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Background: Cell senescence is a process of central importance to the understanding of aging aswell as to the de-
velopment of new drugs. It is relatedwith genomic instability, which has been shown to occur in the presence of
autophagy deficiency. Yet, the mechanism that triggers genomic instability and senescence from a condition of
autophagy deficiency remains unknown. By analyzing the consequences of treating human keratinocytes
(HaCaT) with the pentacyclic triterpenoid Betulinic Acid (BA) we were able to propose that cell senescence
can develop as a response to parallel damage in the membranes of mitochondria and lysosome.
Methods:We performed biochemical, immunocytochemical and cytometric assays after challenging HaCaT cells
with BA. We also evaluated membrane leakage induced by BA in liposomes and giant unilamellar vesicles.
Results: By destabilizing lipid bilayers of mitochondria and lysosomes, BA triggers the misbalance in the
mitochondrial-lysosomal axis leading to perceived autophagy impairment, lipofuscinogenesis, genomic instabil-
ity and cell senescence. The progressive accumulation of mitochondria and lipofuscin, which comes from imper-
fectmitophagy triggered by BA, provides a continuous source of reactive species further damaging lysosomes and
leading to cell aging.
Conclusions: This work reveals that the initial trigger of cell senescence can be the physical damage in the mem-
branes of lysosomes and mitochondria.
General significance: This concept will help in the search of new drugs that act as senescence-inductors. BA is
under evaluation as chemotherapeutic agent against several types of tumors and induction of cell senescence
should be considered as one of its main mechanisms of action.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Cellular aging is characterized by a progressive loss of physiological
integrity, resulting in gradual functional decline [1]. There are several
cellular and molecular hallmarks of cell aging such as genomic instabil-
ity, telomere attrition, senescence, lowproteostasis and altered intercel-
lular communication [1].
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Cellular senescence implicates in a persistently growth-arrest phe-
notype, being the common output response to different stressors that
activate DNA damage response (DDR) and eventually the p53/p21 and
p16 axes [2]. Shortened telomeres can be caused by successive DNA
replications, and activate DDR leading to replicative senescence [2–4].
Other possible cause of shortened telomeres is the formation of single-
stranded overhangs at the end of telomeres triggered by oxidative stress
[4]. As reported, the telomere shortening associated with replicative
aging was modulated according to the amount of oxidative stress
[4]. DDR system can also be activated in telomere-independent modes,
such as in stress-induced premature senescence (SIPS) or in oncogene-
induced senescence (OIS) [5].

Autophagy is also related to senescence, but its actual role seems
to depend on the cellular context and on the experimental settings
[6]. Some reports showed the contribution of autophagy disruption
to age-related phenotype as reviewed by Rubinsztein and co-
workers [7].
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Aphenomenological link between the decrease inmetabolic homeo-
stasis and aging has been proposed by Brunk and colleagues [8,9].
Several data support the mitochondrial-lysosomal axis theory of aging,
since age-related alterations in mitochondria and lysosome amplify
each other, inducing profound dysfunction of several cellular pro-
cesses [10]. However, the molecular events that trigger the loss in
mitochondrial-lysosomal homeostatic axis are still object of conjec-
ture [11].

In here, we employed human skin keratinocytes (HaCaT) to test
the hypothesis that the biophysical disruption in lysosomal and mi-
tochondrial membranes act as the initial trigger of cell senescence.
HaCaT is a cell line whose differentiation strictly depends on autoph-
agy [12], and consequently, it is possible to directly detect endoge-
nous LC3 lipidated form (LC3-II), avoiding artifacts that may occur
when employing transfection and transgenesis strategies. Betulinic
Acid (BA) is a pentacyclic triterpenoid whose molecular structure
reminds that of cholesterol, allowing it to strongly interact with
membranes, but contrarily to cholesterol, it causes an important dis-
ruption in the membrane's structure [15]. BA has several pharmaco-
logical applications, including the treatment of aggressive cancers
such as non-responsive melanomas [13]. Several mechanisms of BA
action on mammalian cells have been described, including induction
of apoptosis andmodulation of autophagy [14–18]. Nevertheless, se-
nescence has never before been linked to BA.

2. Material and methods

2.1. Cell lines and cell culture

Human skin keratinocyte cell line (HaCaT) [19] was cultured in
DMEM (Sigma-Aldrich) supplemented with 10% (v/v) fetal bovine
serum (FBS), 100 U/mL of penicillin, and 100 pg/mL of streptomycin
in a 37 °C incubator at a moist atmosphere of 5% carbon dioxide.

2.2. The time course of HaCaT cells treatment with BA

Right after a 24 h-treatment with BA (Sigma-Aldrich) at 20 μM (i. e.
IC50) and 0.25% (v/v) Dimethyl sulfoxide (DMSO, Sigma-Aldrich) [16],
referred here as T1, HaCaT cells were washed and incubated in freshed
medium supplementedwith 10% (v/v) FBS. Thus, after BA treatment re-
moval, HaCaT cells were chased for periods T2, T3, T4 and T5 that corre-
spond to a long-term cellular response at 24 h, 48 h, 96 h and 120 h,
respectively.

2.3. Determination of lysosomal accumulation by cytochemical-staining

BA was dissolved in DMSO (4 mg/mL) and diluted to 20 μM in
DMEM (Sigma-Aldrich) supplemented with 1% (v/v) FBS, 100 U/mL of
penicillin, and 100 pg/mL of streptomycin. 24 h after seeding, we treat-
ed HaCaTwith BA (20 μM) for 24 h in a 37 °C incubator at a moist atmo-
sphere of 5% carbon dioxide. After indicative period of times, cells were
stained with 30 μg/mL Neutral Red (NR, Sigma-Aldrich) at 37 °C for 2 h
and washed twice with PBS. Next, NR was eluted with a 1% (v/v)
alcoholic-based acetic acid fixing solution for 10 min at room tempera-
ture andmeasured at 540nmusing the InfiniteM-200 Tecanmicroplate
reader (Männedorf, Switzerland), with a wavelength correction set at
800 nm for subtraction of backgrounds. Cell survival rateswere normal-
ized to the absorbance values of untreated cells and represented as
percentage.

Lysosomal accumulation was characterized by the uptake of
lysosomotropic dye NR as described above and visualized under an
inverted microscope for transmitted light (Zeiss™ Axiovert 200)
equipped with an C-APOCHROMAT 40×/1.20 W Corr M27 objective
(Zeiss™) and imaged using Image J Software (National Institutes of
Health, Bethesda). Alternatively, to monitor cell death associated with
accumulation of acidic vacuoles we performed combined staining using
Acridine Orange (AO) and Propidium Iodide (PI). After washing, we im-
mediately analyzed live-cells under microscope for epifluorescence
(Zeiss™ Axiovert 200) equipped with an C-APOCHROMAT 40×/1.20 W
CorrM27 objective (Zeiss™) using the filter set 09 (Zeiss™) that provides
an excitation band pass (BP) of 450–490 nmwith emission long pass (LP)
of 515 nm.

2.4. Cell survival assays

Cell viability was evaluated by usual chemical staining methods,
such as MTT and CVS (Crystal Violet Staining), as well as by clonogenic
assay (see below). MTT and CVS were performed as described [15].
Briefly, in each sample we added 0.2 mL of DMEM supplemented with
50 μg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bro-
mide (MTT, Sigma-Aldrich), 1% (v/v) FBS, 100 U/mL of penicillin, and
100 pg/mL of streptomycin and incubated at 37 °C for 2 h. At the end
of the incubation period, the DMEM with MTT was removed and
0.1mLDMSO (Sigma-Aldrich)was added. The platewas shaken and ab-
sorbance values were read at 550 nm (Infinite M-200 Tecan microplate
reader, Switzerland). For the CVS assay, NR-labeled wells were washed
twice with distilled water and stained with 0.02% (w/v) Crystal Violet
(CV, Sigma-Aldrich) for 5 min at room temperature. After washing
with distilled water, CV was eluted by 50% (v/v) ethanol containing
0.1 M sodium citrate, and absorbance was read at 585 nm. For both as-
says cell survival rates were normalized to the absorbance values of un-
treated cells.

2.5. AAU calculation

We analyzed the correlation between the lysosomotropic
vacuolization and cell viability according to a recent strategy of quanti-
fying autophagy by arbitrary units (AAU). To calculate AAU, the NRU
survival rate was normalized to the mean of the MTT and CVS survival
rates according to the function w (x, y, z):

w ¼ 1
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where x, y, and z were the survival rates measured by NRU, CVS and
MTT assays, respectively. Next, the propagated error, σw, of the function
w (x, y, z) was determined according to formula below:
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where the σx, σy and σz are the error deviations calculated for NRU, CVS
and MTT, respectively.

2.6. GUVs analysis

The GUVs were prepared according to electroformation method.
Briefly, we spread 20 μL of a chloroform solution containing 2 mg/mL
POPC (1-palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine) and 0.2%
(w/v) of the total lipid Rhodamine-DPPE (1,2-Dipalmitoyl-sn-glycero-
3-phosphoethanolamine) on the surfaces of two conductive glasses
coated with Fluor Tin Oxide. Next, we placed them with their conduc-
tive sides facing each other and separated by a 2 mm thick Teflon
frame. This electro-swelling chamber was filled with 0.2 M sucrose so-
lution, and was connected to an alternating electric field of 2 V with a
10Hz frequency for 2 h as described [20]. The vesicle suspensionwas re-
moved from the chamber and diluted into a glucose solution (0.2 M)
containing BA (100 μM). The osmolarity of the sucrose and glucose so-
lutions was measured with a Gonotec 030 cryoscopic osmometer
(Osmomat®) before use, and they were carefully matched to avoid os-
motic pressure effects. Vesicles were immediately placed on the obser-
vation chamber. Due to the differences in density between sucrose and



Fig. 1. BA treatment causes cell death and/or growth arrest with inhibition of autophagy and accumulation of acidic vacuoles. (a) Right after BA treatment, micrographs of treated cells
following Propidium Iodide (PI) and Acridine Orange (AO) staining. In bottom panel, zoom micrographs of image areas encircled by a dashed line (top panel). (b) At T1 and T2,
scatter-plots of cell subpopulations gated as function of cell size (FSC Height) and granularity (SSC Height). Right quadrants show the frequency of vacuolated cells (SSC+). (c) At T2
and T3 micrographs of treated cells following Neutral Red (NR) uptake. Red arrows show increase in NR uptake within acidic vacuoles. (d) Following indicative times (T2 to T4) the
proliferation rates quantified by Crystal Violet Staining (CVS) assay compared to values observed for CT at T1 and expressed as percentage. For Panel b and d mean ± standard error of
three independent experiments are shown. The significance of differences after BA in comparison to control (CT) was indicated as *P b 0.05; **P b 0.01; ***P b 0.0001. Scales bar in
(a) and (c) are 20 μm.

Table 1
Survival rates of HaCaT evaluated at T1, right after a 24 h-treatmentwith 0.25% (v/v) DMSO (CT) and 20 μMBetulinic Acid (BA), and after following the vital cells at longer-time course: at
24 h (T2); 48 h (T3); 96 h (T4) and 120 h (T5).

Time Cellular viability Cellular density Cellular viability Lysosomal content

NRU assay CVS assay MTT assay (AAU)

CT BA P CT BA P CT BA P CT BA P

T1 101 ± 0.6 65 ± 2.2 b0.001 119 ± 5.8 75 ± 2.2 b0.001 102 ± 1.8 50 ± 3.2 b0.001 0.9 ± 0.05 1.1 ± 0.09 0.002
T2 99 ± 0.7 76 ± 1.4 b0.001 100 ± 2.4 48 ± 0.8 b0.001 100 ± 1.5 35 ± 1.8 b0.001 1.0 ± 0.03 1.9 ± 0.11 b0.001
T3 98 ± 1.0 82 ± 3.6 b0.001 100 ± 4.9 42 ± 3.9 b0.001 100 ± 2.2 30 ± 1.3 b0.001 1.0 ± 0.05 2.3 ± 0.26 b0.001
T4 101 ± 1.9 80 ± 2.7 b0.001 100 ± 5.0 55 ± 2.0 b0.001 100 ± 1.0 62 ± 1.2 b0.001 1.0 ± 0.05 1.4 ± 0.07 b0.001
T5 105 ± 2.6 93 ± 2.7 b0.001 100 ± 3.7 64 ± 2.9 b0.001 104 ± 1.7 53 ± 0.9 b0.001 1.0 ± 0.05 1.6 ± 0.09 b0.001

Mean ± standard error of three independent experiments.
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glucose solutions, vesicles were stabilized by gravity at the bottom of
the observation chamber. Under inverted microscope Axiovert 200
(Zeiss™) vesicles were observed in phase contrast Plan Neo-Fluar 63×
Ph2 objective (NA 0.75) and fluorescence (103 W Hg lamp, HXP 120,
Kubler, Carl Zeiss, Jena, Germany) modes. Images were recorded using
an AxioCam HSm digital camera (Zeiss™).
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2.7. Liposome membrane permeabilization

To analyze the ability of BA to compromise membranes we used
unilamellar liposomes as membrane-based model as described [21].
The membrane damage analysis is based on the release of carboxyfluo-
rescein (CF, Sigma-Aldrich) from liposomes. The CF fluorescence
at 517 nmwas monitored as function of irradiation time at a controlled
temperature with an Infinite M-200 Tecan microplate reader
(Männedorf, Switzerland), operatingwith excitation at 480 nm.We cal-
culated the rates of CF leakage as the percentage of total trapped CF re-
lease (Ft) under 0.2% (v/v) Triton X-100.

2.8. Live cell imaging and confocal microscopy

The lysosomotropic dye LysoTracker® Red DND-99 (LTR, Molecular
Probes) was used as probe to stain acidic vacuoles [22], the
MitoTracker® Green FM (MTG, Molecular Probes) to measure cellular
mitochondria content, MitoTracker® Red CMH2XRos (Molecular
Probes) to monitor mitochondrial ROS and Hoechst® (Molecular
Probes) to stain nuclei of live cells. In brief, to evaluate the double-
staining of mitochondria and lysosomes after a 24 h-treatment with
BA (20 μM), we incubated cells with LTR (200 nM), MTG (200 nM)
and Hoechst® (5 μg/mL) in DMEM 1% (v/v) FBS for 15min a 37 °C incu-
bator at a moist atmosphere of 5% carbon dioxide. After chasing BA-
challenged cells for 96 h (T4), we incubated HaCaT with MitoTracker®
Red CMH2XRos (1 μM) and Hoechst® (5 μg/mL) in DMEM 1% (v/v)
FBS for 30min a 37 °C incubator at a moist atmosphere of 5% carbon di-
oxide. Following washing, we immediately analyzed the Hoechst
-counterstained slides under confocal microscope (Zeiss™ Axiovert
200 LSM 510 Laser and Confocor Modules) equipped with a Plan-
APOCHROMAT 63×/1.40 oil DIC M27 objective (Zeiss™) and imaged
using Image J Software (National Institutes of Health). We used filter
sets that provide an excitation of 350, 488, 547 and 633 nmwith emis-
sion band pass filters of 360–400 nm, 515–534 nm, 554–608 nm and
651–694 nm to detect the fluorescence of Hoechst®, MitoTracker®
Green FM, LysoTracker® Red DND-99 and MitoTracker® Red CMXRos,
respectively.

2.9. Immunocytochemistry and confocal microscopy

After a 24 h-treatment with BA (20 μM) the cells were washed and
refreshed with DMEM (Sigma-Aldrich) supplemented with 10% (v/v)
FBS, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. After a pe-
riod of 96h (T4) the biological effectswere evaluated. Following incuba-
tion with MTR (1 μM) for 30 min a 37 °C incubator at a moist
atmosphere of 5% carbon dioxide, we performed fixation with cooled
4% (w/v) formaldehyde pH 7.2 in PBS. After washing and blocking, we
incubated slides with primary mouse monoclonal antibody IgG2a
against the cytochrome c oxidase subunit IV (COXIV, Molecular Probes,
#A221347) according to manufacturer's instructions, and then with
goat Alexa 488-coupled antibodies against mouse IgG (Molecular
Probes). Alternatively, for immunostaining autophagic vacuoles after a
24 h-treatmentwith BAwe incubated slides with primary rabbit mono-
clonal antibody IgG (D10E10, Cell signaling Technology®, #7695)
against the ubiquitin binding protein sequestosome 1 (SQSTM1, p62)
Fig. 2. BA damages membranes of mimetic systems and intracellular organelles. (a) Membrane
with BA as a function of concentration (20–100 μM) and the time (10 to 30 min). Pearson's coe
times after the initial contact with a solution containing BA (100 μM). Panels a, c, d, e and g are p
fluorescencemode. (c) FACS analysis of Rh123 loaded-mitochondria after treatingHaCaT for 3 h
CTSB. The mitochondrial membrane potential (ΔΨm) was measured in terms of Rh123 cyt
treatment of 3 h with CT, BA and 2 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP), H
fluorescence intensity calculated as percentage relative to control. (e) Micrographs of HaCaT t
At right, bars revealed the mean CMXRos red fluorescence intensity. (f) Right after a 24 h-tre
following immunostaining for the mitochondrial marker COXIV (green). The depicted mitoch
standard error of three independent experiments are shown. The significance of differen
***P b 0.0001. Scales bar in (b), (e) and (f) are 10 μm.
that plays an importante role as autophagic adaptor by binding to
autophagosomal membrane protein LC3-II, and then with goat Alexa
546-coupled antibodies against rabbit IgG (Molecular Probes). At the
same condition, following incubation with LTR as described above, we
performed immunoassay for COXIV stained with goat Alexa 633-
coupled antibodies against mouse IgG (Molecular Probes). After a 6 h-
treatment with BA, lysosomemembrane permeabilization was evaluat-
ed following incubationwith LTR (200 nM) for 30min a 37 °C incubator
at a moist atmosphere of 5% carbon dioxide. After washing and fixation,
slides were incubated with primary mouse monoclonal antibody IgG2a
against cathepsin B (CTSB, Abcam®, # ab58802) and then with goat
Alexa 488-coupled antibodies against mouse IgG (Molecular Probes).
We analyzed the DAPI-counterstained slides as above by using filter sets
that provide an excitation of 350, 488, 547 and 633 nm with emission
band pass filters of 360–400 nm, 515–534 nm, 554–608 nm and 651–
694 nm to detect the fluorescence of DAPI, Alexa-488, LysoTracker®
Red DND-99 or Alexa-546 and MitoTracker® Red CMXRos or Alexa-633,
respectively.

2.10. Assay for measuring of cathepsin B activity

After a 3 h-treatment with BA (20 μM), the activity of cytosolic ca-
thepsin B (CTSB) was evaluated by using a fluorescence-based assay
kit (BioVision Inc., # K140-100), which utilizes the preferred CTSB sub-
strate sequence RR labeled with AFC (amino-4-trifluoromethyl couma-
rin). Briefly, treated-cells were lysed in 50 μL of chilled CB cell lysis
buffer. After incubation on ice for 10 min and centrifugation at
10,000 g for 10 min at 4 °C, we obtained the cytosolic-fraction of CTSB
that is capable of cleaving the synthetic substrate RR-AFC to release
free AFC. After incubation protected from light at 37 °C for 1 h, the re-
leased AFC could easily be quantified using a fluorescence plate reader
(SpectraMax® ie3 Microplate Detection Platform, Molecular Devices)
with a 328 nm excitation filter and 460 nm emission filter. 15 μg of pro-
tein per sample was used for enzymatic assays whose concentration
was measured using the BRADFORD assay (Quick Start™ Bradford Pro-
tein Assay, Bio\\Rad Laboratories). Finally, the CTSB activity was nor-
malized by total protein and expressed as arbitrary units (a. u.) after
ratio to control (DMSO).

2.11. Mitochondrial function

After treatment with BA (20 μM), the following fluorescent probes
were used to examine mitochondrial function, according to indicative
times and manufacturer's instructions: 1) MitoTracker® Green FM
(MTG, Molecular Probes) to measure cellular mitochondria content,
and 2) Rhodamine 123 (Rh123, Sigma-Aldrich) and MitoTracker® Red
CMH2XRos (MTR, Molecular Probes) to monitor loss of mitochondrial
membrane potential (ΔΨm). Briefly, tomonitor mitochondrial function
we incubated cells withMTR (1 μM),MTG (200 nM) or Rh123 (500 nM)
for 30 min in a 37 °C incubator at a moist atmosphere of 5% carbon
dioxide. We used confocal microscopy to monitor mitochondrial func-
tion as described above. Alternatively, we measure mitochondrial
dyes-related fluorescence (MTG) parallel to incorporation with
Propidium iodide (PI, Sigma-Aldrich). Briefly, after BA-treatment at in-
dicative time, HaCaT cells were washed and incubated with MTG
permeability analysis according to CF-release from unilamellar liposomes after treatment
fficient values in r. (b) POPC GUVs containing 0.2% (w/v) of Rhodamine-DPPE at different
ictures obtainedwith the transmissionmode and Panels b, f and hwere obtainedwith the
with CT andBA in the presence (+) and absence (−) of 10 μMCA074, a specific inhibitor of
ofluorometry analysis and represented as percentage relative to control. (d) Following
aCaT was stained with Rh123 and analyzed by FACS. Bars represented the mean Rh123
reated with CT, BA and CCCP for 6 h and stained with MitoTracker® Red Red CMH2XRos.
atment, CT and BA treated cells were stained with LysoTracker® Red DND-99 (LTR) and
ondrion is 2.1 μm long and 1.1 μm wide (square). Panels (a, c, d and e) showed mean ±
ces after multiple or pair-wise comparisons was indicated as *P ≤ 0.01; **P b 0.001,
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(200 nM) and PI (2 μg/mL) for 15min in a 37 °C incubator at a moist at-
mosphere of 5% carbon dioxide. Next, MTG and PI fluorescences were
detected by flow cytometry (BD FACSVerse™) using excitation laser at
488 nm (FL1) and 640 nm (FL3), respectively. At least 20,000 events
were collected in each analysis and data was analyzed by FlowJo
software.

2.12. Western blot

After a 6 h-treatment with BA (20 μM) and CQ (60 μM) cell
lysates were prepared in lysis buffer - 20 mM Piperazine-N,N′-
bis(2-ethanesulfonic acid) (PIPES, SigmaAldric), 100 mM NaCl
(SigmaAldric), 1 mM EDTA (Ethylenediaminetetraacetic acid, Life
Technologie®), 10% (w/v) sucrose (Sigma-Aldrich), 0.1% (w/v) 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate
(CHAPS, Sigma-Aldrich), 0.1% (v/v) Triton X-100 (Sigma-Aldrich),
1 mM Phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich), 5 μM
Pepstatin A (Sigma-Aldrich), 50 μMdigitonin (Sigma-Aldrich) and elec-
trophoresis of total proteins (20 μg) was performed as previously de-
scribed [16]. Briefly, after blockage in PBS with 5% (v/v) milk and 0.1%
(v/v) Tween 20 (Sigma-Aldrich) for one hour at room temperature,
membraneswere incubated at 4 °C overnight with primarymonoclonal
anti-LC3-II (LC3B (D11) XP®, Cell Signaling Technology®, #3868) or for
two hours at room temperature with anti-GAPDH (Sigma-Aldrich, #
G9545). LC3B and GAPDH antibodies were diluted at 1:1000 and
1:10,000 in PBS with 2.5% (v/v) milk and 0.1% (v/v) Tween 20, respec-
tively. After washing three times in PBS 0.1% (v/v) Tween 20 and incu-
bation for 1 h at room temperature with secondary polyclonal
antibody against Rabbit IgG (H + L) HRP-conjugated (KPL, # 074-
1506) diluted in PBS with 2.5% (v/v) milk and 0.1% (v/v) Tween, mem-
branes were washed twice in PBS 0.1% (v/v) Tween 20 and once in PBS,
10 min each. Next, membranes were incubated with Amersham® ECL
Prime Western Blotting Detection Reagent (GE Healthcare Life Sci-
ences) for five minutes, followed exposion to X-Ray films. Images (in
TIFF files) were analyzed using Image J software and the results were
normalized to GAPDH band intensities.

2.13. Detection of lipofuscin-like autofluorescence

One of the most important properties of lipofuscin is a broad spec-
trum of autofluorescence that can be detected by fluorescence/confocal
microscopy or other methods such as flow cytometry, making possible
its quantification [23]. Here, 96 h after BA treatment HaCaT cultured
on coverslips were fixed with cooled 4% (w/v) formaldehyde pH 7.2 in
PBS for 15 min, washed and were mounted in ProLong® gold antifade
reagent containing DAPI nuclear stain (Molecular Probes). Autofluores-
cence of lipofuscin granules was then observed by excitation at 488 nm
using a 501–520 nm band pass filter. Alternatively, 24 h after a 24 h-BA
treatment (T2) cytofluorometric analysis (BD FACS Verse™) of live cells
were performed to quantify lipofuscin autofluorescence regarding the
FL1 (excitation with blue light at 488 nm) and FL3 (excitation with
red light at 640 nm) parameters.
Fig. 3. Autophagy impairment and lipofuscinogenesis. (a) Long after acute effects of BA (T4),
LysoTracker® Red DND-99 (lysosomes). Line scans show the co-localization between mitoch
(right panel). (b) At T4 HaCaT was stained with MitoTracker® Red CMH2XRos that once oxi
ROS. Cells were then immunostaining with mitochondrial marker COXIV (mitochondrial ma
(green) and CMXRos (red) and correlate to the lines drawn in the images. (c) Bars showed
analysis of lipofuscin autofluorescence regarding the FL1 (excitation with blue light) and FL
weighted by control and represented as arbitrary units (a. u.). (e) At same condition before, re
in vacuolated cells (SSC+). (f) At T4 larger cells showed significant increase in lipofuscin
microscopy. (g) Following the same condition above, micrographs of treated HaCaT showed
CMXRos. Images were obtained to show either CMXRos fluorescence (excitation at 547 nm/em
501–520 nm). Line scans show the co-localization between lipofuscin (green) and CMXRos (r
red fluorescence due to the presence of CMXRos at similar contrast ratio to that of lipofuscin,
treated cells. Bars represented count cell number of several micrographs at T4. Mean ± stan
after BA in comparison to control (CT) was indicated *P b 0.05; **P b 0.01; ***P b 0.0001. Scales
2.14. Senescence-associated β-galactosidase activity

The replicative senescence was evaluated by SA-βgal assay, as de-
scribed before [24]. After a 24 h-treatment with BA (20 μM) the cells
were washed and refreshed with DMEM (Sigma-Aldrich) supplement-
edwith 10% (v/v) FBS, 100U/mL of penicillin, and 100 pg/mL of strepto-
mycin. At T4 cells were fixed with methanol and visualized using an
inverted microscope for transmitted light (Zeiss™ Axiovert 200 LSM
510 Laser and Confocor Modules). The proportion of cells positive for
SA-βgal activity was quantified according to plugin Segmentation anal-
ysis supplied by Image J Software.

2.15. Cell clonogenic assay

Clonogenic assay is based on the ability of a single cell to grow into a
colony, defined here to consist of at least 40 cells. After treatment with
BA (20 μM) for 24 h, HaCaT was seeded out in appropriate dilutions to
form colonies in one week. Next, colonies were fixed with methanol
and stained with Crystal Violet (CV) 0.02% (w/v) solution and counted.
The fixed CV-stained colonies were visualized using an inverted micro-
scope for transmitted light (Zeiss™Axiovert 200, Germany) and imaged
using Image J Software.

2.16. Genome instability analysis

At T4 G2/M cells were observed. Cell cycle distribution was exam-
ined with Propidium Iodide (PI, Sigma-Aldrich) staining. In brief, cells
were harvested and fixed with 70% (v/v) ethanol for at least 24 h.
After fixation, cells werewashed twicewith PBS, followed by incubation
with PBS containing 20 μg/mL PI and 0.2 mg/mL RNase A (Invitrogen®)
for 30min at 37 °C. The fluorescence emissionwas analyzed by flow cy-
tometry (BD FACSCalibur™), using excitation laser at 635 nm (FL3). At
least 20,000 eventswere collected in each analysis. Datawas further an-
alyzed by FlowJo software, using the cell cycle tool.

2.17. Nuclear morphometric analysis

To perform Nuclear Morphometric Analysis (NMA) of treated cells
(as described before) at T4 nuclei were stained with DAPI and pictures
were taken on a fluorescent inverted microscope (Zeiss™ Axiovert
200 LSM 510 Laser and Confocor Modules). By using the Image J
Software's NII Plugin we analyzed parameters of nuclear size and
shape for a large population of cells [25]. These parameters were fea-
tures regard with Aspect (Asp), Area box (Arbx), Radius ratio (Rr) and
Roundness (Rou), and combined in an index called Nuclear Irregularity
Index [NII = Asp − Arbx + Rr− Rou] [25].

2.18. Statistics

Statistical analysiswas performed using IBM®SPSS Statistics version
20. To perform comparative statistical analysis, we first analyzed the
normal distribution of data according to Kolmogorov-Smirnoff test.
Next, we performed pair-wise comparisons for independent samples
HaCaT was stained with Hoechst® (nuclei), MitoTracker® Green FM (mitochondria) and
ondria (green) and lysosome (red) and correlate to the lines drawn in the micrographs
dized generate CMXRos, whose fluorescence intensity is proportional to mitochondrial
ss). At right, line scans show the co-localization between mitochondria marker COXIV
mean fluorescence intensity for COXIV and CMXRos determined in (b). (d) At T2 FACS
3 (excitation with red light) parameters. Red and green lipofuscin fluorescences were
presentative scatter-plots showing the significant higher frequency of lipofuscin-loading
-loading and nuclear augmentation (depicted area) after BA as revealed by confocal
mitochondrial oxidation of MitoTracker® Red CMH2XRos that leads to red fluorescent
ission 554–608 nm) or lipofuscin particles fluorescence (excitation at 488 nm/emission

ed) and correlate to the lines drawn in the images (right panel). In order to quantify the
we set the microscopy gain to a minimum threshold, and applied it to control and to BA-
dard error of three independent experiments are shown. The significance of differences
bar in (a), (b), (f) and (g) are 10 μm.
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using the parametric or non-parametric tests T-student or Mann-
Whitney, respectively. In case of multiple comparisons, we performed
one-way analysis of variance (ANOVA) with Dunnett's T3 or Bonferroni
post-hoc tests, depending on homogeneity of variance. The strength of
linear correlation analysis was calculated by Pearson's coefficient (r).
We analyzed data obtained from at least three independent experi-
ments, expressed as mean values ± standard error. We considered P-
values lower than 0.05 statistically significant. The significance of differ-
ences was depicted with asterisks.

3. Results

Two experimental systemswere employed in this work: HaCaT cells
in culture and membrane mimetic systems. Periods of incubation of BA
with membrane mimics varied and are reported in each individual ex-
periment. In the case of cells, all experiments were performed after a
24 h incubation with 20 μM Betulinic Acid (BA) and 0.25% (v/v) DMSO
(CT). Cells were refreshedwithmediumand studied right after BA incu-
bation (T1) and in sequential periods of: 24 h (T2), 48 h (T3) or 96 h
(T4).

3.1. BA causes cell death and/or growth arrest associated with autophagy
inhibition and accumulation of mitochondria

Right after treating HaCaT cells with BA (T1), microscopic analysis
showed noteworthy accumulation of AO-stained acidic vacuoles and
enlarged dead cells (Fig. 1a). Cytometry analysis confirmed the preva-
lence of enlarged-vacuolated cells compared to control, which were
also significantly enhanced at T2 (Fig. 1b). Cells that were kept alive
after BA showed extensive vacuolization and nuclei enlargement (Fig.
1c). The accumulation of acidic vacuoles was linearly correlated to a
smaller MTT response compared to control. Note that this correlation
was strong over the time (Table 1).

The lack of increase in MTT over time suggests that the cellular via-
bility is not reestablished after BA (Table 1). In order to evaluate the pro-
liferative rate of HaCaT cells after BAwe also analyzed CVS labelling (Fig.
1d). Control cells showed a significant increase in cell growth strongly
correlated with time, unlike BA-treated cells that showed almost no in-
crease in CVS.

The accumulation of acidic vacuoles indicates that BA may decrease
cell growth due to the catabolic malfunction of autophagy [26]. Indeed,
right after BAweobserved a huge accumulationof autophagy substrates
(p62 and LC3-II) even in the absence of the inhibitor of autophagic flux
Bafilomycin A1 (BAF-A1). Of note, in control cells increased levels of p62
and LC3-II were only observed in the presence of BAF-A1 (Supplemen-
tary Fig. 1a).

Under an interruption of autophagic flux induced by BAF-A1, it is
also possible to correlate autophagosome (AP) synthesis with changes
in LC3-II levels [22].We also used Chloroquine (CQ) as a positive control
of autophagy inhibition [15,27]. Both BA and CQ significantly increased
LC3-II levels even in the absence of BAF-A1 (Supplementary Fig. 1b). CQ
associatedwith BAF-A1 significantly increased LC3-II levels compared to
BAF-A1 only, indicating higher AP synthesis [28]. On the other hand, in
BA-treated cells there was no further increase in LC3-II upon BAF-A1
Fig. 4. BA induces genomic instability and replicative senescence. 48 h (T3), 96 h (T4) or 120 h
HaCaT response was evaluated as described below. (a) At T3 and T5 after acute effects of BA, b
the treatment with CT detected at T3. (b) At T4 number of colonies of treated cells represen
after BA at T4. (c) At T4 cytochemical quantification of SA-β galactosidase activity after BA. Mi
CT. Bars represented count colony number of several micrographs. (d) At T4 following FACS
showing percentage of maximum values after BA. (e) At T4 following DNA staining with PI
parameters - DNA content (PI excited with red light, FL3) and cell size (FSC Height). At right
excitation, FL1) and cell size (FSC Height) in those cells with N-ploidy (squares). (f) Accordin
of G2, S and N-ploidy (Super G2) relative to CT. (g) At T4 micrographs of HaCaT regard w
distribution of treated-cells according to nuclear area and Nuclear Irregularity Index (NII). (h)
three independent experiments are shown. The significance of differences after BA in comp
(b) and (c) are 20 μm.
treatment, indicating a blockage in LC3-II degradation (Supplementary
Fig. 1b). Indeed, BA does not affect AP transport to lysosomes, but ham-
pers degradation of damaged mitochondria within impaired lysosomes
[16]. To investigate whether undigested mitochondria accumulated
after BA, vacuolated cells were gated (see Fig. 1b) in terms of plasma
membrane permeabilization (PI+), a common hallmark of cell death,
and mitochondria mass (MTG+) (Supplementary Fig. 1c). Right after
BA treatment (T1), we observed a remarkable mitochondria accumula-
tion in a subset of dead cells (58%). This observationwas also significant
at T2 on a subset of 29% dead cells (Supplementary Fig. 1c). It is clear,
therefore, that BA compromises autophagic flux resulting in a huge ac-
cumulation of undigested mitochondria and autophagy-associated cell
death [16].
3.2. The effect of BA in membrane mimics illustrates the damage in mem-
branes of cell organelles

Several reports showed that BA induces cell death through a not
completely understood mitochondria-dependent mechanism [16,17,
29]. BA interacts with pure phospholipid membranes, being capable of
changing their permeability [16,30,31]. In order to provide further in-
sights into the ability of BA to disrupt membranes, we characterized
its interaction with more simplistic membrane mimetic systems,
i.e., liposomes and giant unilamellar vesicles (GUVs). BA increased the
permeability of carboxyfluorescein (CF) in liposomes as a function of
concentration and time, showing elevated Pearson's linear coefficient
in comparison with control liposomes that had no leakage (Fig. 2a).
Within 10min of BA addition therewas a 4.8 fold increase inmembrane
leakage as a function of concentration (20 versus 100 μM). The increase
in CF release at a given concentration (for example 100 μM) was also
substantial in regard with time. There is a 1.3 fold increase comparing
10 versus 30 min (Fig. 2a).

To analyze the physical damage in membranes we evaluated under
an optical microscope the kinetics of the loss of membrane integrity of
GUVs dispersed in a solution containing BA (100 μM). Phase contrast
and fluorescence images were captured at different times after BA incu-
bation. Representative images of events common to all ~100 vesicles
observed in three independent experiments are shown in panels a, c,
d, e and g of Fig.2b. Approximately 7 min after the initial contact with
BA, GUVs shrank significantly and emitted membrane buds (panel d).
Such events are followed by contrast loss as visualized on panels e and
g. Remarkably, there is a filament-like accumulation of lipids in part of
the membrane surface (red arrow, panel e) as observed both in phase
contrast (panels e and g) and fluorescence modes (panels f and h). As
described in liposomes (Fig. 2a), GUVs also showed an increase inmem-
brane permeability that can be clearly perceived by the loss of the opti-
cal contrast across the membrane (Fig. 2b, panels c to e).

We asked if these events would lead to damage in intracellular or-
ganelles such as lysosome and mitochondria. Accordingly, we detected
a significant increase in lysosomal membrane permeabilization in
HaCaT, as measured by the increase in cytosolic cathepsin B (CTSB) ac-
tivity (Supplementary Fig. 1d). The loss of lysosomalmembrane integri-
ty with subsequent cytosolic immunostaining of total CTSB in BA-
treated cells also supported this finding (Supplementary Fig. 1e). We
(T5) after a 24 h-treatment with 20 μM Betulinic Acid (BA) and 0.25% (v/v) DMSO (CT),
oth MTT reduction and lysosome accumulation were determined and rated according to
ted in box-plots. Micrographs showing cytochemical staining with CV of senescent cells
crographs showed significant increase in activity of SA-β galactosidase in BA compared to
cell analysis. Granularity (SSC Height) of HaCaT was represented by density histograms
treated cells were analyzed by FACS. Scatter-plots contour log showing correlated two-
, scatter-plots showing correlated two-parameter – lipofuscin (emission after blue light
g to cell cycle Watson distribution (FlowJo Software), box-plots showed arbitrary values
ith the Nuclear Morphometric Analysis (NMA). Scatter-plots showing the population
Bars showed the percentage of LR nuclei identified after NMA. Mean ± standard error of
arison to control (CT) was indicated *P b 0.01; **P b 0.001, ***P b 0.0001. Scales bar in
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also observed a significant loss of mitochondrial membrane potential
(ΔΨm) after BA (Fig. 2c). It is important to emphasize that released
CTSB was not responsible for the damage in the mitochondrial mem-
brane (Fig. 2c). Upon inhibition of CTSB activity by its specific inhibitor
CA074, BA still induced a significant loss ofΔΨm, indicating that the im-
pairment in mitochondria membrane was directly caused by BA. It is
noteworthy that the loss of ΔΨm after BAwas at least 2.5-fold more se-
vere than that induced by themitochondrial uncoupling agent carbonyl
cyanide m-chlorophenylhydrazone (CCCP) [32] (Fig. 2d). Interestingly,
only at longer exposition periods the loss of ΔΨm in CCCP-treated
cells reached the intensity observed for BA (Fig. 2e). Therefore, it is
clear that the disruption of the mitochondrial membrane integrity was
faster after BA than CCCP, in accordance with the high efficiency of BA
to interact and disturb membranes.

Likewise, right after BA treatment HaCaT showed a significant
change in mitochondrial morphology resulting in enlarged mitochon-
drion with 2.1 μm long and 1.1 μm wide (Fig. 2f). Note that mitochon-
dria engulfment by autophagic vacuoles was expressive in BA-treated
cells. Under such toxic effects on mitochondria, HaCaT activates
mitophagy [16]. However, BA also damages lysosomes and impairs au-
tophagy that fails to rescue cells, which in turn leads to other outcomes,
including decreased proliferation and cell death with inhibited autoph-
agy (Fig. 1). We continue this investigation by characterizing the conse-
quences of continuous accumulation of enlarged acidic vacuoles [16]
and the subsequent induction of abnormal nuclei enlargement (Fig.
1c) in BA-treated cells.
3.3. BA induces genomic instability and replicative senescence

Several reports indicate that modulators of autophagy can promote
cellular senescence in cultured cells as reviewed recently [22]. One of
the possible outcomes of impaired autophagy is the accumulation of
damaged mitochondria and lipofuscin [33,34]. We found that mito-
chondria accumulates within BA-damaged lysosomes [16] (Fig. 3a), es-
pecially in regions with extensive redox misbalance (elevated CMXRos
fluorescence) (Fig. 3b and c), which are conditions that could favor
lipofuscinogenesis [26,35]. Indeed, BA-treated cells showed significant
increase in green (3.5 fold) and red (2.0 fold) autofluorescence of
lipofuscin compared to control (Fig. 3d). The prevalence of lipofuscin-
loaded cells was significantly higher after BA, with a 5-fold increase in
vacuolated cells (Fig. 3e). Being rich in redox-active iron, lipofuscin itself
continuously sustains oxidative stress [36] hampering lysosomal activi-
ty, thus aggravating damage on this organelle in long-term response
[37]. In fact, at T4 lipofuscin accumulation was associated with increase
in cell and nuclei size (Fig. 3f), and inmitochondrial oxidative stress and
nuclear abnormalities (Fig. 3g). Thus, BA treatment compromises geno-
mic stability by initially damaging lysosomal and mitochondrial
membranes.

To further evaluate senescence in BA-treated cells, we analyzed their
proliferation status. Over time, we noted a significant decrease in MTT
response parallel to a lysosomal accumulation only in BA-treated cells
(Fig. 4a). The significant decrease in the proliferation of cells after BA
was confirmed by clonogenic assay (Fig. 4b). In fact, BA-treated cells
showed hypertrophy with multiple or enlarged nuclei as depicted by
traced-line (Fig. 4b), a typical aged-phenotype suggestive of cellular se-
nescence [38].

In an attempt to further investigate the ability of BA to induce senes-
cence, we evaluated common senescence markers: lack of cell prolifer-
ation, cell morphology (large and flat cells), senescence-associated
beta-galactosidase (SA-βgal), aneuploidy and tetraploidy in G2/M
cells, as reviewed [39]. As observed in the micrograph a significantly
higher proportion of SA-βgal positive cells were observed after BA
(Fig. 4c), and the typical senescence phenotype, which consisted of vac-
uolated cells with enlarged nuclei (traced line), was visible in BA-
treated cells (black arrow).
The shift in the cell-cycle phases is another strong indication that BA
favors arrest of cell growth [40,41]. At T4, cells showed an increase in
cell granularity and heterogeneity of up to 1.4 fold (Fig. 4d). In addition,
in BA-induced senescent cells we observed a significant arrest in S and
G2 phases of cell cycle given by Watson distribution (Fig. 4e). Note
that among BA-treated cells there was a sizable fraction of cells with
4 N DNA content, and some with chromosomal aberrations including
polyploidy (square, Fig. 4e). Interestingly, polyploid cells also contained
lipofuscin (Fig. 4e). Note also that all three parameters of growth arrest
were altered in BA-treated cells, includingN-ploidy cells (Fig. 4f). There-
fore, BA-treated cells developed characteristic morphological changes
associated with senescence, including enlarged and often irregular nu-
clei and chromatin reorganization, in which the loss of nuclear stability
and chromatin structure is highlighted [1,25,40].

To address the BA effects on nuclear morphology related to senes-
cence in a long-term response we used the Image Plugin Nuclear Mor-
phometric Analysis (NMA). This tool allowed us to quantify nuclear
abnormalities specifically by calculating the Nuclear Irregularity Index
(NII) [25]. We observed at T4 in BA-treated cells morphological appear-
ances of LR (large and regular) nuclei, which are suggestive of senes-
cence (Fig. 4g). Note that in BA-treated cells, several nuclei showed an
area above the “normal ellipse N” (upper left quadrant, Fig. 4g). The fre-
quency of LR-nuclei did not change as a function of time (Fig. 4h). Even
at T3,we noted a significant increase in the frequency of BA-treated cells
with senescent nuclei having morphometric LR-alteration that
remained significantly elevated at T4 (Fig. 4h). These morphological
characteristics of the nuclei are another indication that BA triggers cel-
lular senescence. Lipofuscinogenesis-induced increment in N-ploidy
cells closed the link between disorganization of lipid bilayers and the
consecutives cell responses: mitophagy impairment, genomic instabili-
ty and cellular senescence, as summarized in Fig. 5.

4. Discussion

Cellular senescence is a generic response of persistent growth arrest
as a consequence of sub-lethal stresses in both normal non-transformed
and immortalized transformed cells [2]. The relationship between se-
nescence induction and the status of autophagy is still controversial
since senescent phenotypes have been related to both activation or in-
hibition of autophagy, depending on the mechanism of senescence in-
duction [8,9,42].

The damage in lysosomal function caused by BA cannot be explained
by traditional mechanisms, including lack lysosome acidification or
neutralization of its internal pH. Otherwise, BA disturbs lysosome's
membrane integrity what dramatically jeopardizes lysosomal function,
leading to a lysosomal-mitochondrial axis of cellular stress that causes
autophagy-associated cell death [16]. Moreover, in surviving BA-
challenged cells there is sustained formation of reactive oxygen species
inside non-functional lysosomes, which in a long-term response leads
to lipofuscinogenesis, genomic instability and cell senescence (Fig. 5).
Therefore, in cells with higher intracellular BA concentration, there is a
larger accumulation of non-functional lysosomes intrinsically related
to autophagy-associated cell death, as summarized in Fig. 5. On the
other hand, in a set of HaCaT in which BA uptake was smaller there is
also damage in lysosomes and mitochondria sustaining an imbalance
in the cellular redox. However, this imbalance is not enough to induce
cell death, butwill culminate in aging and senescence [11].We are plan-
ning a new study aiming to determine the BA concentration threshold
that will cause a shift from senescence to death. However, it is clear
that promotion of concomitant damage inmitochondrial and lysosomal
membranes seems to be an efficient strategy for inducing both autoph-
agy-associated cell death and cell aging.

Agents that generate oxidative stress, DNA damage and/or stress-
related signaling induce cellular senescence [2]. Our data showed that
BA triggers premature senescence in keratinocytes by destabilizing
lipid bilayers, damaging lysosome and mitochondria membranes,



Fig. 5.Mainhypothesis proposed:Mitochondrial-lysosomal axis theory of aging associatedwithmembrane damage by BA causing lipofuscinogenesis and cell senescence inHaCaT human
keratinocytes. This figure was drawn byW. K. M.
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which leads to genomic instability and cell senescence. This work con-
tributes to the theory of Brunk and Terman [8], defining a clear trigger
to the imbalance in the mitochondrial-lysosomal axis. Also, the finding
that the initial molecular trigger of BA-induced senescence is the disor-
ganization of membrane lipids indicates that genomic instability can
also be indirectly caused by lipid disorganization, and not only by de-
fects in the DNA repair pathways [43].

Many BA derivatives have been synthesized to improve the weak
solubility of parent BA and to increase its selectivity toward tumor
cells [44]. It will be quite interesting to study the effect of BA derivatives
on model membranes. We believe that the association with selective
disorganization of organelles' membranes represents a promisor strate-
gy to uncover the anti-tumor activities of novel lead compounds. In fact,
cellular senescencemust be one of themainmechanisms of action of BA
derivatives.
5. Conclusions

BA destabilizes lipid bilayers, damagingmitochondria and lysosome
membranes and causing autophagy impairment. This scenario increases
levels of agedmitochondria, lipofuscin and genomic instability (N-ploi-
dy cells), culminating in cell senescence. In this work, we were able to
correlate cell senescence with a direct physical damage in the mem-
branes of two key intracellular organelles, i.e., mitochondria and lyso-
some, and to link the biological effects of BA with senescence. We are
confident that using BA as experimental model in different cell types
will allow a better understanding of themechanistic link between com-
promised mitophagic flux and genomic instability.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2016.10.018.
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