL1 induces mitochondrial morphological alterations 
in yeast cells. as aPol1 localizes in the mitochondria and 
interferes with proper function, the present study investigated 
whether their morphology was also affected. Morphology was 
visualized using mt-GFP, a mitochondria-targeted GFP protein. 
cells co-expressing native aPol1 or aPol1-∆BH3 with 
mt-GFP were grown in MGal. in control cells not expressing 
aPol1, a normal branched tubular mitochondrial network 
located below the cell cortex (21) was observed. in contrast, 
in yeast cells expressing aPol1, the mitochondrial network 
was altered; the branched network disappeared and fluorescent 
patches appeared predominantly at the periphery of some of 
the cells; the mitochondrial signal in aPol1-expressing cells 

concentrated in fewer mitochondria that were larger compared 
with those in control cells and mt-GFP was not detectable in 
certain aPol1-expressing cells (Fig. 5a).

Figure 3. aPol1 expression levels and mitochondrial membrane depolarization. (a) aPol1 depolarized the mitochondrial membrane. cells were incubated 
with TMRE; total fluorescent and non‑fluorescent cells were analyzed using flow cytometry assays and the percentage of non‑fluorescent cells in the popula-
tion was plotted. experiments were performed in liquid MGal media. error bars represent standard errors of the mean in three independent experiments. 
(B) Simultaneously with flow cytometry assays, cell lysates were prepared and analyzed using immunoblotting with an anti‑HA antibody. Loading control 
was made using immunoblotting analysis with an anti‑Pma1 antibody. (C) Cells were incubated with TMRE and analyzed using flow cytometry. FCCP 
was used as a positive control. P<0.001 (***) was considered statistically significant. APOL1, apolipoprotein L 1; TMRE, tetramethylrhodamine, ethyl ester; 
MGal, galactose‑containing medium; FCCP, carbonilcyanide p‑triflouromethoxyphenylhydrazone.

Figure 4. aPol1 subcellular localization. extracts taken from cells trans-
formed with the pGal-1 vector expressing wild type aPol1 or the empty 
vector were fractionated. The uM and eM fractions are shown. These frac-
tions were analyzed using western blotting with the following antibodies: 
anti-Ha, anti-dpm1, anti-porin, anti-Pma1 and anti-PGK1. The uM fraction 
contains the endoplasmic reticulum, plasma membrane and mitochondrial 
fragments. The EM fraction is enriched for intact mitochondria. The figure 
shows non-adjacent bands from the same blot that were cut, adjusted and 
joined in order to avoid including non-relevant wells in the results. aPol1, 
apolipoprotein L 1; UM, unpurified mitochondria; EM, enriched mitochondria.
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in order to test if this morphological change was accompa-
nied by a change in mitochondrial content, cells were grown 
on non‑inducible and non‑repressive medium (raffinose) and 
aPol1 was induced in a time-dependent manner by the 
addition of galactose to the growth medium. using western 
blotting, the present study observed the stability of two mito-
chondrial components after inducing aPol1 for 4 h in the 
cells. Fig. 5c shows that Ha-aPol1 (used as a control) was 
immunodetectable during the 4 h of induction. Porin, a mito-
chondrial outer membrane protein, remained stable during the 
4 h induction. a decrease in the mitochondrial mt-GFP signal 
(35 Kda) was observed.

in order to further analyze these different structural 
patterns, the present study used a fluorescence microscopy 
assay during aPol1 induction kinetics. cells were grown 
in Mraf and galactose was added at time (T)=0 to induce 
Ha-aPol1 expression. at different times after the induction, 
cell aliquots were collected for mitochondrial visualization 
using mt-GFP as a marker and for immunoblot analysis. The 
present study identified different categories of the mitochon-
drial morphological structures that are consistent with what 
has been previously described (22). at T=0, 92% of the cells 
contained the typical tubular shaped mitochondria (Fig. 6 
and Table ii). Mitochondria remained tubular in 90% of the 

cells at (T)=0. Following 1 h of aPol1 induction, 67.2% 
still contained a normal mitochondrial structure while 5% 
had fragmented but widespread mitochondria, 12.9% showed 
mitochondria aggregated to one side of the cell, and 14.6% 
of cells lost the mitochondrial signal. in the control cells, 
mitochondria remained tubular throughout the experiment, 
while only 26.0% of aPol1-expressing cells displayed 
normal tubular mitochondria following 4 h of induction. at 
T=4, a notable proportion of the cell population lacked detect-
able mitochondrial structure (42.5%). This suggested that 
prolonged aPol1 expression levels may progressively modify 
mitochondrial structure.

as aPol1 uptake by african trypanosomes promotes 
lysosome swelling (23), the present study also observed the 
behavior of lysosome-like organelles, namely the vacuole, 
following aPol1 induction in yeast cells. Yeast cells were 
grown on MGal medium and stained with the fluorescent 
dye FM4-64, which accumulated at the vacuolar membrane. 
as presented in Fig. 7, aPol1-expressing cells exhibited 
alterations in vacuolar morphology, showing a vacuole 
fragmented into smaller vesicles compared with the control 
cells, which possessed a single, regular and large vacuole. 
These smaller vesicles restained as intensely as the single 
wild type vacuole.

Figure 5. APOL1 expression levels and mitochondrial alterations. (A) APOL1 expression levels modified mitochondrial morphology as visualized by a 
mitochondrial marker. cells were transformed by the plasmid pYX232-mtGFP, which expresses GFP fused to a mitochondrial matrix targeting sequence 
(mtGFP) alone (cTl) or together with plasmids expressing wild type aPol1 or BH3-deleted aPol1. aliquots from cultures in MGal growth medium were 
then taken at OD 0.2 and treated with an anti‑HA antibody (red), and stained with DAPI (blue). Magnification, x100. (B) Cells transformed by pYX232‑mtGFP 
(with a constitutive promoter) and aPol1 expression vector were induced by galactose added to Mraf growth medium for the indicated times [time-dependent 
kinetics (0, 1, 3 and 4 h)]. (c) immunoblot analysis of cell extracts from (B) demonstrated the expression levels of aPol1 (anti-Ha), porin (Sc anti-porin) 
and GFP (anti‑GFP). Scale bar, 5 µm. Magnification, x63. APOL1, apolipoprotein L 1; GFP, green fluorescent protein; MGal, galactose‑containing medium; 
OD, optical density; MRaf, raffinose‑containing medium.
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Discussion

Previous studies have suggested an association between 
certain aPol family members and Pcd of neutrophils in 
chronically ill patients and murine dendritic cells (24,25). 
as Pcd is much simpler in yeast than in mammals, the 
present study used yeast to investigate the molecular action 
of aPol1. The aPol family is conserved in evolution as 
members are found in fish, but they are also divergent between 
mammals (4). For instance, APOL1 is specific to humans (26). 
The present study demonstrated that ectopic expression of 
human aPol1 in S. cerevisiae is associated with disruption 

of mitochondrial function, dissipation of the mitochondrial 
membrane potential and alteration of mitochondrial and 
vacuolar morphology. The present study further showed that 
aPol1 alters yeast respiratory function. aPol1 induction 
did not have any effect on cell proliferation in the presence of 
fermentable carbon source although it affected yeast prolif-
eration in non-fermentable media, which was associated with 
mitochondrial membrane depolarization. as this was also 
associated with a drop in respiratory index, this proliferation 
defect may be ascribed to a loss of mitochondrial function-
ality that is only detrimental if fermentation is inhibited. 
likewise, mutations that affect the mitochondria are known 
to affect yeast respiration capacity in MGly media (27). The 
association between loss of membrane potential and aPol1 
induction may be the result of direct aPol1 action on the 
mitochondrial membrane, similar to the mitochondrial pore 
forming capability of the Bax and Bak members of the Bcl2 
family. This pore-forming capacity is associated with multi-
merization mediated partly by the BH3 domain, a peptide 
sequence conserved in aPol1 (28). The observation that an 
aPol1 deleted on the BH3 domain was still able to interfere 
with mitochondrial function is in disagreement with this 
finding. On the contrary, the present study demonstrated that, 
in yeast, aPol1 localized at the mitochondria. This observa-
tion is in line with recent findings regarding the localization 
of aPol1 to structures surrounding the mitochondria in 
human podocyte cell lines where it also triggers a decrease 
in mitochondrial respiration (29). This suggests that the 
molecular associations required for this specific mitochon-
drial localization are conserved between mammalian and 

Figure 6. aPol1 expression levels and mitochondrial morphology. (a) aPol1 expression levels were induced using galactose for the indicated times 
[time-dependent kinetics (0, 1, 3 and 4 h)] in exponentially growing yeast cells expressing mt-GFP. This resulted in different mitochondrial morphologies: 
Tubular, fragmented and aggregated mitochondria. APOL1, apolipoprotein L 1; mt‑GFP, mitochondria‑targeted green fluorescent protein. Scale bar, 5 µm. 
Magnification, x100.

Figure 7. aPol1 expression levels and vacuole morphology. aPol1 
expression levels were associated with vacuole fragmentation. aPol1 
expression was induced (using galactose) in exponentially growing yeast 
cells for 12 h. cells were then stained with the vacuole-targeted dye FM 4-64. 
representative images of control yeast cells (single large vacuoles) and cells 
expressing aPol1 (two to four medium-sized vacuoles) are shown. Scale 
bar, 5 µm. Magnification, x63. APOL1, apolipoprotein L 1.

Table ii. cells were counted on the basis of different mitochondrial morphology: Mean count (%) of yeast cells presenting the 
mitochondrial morphologies illustrated in Figure 6 at the indicated times. at least 100 cells were examined at each time point.

+aPol1 Time normal % Fragmented % aggregated % no structure %

 T=0 h 92 - - 8
 T=1 h    67.2    5.1 12.9  14.6
 T=3 h    42.9 6 10.1  40.9
 T=4 h 26  12.2 19.1  42.5
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yeast mitochondria. aPol1 intracellular function may regu-
late the outer mitochondrial membrane potential in certain 
circumstances. This is suggested by the fact that aPol1 can 
induce lysosomal and mitochondrial membrane permeabi-
lization in the distant Trypanosoma brucei eukaryote (22). 
ongoing studies are attempting to elucidate the molecular 
requirements using a battery of mutants affecting different 
components of mitochondrial metabolism and cell death. The 
effects of aPol1 also seem to extend to the vacuole. it is not 
clear how aPol1 exerts this effect but it is known that Bax 
expressed in yeast cells causes vacuoles to fragment. Vacuole 
fragmentation is also induced by certain mutants, such as 
Vph1p (partial deletions of the V0 subunit of V-aTPase); 
Vph1p affects vacuole acidification (30). This APOL1 effect 
in yeast is similar to that previously found in trypanosomes; 
aPol1 lyses these protozoans, which involves localization 
in organelles, lysosome swelling and mitochondrial depo-
larization (31). This effect is also consistent with previous 
discoveries regarding the consequences of aPol1 high-risk 
variants (G1 and G2) on podocytes in people with chronic 
kidney diseases. it has been shown that aPol1 G1 and 
G2 variants were implicated in promoting cell damage by 

mediating endoplasmic reticulum stress, compromising 
lysosomal membrane permeability and disrupting trafficking 
processes including vacuole acidification (32,33). The yeast 
model provides insights into the mode of action of mamma-
lian aPol1; it suggests that aPol1 interacts with the 
mitochondrial and vacuolar membranes, causing alteration of 
mitochondrial and vacuolar morphology, disruption of their 
functions (primarily by depolarization of the mitochondrial 
membrane) and the disruption of trafficking processes that 
may involve changes in vacuolar pH. The present study 
further showed that aPol1 alters yeast respiratory function, 
which is followed by a proliferation arrest when yeast cells are 
forced to use mitochondrial respiration as a unique source of 
energy. a combined genetics and biochemistry approach may 
identify the mechanisms that underlie the function of aPol1 
and its role in mammalian cells. For example, aPol1 may 
be involved when mammalian cells shift from mitochondrial 
metabolism to glycolysis for energy production, a phenom-
enon encountered in numerous types of cancers (the Warburg 
effect), or during an immune reaction when T lymphocytes 
are actively proliferating. a model of how aPol1 induces 
cell death is outlined in Fig. 8. in yeast and human kidney 

Figure 8. Model of aPol1-induced death. a model of intracellular aPol1 induced death that is associated with mitochondrial membrane permeabilization 
as well as changes in lysosomal and vacuolar acidification. (A) In yeast (and human kidney cells), APOL1 (orange) may cause changes in mitochondrial 
membrane potential and vacuolar acidification, ultimately resulting in cell hypertrophy and death. (B) In trypanosomes, during the course of trypanolysis, 
aPol1 localizes to the lysosomal membrane causing lysosomal membrane permeabilization and to the mitochondrial membrane causing depolarization of 
the mitochondria. The two processes result in cell lysis and death. aPol1, apolipoprotein l 1; Hdl, high-density lipoprotein; er, endoplasmic reticulum.
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cells, aPol1 is produced intracellularly by normal biosyn-
thetic pathways. aPol1 may cause changes in mitochondrial 
membrane potential and vacuolar acidification, ultimately 
resulting in cell hypertrophy and death (34,35). in trypano-
somes, the process of trypanolysis starts with the uptake of 
Hdl particles containing aPol1 by the parasite. as acidity 
increase within the endocytic compartments within the 
cell, aPol1 localizes to the lysosomal membrane causing 
lysosomal membrane permeabilization and osmotic swelling. 
in addition, acidified aPol1 can be transported to the 
mitochondrial membrane causing depolarization of the mito-
chondria. The two processes result in cell lysis and death (31). 
although not examined in the present study, aPol1 may be 
inserted into plasma membranes of both trypanosomes and 
human kidney cells (36).
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