
ORIGINAL ARTICLE
Lysosomal Function and Intracellular Position
Determine the Malignant Phenotype in
Malignant Melanoma

Ida Eriksson1, Linda Vainikka1, Petra Wäster2 and Karin Öllinger1
Lysosomes are central in cell homeostasis and participate in macromolecular degradation, plasma membrane
repair, exosome release, cell adhesion/migration, and apoptosis. In cancer, alterations in lysosomal function
and spatial distribution may facilitate disease progression. In this study, we show enhanced lysosomal activity
in malignant melanoma cells compared with that in normal human melanocytes. Most lysosomes show peri-
nuclear location in melanocytes, while they are more dispersed in melanoma, with retained proteolytic activity
and low pH also in the peripheral population. Rab7a expression is lower in melanoma cells than in melano-
cytes, and by increasing Rab7a, lysosomes are relocated to the perinuclear region in melanoma. Exposure to the
lysosome-destabilizing drug L-leucyl-L-leucine methyl ester causes higher damage in the perinuclear subset of
lysosomes in melanomas, whereas differences in subpopulation susceptibility cannot be found in melanocytes.
Interestingly, melanoma cells recruit the endosomal sorting complex required for transport-III core protein
CHMP4B, involved in lysosomal membrane repair, rather than initiate lysophagy. However, when the peri-
nuclear lysosomal position is promoted by Rab7a overexpression or kinesore treatment, lysophagy is increased.
In addition, Rab7a overexpression is accompanied by reduced migration capacity. Taken together, the study
emphasizes that alterations in lysosomal properties facilitate the malignant phenotype and declares the tar-
geting of lysosomal function as a future therapeutic approach.
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INTRODUCTION
The lysosome is the main degradative unit of the cell, con-
taining a highly acidic lumen with a plethora of hydrolytic
enzymes (De Duve and Wattiaux, 1966). Recent studies have
established its central role in nutrient sensing by mTORC1,
located on lysosomal membranes. mTORC1 regulates the
activity of MiT/TFE family of transcription factors and controls
lysosomal biogenesis and autophagy (Ballabio and
Bonifacino, 2020). Owing to their rapid cell growth, cancer
cells often rely on lysosomal degradation for energy supply,
causing deregulation of the lysosomal system in several types
of cancer, including malignant melanoma (Hsu et al., 2022).

The lysosome also plays a key role in cell death regulation,
where lysosomal membrane permeabilization (LMP) and
release of cathepsins to the cytosol results in induction of cell
death (Boya and Kroemer, 2008). To protect from the harmful
effects of lysosomal damage, cells utilize immediate repair
through the endosomal sorting complex required for transport
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(ESCRT) complexes for minor perforations, whereas non-
repairable damage activates lysophagy (Eriksson et al., 2020).
Lysosomal membrane repair is calcium dependent and oc-
curs within minutes after damage. Proteins belonging to the
ESCRT-III family, including CHMP4B, are recruited by ESCRT-
I proteins and mediate membrane constriction and scission
to restore membrane integrity and lysosomal function
(Radulovic et al., 2018; Skowyra et al., 2018). Lysophagy is
activated by the binding of galectins to exposed glycans in
the lysosomal lumen, which recruits autophagic proteins to
sequester and degrade the damaged organelle (Chauhan
et al., 2016; Maejima et al., 2013).

The endolysosomal system consists of a series of mem-
branous compartments that dynamically interact to continu-
ously change size and shape and exchange content, making
lysosomes very heterogeneous. Transport of lysosomes occurs
along microtubule tracks and is orchestrated by either dy-
neins for retrograde transport or kinesins for anterograde
transport. Small GTPases, their effector proteins, and mem-
brane phospholipids control the process (Bonifacino and
Neefjes, 2017). The intracellular localization of lysosomes
has been suggested to determine their function and charac-
teristics (Ba et al., 2018). The perinuclear-located lysosomes
are highly acidic and rather immobile, while the peripheral
subset is dynamic, albeit with reduced acidity and proteolytic
activity (Johnson et al., 2016). In invasive human melanomas,
the release of lysosomal proteases to the extracellular envi-
ronment has been shown to facilitate metastasis by the
degradation of the surrounding extracellular matrix (Hsu
et al., 2022), and peripherally located lysosomes are sug-
gested to be the main subset responsible (Tang et al., 2020).
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This raises the question of whether peripheral lysosomal
subpopulations have altered characteristics in malignant cells
to facilitate invasion compared with that of their perinuclear
counterpart.

LMP and the subsequent release of cathepsins to the
cytosol is considered a potential therapeutic target in cancer
since lysosomes in malignant cells are suggested to be more
sensitive to lysosome-destabilizing drugs (Fehrenbacher
et al., 2008, 2004). However, comparison of lysosomal
function in malignant cells with their corresponding normal
cell type is rare in the literature but of utmost importance to
gain a deeper understanding of cancer-related changes. In a
previous study, we have shown that ESCRT-mediated repair
mechanisms precede lysophagy in human fibroblasts
exposed to the lysosome-destabilizing drug L-leucyl-L-
leucine methyl ester (LLOMe) (Eriksson et al., 2020). In this
study, we aimed to characterize different lysosomal sub-
populations in normal human melanocytes and malignant
melanoma. We further investigated the susceptibility to
lysosomal damage and determined whether intracellular
lysosomal localization affected the lysosomal stability and
repair strategy.

RESULTS
Malignant cells are more sensitive to lysosomal membrane
damage

Cell viability was compared in four malignant melanoma cell
lines (FM55P, WM115, WM278, and SkMel28) and mela-
nocyte cultures isolated from four healthy donors after chal-
lenging the lysosomal membrane stability using the
LMP-inducing peptide LLOMe. Although cell survival was
reduced in both melanocytes and melanomas �8 hours after
LLOMe exposure, melanomas were more sensitive, as
determined by the crystal violet assay (Figure 1a). The extent
of LMP was evaluated by vital staining with the lysosomo-
tropic dye acridine orange, which shifts its fluorescence from
red inside acidic organelles to green when released to the
cytosol (Supplementary Figure S1a) (Mattia et al., 1984). The
increase in green fluorescence was analyzed 0�20 minutes
after LLOMe exposure, using a plate reader, and showed that
loss of lysosomal membrane integrity occurred to a higher
extent in melanoma than in melanocytes (Figure 1b). More-
over, exposure to �0.25 mM LLOMe resulted in significantly
higher translocation of lysosomal cathepsins B and D to the
cytosol in melanomas, in contrast to that in melanocytes
(Figure 1c; purity of fractions is shown in Supplementary
Figure S1b). Immunostaining of cathepsin D after LLOMe
exposure confirms cytosolic release in melanoma cells,
shown by a reduced colocalization between cathepsin D and
LAMP2 (Supplementary Figure S1c). Note that although we
detected LMP within minutes after LLOMe exposure (0.25
mM), the viability was not significantly affected at 60 minutes
(Figure 1a), and this experimental system was used
throughout the study.

To further characterize the size and protease activity of
lysosomes, LysoTracker and the cathepsin B fluorogenic
substrate Magic Red were used (Figure 1d and e). Analysis of
Z-stack images shows that LysoTracker-stained lysosomes
were significantly larger in melanomas than in melanocytes,
but the number of acidic lysosomes was not significantly
Journal of Investigative Dermatology (2023), Volume 143
altered (Figure 1d; quantifications are shown in
Supplementary Figure S2a and b). As seen in Figure 1c,
melanoma cells expressed a higher proportion of the active
form of cathepsin B (w25 kDa) than melanocytes, where the
precursor form (w30 kDa) dominated. In accordance, when
staining cells with Magic Red, we found that the melanoma
had a 2.6-fold higher number of cathepsin B-active lyso-
somes, which were significantly larger and had a 3.9-fold
higher protease activity (Figure 1e; quantifications are
shown in Supplementary Figure S2c�e). Moreover, live-cell
time-laps analysis of lysosomes showed higher motility in
melanomas in both LysoTracker- and Magic Red�stained
cells (Supplementary Figure S2f�i and Supplementary
Movie). Interestingly, the total protein levels of LAMP2 and
the transcription factor TFEB were not elevated, whereas
MITF levels were significantly decreased in melanomas
(Supplementary Figure S2j). Furthermore, by collecting
conditioned medium, we found that the spontaneous secre-
tion of cathepsins to the surrounding media was higher from
melanoma cells than for melanocytes (Figure 1f). Taken
together, these results show that melanoma cells have a more
active lysosomal system than melanocytes, secrete lysosomal
hydrolases, and are more sensitive to lysosomal damage.

Malignant melanomas employ ESCRT-mediated lysosomal
repair mechanisms rather than lysophagy

To investigate the capacity ofmelanomacells andmelanocytes
to utilize ESCRT-mediated repair mechanisms, cells were
exposed to 0.25 mM LLOMe for 30�60 minutes, and lyso-
somal repair was determined by immunocytochemical stain-
ing of the ESCRT-III core protein CHMP4B. Image analysis
showed that the number of CHMP4B puncta increased in both
cell types but was significantly higher in melanoma (Figure 2a
and b). Costaining with the lysosomal membrane protein
LAMP2 confirmed that CHMP4B was recruited to lysosomes
and showed that one single lysosome could present more than
one CHMP4B-positive puncta (Supplementary Figure S3a).
Moreover, although LLOMe exposure caused immediate loss
of lysosomal proton gradient, the lysosomal acidity was
restored in melanocytes and melanomas after 1 hour and 4
hours, respectively, as detected by LysoTracker staining
(Figure 2c and Supplementary Figure S3b).

Initiation of lysophagy, detected by galectin-3 puncta
(Otomo and Yoshimori, 2017), was found in both melano-
cytes and malignant melanoma (Figure 2d). Recruitment of
the lysophagic system to damaged lysosomes was confirmed
by costaining of LAMP2 and the autophagic substrate p62
(Supplementary Figure S3c). Compared with CHMP4B
recruitment, which was detected within 30 minutes, the
major increase in galectin-3 puncta occurred later (�1 hour)
and was more extensive in melanocytes than in melanoma
cells (Figure 2e). Noteworthy, colocalization analysis showed
that galectin-3 puncta were time and spatial separated from
CHMP4B puncta (Supplementary Figure S3d). Immunoblot of
CHMP4B and galectin-3 showed no significant difference
between melanocytes and melanoma, whereas p62 was
slightly reduced in malignant melanomas (Supplementary
Figure S3e). In summary, lysosomes recuperate after mem-
brane permeabilization, but the recovery occurs later in
melanoma cells than in melanocytes. In malignant cells,



Figure 1. Melanomas are more

sensitive to lysosomal-induced

damage than melanocytes. Human

MCs from four different donors and

the MM cell lines FM55P (⚪ or 1),

WM115 (⬜ or 2), SkMel28 (O or 3),

and WM278 (P or 4) were exposed to

LLOMe. (a) Cell viability after 0.25

mM LLOMe for selected time points,

estimated using the crystal violet

assay. (b) Lysosomal leakage,

estimated as an increase of acridine

orange�green fluorescence, followed

for 20 minutes after LLOMe addition.

(c) Representative immunoblots of Cat

B and Cat D in digitonin-extracted

cells presenting the cytosol and

lysosomal fractions from MCs and

SkMel28, exposed to LLOMe for 15

minutes, with quantification for all

MC/melanoma cell lines. Maximum

release was obtained using 200 mg/ml

digitonin. (d) Representative images of

LysoTracker Red�stained lysosomes in

MCs and SkMel28. (e) Representative

live-cell images of Cat B�active

lysosomes monitored by Magic Red

fluorescence in MCs and SkMel28. (f)

Spontaneous release of Cat B and Cat

D during 24 hours. Bar ¼ 10 mm, *P <

0.05 and ***P < 0.001. Cat B,

cathepsin B; Cat D, cathepsin D; h,

hour; LLOMe, L-leucyl-L-leucine

methyl ester; max, maximum; MC,

melanocyte; min, minute; MM,

malignant melanoma.
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Figure 2. Activation of repair mechanisms differs between melanocytes and melanomas. MCs from four different donors and the MM cell lines FM55P (⚪),

WM115 (⬜), SkMel28 (O), and WM278 (P) were exposed to 0.25 mM LLOMe. (a) Representative images of CHMP4B in MCs and FM55P. (b)Quantification of

the number of CHMP4B-puncta/cells. (c) Loss and recovery of LysoTracker staining after LLOMe exposure, quantified as the total volume of

LysoTracker�positive signal per cell. (d) Representative image of galectin-3 in MCs and FM55P. (e) Quantification of the number of galectin-3 puncta per cell.

Bar ¼ 10 mm. *P < 0.05, **P < 0.01, and ***P < 0.001. Ctrl, control; h, hour; LLOMe, L-leucyl-L-leucine methyl ester; MC, melanocyte; min, minute; MM,

malignant melanoma.
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ESCRT-mediated repair dominates, whereas the recruitment
of CHMP4B and galectin-3 is more equal in melanocytes.

Peripheral lysosomes in melanomas are less susceptible to
damage

Costaining of LAMP-GFP�transfected cells with Magic Red
revealed that peripherally located lysosomes had reduced
cathepsin B activity in melanocytes, but interestingly, the
same distinction could not be seen in melanoma cells
(Figure 3a). To further investigate the distribution of cathepsin
B�active lysosomes, cells were segmented into seven bins
from the cell nuclei to the cell border for image analysis
(Figure 3b). Results confirm that the protease-active popula-
tion decreases toward the cell periphery in melanocytes but
not in melanomas (Figure 3c). Next, the acidity of the lyso-
somal populations was studied by loading cells with the pH-
sensitive pHrodo green-dextran conjugate, which increases
in fluorescence as pH decreases. The pH-insensitive Alexa
Fluor 594 dextran was used to detect all endolysosomes.
Lysosomal localization of pHrodo and Alexa Fluor Dextran
was confirmed in Supplementary Figure S3f and g. Micro-
scopic evaluation showed that melanoma presented a strong
Journal of Investigative Dermatology (2023), Volume 143
green signal in both the perinuclear and peripheral lyso-
somes, showing acidic pH in both subsets (Figure 3d),
whereas melanocytes displayed reduced fluorescence of
pHrodo in the cell periphery. Segmentation into seven bins
and quantification of lysosomal distribution showed that the
number of acidic lysosomes was lower toward the cell edge
in melanocytes, whereas they increased in melanomas
(Figure 3e).

Next, the lysosomal membrane stability was challenged by
LLOMe, after which the lysosomal subpopulations were
analyzed. As shown in Figure 3f, the perinuclear, cathepsin
B-active population appeared to decrease in melanoma,
whereas the peripheral subset remained fairly intact. In
contrast, the effect of LLOMe was more evenly distributed in
melanocytes (Figure 3f). We then quantified the subcellular
localization of intact and damaged lysosomes by combining
LysoTracker staining with immunostaining for CHMP4B. Im-
ages showed that the intact (red) lysosomes were located
more peripheral than the damaged (green) subset in mela-
noma (Figure 3g). By measuring the distance of each
LysoTracker-positive organelle and CHMP4B puncta to the
nuclear membrane, we confirmed that intact lysosomes were



Figure 3. Perinuclear lysosomes are more sensitive to damage in melanoma. MCs from four different donors and the MM cell lines FM55P (⚪), WM115 (⬜),

SkMel28 (O), and WM278 (P) were exposed to 0.25 mM LLOMe when indicated. PN denotes perinuclear, and PP denotes peripheral. (a) Representative live-

cell images of MCs and WM278 transfected with BacMam LAMP-GFP and stained for active cathepsin B using Magic Red. (b) Image showing segmentation of

the cell into seven bins used for quantification of lysosomal distribution. (c) Distribution of Magic Red�positive lysosomes. (d) Representative images of

lysosomes loaded with the pH-sensitive pHrodo Green Dextran (green) and the pH-insensitive AF 594 Dextran (red) in MCs and WM278. (e) Distribution

of pHrodo Green�positive lysosomes. (f) Cathepsin B activity in representative images of Magic Red�stained lysosomes in MCs and WM278 exposed to

LLOMe for 30 minutes. (g) Representative images of CHMP4B-positive (green) and intact LysoTracker�positive (red) lysosomes in MCs and WM278 exposed to

LLOMe for 1 hour. (h) Quantification of the relative distance to the cell nucleus for CHMP4B and LysoTracker puncta. Bar ¼ 10 mm. **P < 0.01 and ***P <

0.001. AF, Alexa Flour; LLOMe, L-leucyl-L-leucine methyl ester; MC, melanocyte; MM, malignant melanoma.
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situated further away from the nucleus in melanoma cells
(Figure 3h). In contrast, there was no difference in distance
between intact and damaged lysosomes in melanocytes
(Figure 3g and h). Moreover, when analyzing lysosomes
costained with CHMP4B and galectin-3, galectin-3 puncta
were very scarce in the outer part of the cells, especially in
melanomas (Supplementary Figure S3h). Taken together,
these results suggest that lysosomal subpopulations react
differently to lysosomal stress in malignant cells, where the
peripheral subset is more resistant to lysosomal-induced
damage. This cannot be explained by reduced acidity or
protease activity because these properties are retained in
peripheral lysosomes.

Manipulating lysosomal position alters susceptibility to
lysosomal membrane damage.

The small GTPase Rab7a is important for the retrograde
movement of lysosomes by facilitating the recruitment of
www.jidonline.org 1773
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dynein�dynactin motor complexes (Jordens et al., 2001).
Analysis of Rab7a protein expression revealed significantly
lower levels in melanomas than in melanocytes (Figure 4a;
total protein staining of the membrane is shown in
Supplementary Figure S4a). To investigate whether Rab7a
expression affected lysosomal location, we transfected mel-
anoma cells with a Rab7a�GFP construct. Immunofluores-
cent imaging of Rab7a-transfected melanoma confirmed that
the perinuclear pool of lysosomes increased (Figure 4b). We
then tested whether Rab7a affected the susceptibility to
LLOMe. As presented in Figure 4c, loss of lysosomal proton
gradient was more pronounced in the Rab7-overexpressing
cells, as estimated by acridine orange. Interestingly, ESCRT-
mediated repair mechanism was not significantly altered
owing to Rab7a overexpression because the number of
CHMP4B puncta remained unchanged in three of four mel-
anoma cell lines (Figure 4d and e). However, the number of
galectin-3 puncta was substantially increased, indicating that
lysophagic clearance was more frequent in the perinuclear
subset after lysosomal damage.

In contrast, knockdown of Rab7a (confirmed by western
blot in Figure 4f) decreased the number of perinuclear
lysosomes (Figure 4g) and reduced their sensitivity to
LLOMe-induced LMP (Figure 4h). In accordance, the need
for lysosomal repair decreased, as presented by a significantly
reduced number of CHMP4B- and galectin-3�positive
puncta after LLOMe (Figure 4i and j). The endogenous Rab7a
expression was very low in several of the melanoma cell
lines, which is why only SkMel-28 was used for the Rab7a
depletion experiments. In Figure 4k, we show that kinesore,
which inhibits the interaction of the lysosomal coupling
protein SKIP with kinesin-1 to prevent the outward transport
of lysosomes (Randall et al., 2017), increased the perinuclear
population. We confirm the correlation between lysosomal
position and LMP susceptibility by showing increased acri-
dine orange leakage and higher cytosolic activity of N-acetyl-
b-D-glucosaminidase in kinesore-treated cells (Figure 4l and
m). Moreover, kinesore enhanced LLOMe recruitment of
CHMP4B and galectin-3 to damaged lysosomes (Figure 4n
and o). Interestingly, the responsiveness to kinesore corre-
lated to the cellular levels of kinesin-1, showed by immu-
noblotting of KIF5B (Supplementary Figure S4b). FM55P had
very low KIF5B expression and was also the least affected by
kinesore pretreatment. In conclusion, perinuclear localiza-
tion of lysosomes increases the sensitivity toward lysosomal-
destabilizing agents.

Next, we studied the effect of Rab7 onmalignant melanoma
cells and found that Rab7a overexpression and increased
perinuclear position of lysosomes reduced the capacity of cells
tomigrate (Figure 5a), although the proliferationwas increased
(Figure 5b). Moreover, the motility of lysosomes decelerated
(Figure 5c), and the LLOMe-induced cell death was enhanced
(Figure 5d). Thus, lysosomal position affects the malignant
phenotype in melanoma. By reducing the peripheral pool of
lysosomes, the invasiveness can be decreased, whereas the
susceptibility to LMPand cell death is enhanced.

DISCUSSION
In this study, we show that lysosomes of human melanocytes
and melanoma cells exhibit different properties, regarding
Journal of Investigative Dermatology (2023), Volume 143
both the overall function of the organelle and the heteroge-
neity between different intracellular populations. Malignant
melanomas manifest enhanced lysosomal size, cathepsin
activity, and motility and are more susceptible to LLOMe-
induced LMP than melanocytes. These results are in line
with previous studies of oncogenic-transformed mouse em-
bryonic fibroblasts, which were shown to be more sensitive
to LMP, induced by the acid sphingomyelinase
inhibitor siramesine, than their untransformed counterparts
(Fehrenbacher et al., 2004).

In melanocytic cells, the presence of LAMP-positive me-
lanosomes is a potential confounding factor. Melanosomes
are formed from endosomes, which during maturation ac-
quire melanin-producing capacity while losing acidity and
proteolytic properties (Raposo et al., 2001). Thus, in this
study, we define lysosomes as acidic organelles with
cathepsin B activity. However, immature, acidic melano-
somes can be included in the analysis because they are
lysosome like and relevant. The melanoma cells used show
various levels of the premelanosomal marker glycoprotein
100 (Supplementary Figure S5), although we cannot detect
any correlation between lysosomal features or susceptibility
to LMPand pigmentation. Furthermore, mature melanosomes
lack Rab7a and are instead transported by Rab27a (Jordens
et al., 2006).

Increased trafficking of lysosomes to the cell periphery can
induce the extracellular release of lysosomal cathepsins,
aiding malignant progression by degradation of the extra-
cellular matrix (Hämälistö and Jäättelä, 2016). Rab7a is
involved in endolysosomal trafficking, and owing to its
involvement in vesicle transport, it has been implicated as an
important regulator of tumorigenesis (Guerra and Bucci,
2019; Steffan et al., 2014). Active Rab7a, located on endo-
lysosomes, recruits the dynein�dynactin complex to induce
retrograde transport on microtubule (Johansson et al., 2007),
although lysosomal coupling to the dynein�dynactin com-
plex can also be facilitated by other proteins such as ALG2 or
TMEM55B (Li et al., 2016; Takemasu et al., 2019). When
comparing Rab7a protein levels, it is evident that malignant
melanomas have lower expression than normal melanocytes.
Overexpression of Rab7a in the malignant cells results in the
redistribution of lysosomes to the perinuclear area, which is
accompanied by enhanced cell proliferation. Previous re-
ports have shown a dependence between lysosomal position
and function. mTORC1 localized to peripheral lysosomes is
activated by phosphoinositide 3-kinase/protein kinase
B�mediated mitogen signaling (Korolchuk et al., 2011),
which stimulates the synthesis of proteins needed for cell
growth and cell cycle progression as well as inhibition of
autophagy (Porta et al., 2014). The perinuclear subset of ly-
sosomes is involved in autophagosome�lysosome fusion,
inactivation of mTORC1, and activation of MiT-TFE tran-
scription factors (Korolchuk et al., 2011). Interestingly, MiT-
TFE transcription factors can also provide a transcriptionally
regulated feedback loop to reactivate mTORC1, which has
been shown to induce hyperproliferation in melanoma cells
(Di Malta et al., 2017), thus providing a possible explanation
of increased proliferation upon Rab7 overexpression.
Although proliferation is enhanced by Rab7a upregulation,
the cells show reduced cell migration and lysosomal motility.



Figure 4. Rab7a expression and lysosomal position affect LLOMe susceptibility in malignant melanoma. Malignant melanoma cells FM55P (⚪ or 1), WM115

(⬜ or 2), SkMel28 (O or 3), and WM278 (P or 4) were transfected with BacMam Rab7a-GFP to increase the expression of Rab7a, and siRNA was used to

downregulate Rab7a in SkMel28 cells. Cell Light Null Control (null) or a scrambled sequence (scrambled) was used as negative controls, respectively.

When indicated, cells were pretreated with 10 mM kinesore for 1 hour before LLOMe exposure (0.25 mM). (a) Rab7 protein levels, analyzed on the same blot.

OD below the blot is shown. (b) Representative images of LysoTracker-stained (red) and Rab7a-transfected (green) WM115 cells. (c) Quantification of lysosomal
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Figure 5. Rab7a affects migration and proliferation. Malignant melanoma cells FM55P (⚪), WM115 (⬜), SkMel28 (O), and WM278 (P) were transfected with

BacMam Rab7a-GFP to increase the expression of Rab7a. (a) Quantitation of migration in melanoma cell lines. (b) Cell proliferation estimated with the crystal

violet assay in Rab7a-transfected cells 72 h after seeding. (c) Analysis of lysosomal displacement in Rab7a-transfected cells stained with LysoTracker and

analyzed in live-cell conditions for 1 minute. (d) Viability in Rab7-transfected melanoma cell lines exposed to LLOMe for 8 hours. *P < 0.05 and **P < 0.01. h,

hour; LLOMe, L-leucyl-L-leucine methyl ester.

=
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This correlates to a previous study where Alonso-Curbelo
et al. (2014) showed that malignant melanoma uses a
lineage-specific tuning of Rab7 levels to promote tumor
progression. Early during the radial growth phase in the
epidermis, Rab7 expression was considerably higher in ma-
lignant cells than in benign melanocytic cells, facilitating cell
proliferation. However, when the tumors reached the vertical
growth phase, Rab7 levels were downregulated, which
allowed a peripheral lysosomal repositioning and invasive
phenotype (Alonso-Curbelo et al., 2014).

The finding that peripheral and perinuclear lysosomes
display similar acidic pH and proteolytic activity in all studied
melanomas is opposed to a previous study where peripheral
lysosomes in HeLa cells were found less acidic and had a
reduced proteolytic activity (Johnson et al., 2016).However, in
melanocytes, the number of acidic and protease-active lyso-
somes was reduced toward the cell periphery, indicating cell
type�specific differences. In malignant melanoma, the peri-
nuclear lysosomes are more sensitive to LLOMe-induced LMP.
Consequently, repositioning of lysosomes to the perinuclear
area by Rab7a overexpression or inhibition of anterograde
transport with kinesore results in lysosomes that are more
susceptible to LLOMe, whereas peripheral translocation re-
duces the sensitivity. In support, a recent drug screen identified
several drugs able to relocate lysosomes to the perinuclear
area, which induced LMPand reverted the invasive phenotype
in HER2-resistant breast cancer cells (Hansen et al., 2021).
Furthermore, combined treatment of TNF-a and chloroquine
enhanced cell death at the same time as it relocated lysosomes
to the perinuclear area (Yu et al., 2022).
leakage using acridine orange in Rab7a-transfected melanoma cell lines, 30 min

CHMP4B (green) in Rab7a-transfected WM115 cells exposed to 0.25 mM LLOM

melanoma cell lines. (f) Immunoblot showing siRNA-mediated downregulation

redistribution of lysosomes identified with LAMP2 (red) in Rab7a (green) downreg

Rab7a-downregulated SkMel28 cells, 30 minutes after LLOMe exposure. (i) Imm

downregulated SkMel28 cells exposed to LLOMe for 1 hour with (j) quantification

lysosomal distribution in WM115 cells (LAMP2, red) and tubulin network (tubulin

kinesore-pretreated cells using acridine orange. (m) Enzymatic activity of N-acety

and exposed to LLOMe for 1 hour. (n) Representative images of galectin-3 (red) a

LLOMe for 1 hour. (o) Quantification of CHMP4B and Galectin-3 puncta in all me

control; LLOMe, L-leucyl-L-leucine methyl ester; O.D., optical density; siRab7,
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Upon LLOMe exposure, melanomas preferably employ
ESCRT-mediated repair over lysophagy, and these cells are
more sensitive to lysosomal damage and show more pro-
nounced LMP and decreased viability. Moreover, the
choice of repair mechanism is determined by lysosomal
position because Rab7a overexpression renders an
increased perinuclear pool of lysosomes that is sequestered
through lysophagy, as detected by higher galectin-3
recruitment. In accordance, Rab7a knockdown and subse-
quent peripheral location of lysosomes reduced the number
of galectin-3 puncta. Similarly, by reducing lysosomal
anterograde transport using kinesore, we could mimic the
Rab7a-induced perinuclear clustering and the increased
susceptibility to LLOMe. Interestingly, Korolchuk et al.
(2011) showed that lysosomal clustering around the nuclei,
induced by Arl8b knockdown, substantially increased
autophagosome�lysosome fusion, whereas the fusion was
reduced when lysosomes were relocalized to the periphery.
Thus, the ability to sequester lysosomes by lysophagy is
closely related to the lysosomal intracellular location.

We conclude that alterations in lysosomal properties
facilitate the malignant phenotype. Inducing LMP is a
promising target for cancer treatment. Our results show that
the intracellular location of lysosomes impacts the suscepti-
bility to lysosome-destabilizing drugs and should be consid-
ered for future therapeutic approaches.
MATERIALS AND METHODS
For more information, see Supplementary Materials and Methods.
utes after LLOMe exposure. (d) Representative images of galectin-3 (red) and

e for 1 hour. (e) Quantification of CHMP4B and Galectin-3 puncta in all

of Rab7a in SkMel28 cells. (g) Immunofluorescence images showing the

ulated cells. (h) Quantification of lysosomal leakage using acridine orange in

unofluorescence images of galectin-3 (red) and CHMP4B (green) in Rab7a-

of CHMP4B and Galectin-3 puncta. (k) Immunofluorescence images showing

b3, green). (l) Quantification of lysosomal leakage 10 minutes after LLOMe in

l-b-D glucosaminidase in cytosolic extracts from cells pretreated with kinesore

nd CHMP4B (green) in WM115 cells pretreated with kinesore and exposed to

lanoma cell lines. Bar ¼ 10 mm. *P < 0.1, **P < 0.01, and ***P < 0.001. Ctrl,

Rab7-targeted small interfering RNA; siRNA, small interfering RNA.
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All experiments were performed according to the ethical principles

of the Helsinki declaration and approved by the Ethical Review

Board at Linköping University (Linköping, Sweden). Human primary

melanocytes obtained from fair-skinned donors by foreskin circum-

cisions (aged 0e7 years, parental-written informed consent) were

established in pure cell culture as previously described (Andersson

et al., 2001). Four melanoma cell lines were used: WM115 and

WM278 (Rockland Immunochemicals, Limerick, PA), FM55P

(Sigma-Aldrich, St. Louis, MO), and SkMel28 (ATCC, Manassas, VA).

Transfection

Cells were transfected with Cell Light Lysosomes-GFP BacMam 2.0,

Cell Light Rab7a-GFP BacMam 2.0, or the negative transduction

control Cell Light Null Control 2.0 (25 particles per cell, Thermo

Fisher Scientific, Waltham, MA) for 24 hours before the experiments.

Depletion of Rab7a was performed with 10 nM of small interfering

RNA (S102662240) for 24 hours using HiPerFect Transfection Re-

agent (all from Qiagen, Germantown, MD) in SkMel28 cells. A

scrambled sequence without homology to mammalian genes was

used as a negative control (AllStars negative control, S103650318).

Image analysis

Representative images are presented in the figures, and examples of

all melanoma cell lines and melanocytes are provided in

Supplementary Figure S6. Z-stack images (acquisition is described in

Supplementary Material and Methods) from �4 randomly selected

areas were obtained and analyzed (�20 cells per cell type). Images

were deconvolved using Huygens Imaging Software (Scientific Vol-

ume Imaging, Hilversum, Netherlands). Thresholding and watershed

segmentation was applied to separate individual lysosomes. Object

size, volume, number, and location were analyzed in the Object

Analyzer module. To analyze the distance of objects to the cell

nuclei, a region of interest was created around the nucleus, and the

distance from the nucleus border to the center of each object was

measured. To quantify the relative distance between LysoTracker-

and CHMP4B-positive puncta, the mean distance for all LysoTracker

objects was related to the mean distance for all CHMP4B objects for

each cell analyzed.

For analysis of lysosomal distribution, ImageJ (National Institutes

of Health, Bethesda, MD) was used to segment cells into seven bins

from the cell nuclei to the cell border, where bin 1 was the most

perinuclear and bin 7 was the most peripheral. The number of

positive particles was quantified in each bin and correlated to the

total number of particles. For lysosomal speed, tracks were identified

using the Huygens Object Tracker, and speed and motility were

evaluated in the Huygens Track Analyzer (Scientific Volume

Imaging).

Colocalization in images was analyzed using Pearson’s colocali-

zation coefficient (Zen Imaging Software, Carl Zeiss, Oberkochen,

Germany). The threshold was set to exclude background staining for

both channels and remained constant for all samples analyzed.
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götland, and Borghamns Rotary Club.

AUTHOR CONTRIBUTIONS
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LV; Funding Acquisition: IE, KÖ; Investigation: IE, LV; Methodology: IE, PW;
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Validation: KÖ, IE, LV; Visualization: IE; Writing e Original Draft Preparation:
IE; Writing e Review and Editing: IE, KÖ, PW, LV

SUPPLEMENTARY MATERIAL

Supplementary material is linked to the online version of the paper at www.
jidonline.org, and at https://doi.org/10.1016/j.jid.2023.01.036.

REFERENCES

Alonso-Curbelo D, Riveiro-Falkenbach E, Pérez-Guijarro E, Cifdaloz M,
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Cell culture and conditions

All experiments were performed according to the ethical
principles of the Helsinki declaration and approved by the
Ethical Review Board at Linköping University (Linköping,
Sweden). Human primary melanocytes obtained from fair-
skinned donors by foreskin circumcisions (aged 0e7 years,
parental-written informed consent) were purified and estab-
lished in cell cultures as previously described (Andersson
et al., 2001). Cells were cultured in Medium 199 with sup-
plements, and experiments were performed at passages 2�7.
No cells were cultured for more than 3 weeks in total. Four
melanoma cell lines — WM115 and WM278 (Rockland
Immunochemicals, Limerick, PA), FM55P (Sigma-Aldrich, St.
Louis, MO), and SkMel28 (ATCC, Manassas, VA) — were
cultured in DMEM medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin (all from Gibco, Paisley, United Kingdom). The cell
lines were aliquoted and frozen in vials when received, each
vial was cultured for a maximum of 3 months, and myco-
plasma was checked for regularly. Cells were seeded to reach
a confluency of 80% on the day of the experiment. Lysosomal
stress was induced by exposing cells to the lysosomotropic
agent L-leucyl-L-leucine methyl ester (0.1�1 mM). In
selected experiments, cells were pretreated with 10 mM
kinesore (Sigma-Aldrich) for 60 minutes.

Transfection of cells

Cells were transfected with Cell Light Lysosomes-GFP Bac-
Mam 2.0, Cell Light Rab7a-GFP BacMam 2.0, or the negative
transduction control Cell Light Null Control 2.0 (25 particles
per cell, Thermo Fisher Scientific, Waltham, MA) for 24 hours
before the experiments. Depletion of Rab7a was performed
with 10 nM of small interfering RNA (S102662240) for 24
hours using HiPerFect Transfection Reagent (all from Qiagen,
Germantown, MD) in SkMel28 cells. A scrambled sequence
without homology to mammalian genes was used as a
negative control (AllStars negative control, S103650318,
Qiagen).

Viability

Cell viability was analyzed using the crystal violet assay.
Cells were fixed in 4% paraformaldehyde at 4 �C and stained
with crystal violet (0.04% in 1% ethanol) for 20 minutes at
room temperature. The crystal violet was then solubilized in
1% SDS, and absorbance was analyzed at 550 nm using a
Wallac 1420 Victor Plate Reader (PerkinElmer, Waltham,
MA).

Digitonin extraction of cytosol

Cytosolic extracts and membrane fractions were obtained by
solubilizing the plasma membrane using digitonin (20 mg/ml,
Sigma-Aldrich) as previously described (Appelqvist et al.,
2011; Eriksson et al., 2020). For positive controls of
maximum release, 200 mg/ml digitonin was used.

Analysis of lysosomal damage using acridine orange

Membrane damage was assessed using a modified protocol
of acridine staining, previously described by Persson et al.
(2020). Cells were stained with 2 mg/ml acridine orange in
a complete cell culture medium, incubated for 15 minutes at
37 �C, and then washed twice for 5 minutes in a phenol-free
complete cell culture medium. The change in green fluo-
rescence was monitored (lex 490 nm/lem 535 nm) using a
SPARK10M multimode microplate reader (Tecan, Männedorf,
Switzerland).

Analysis of cytosolic N-acetyl-b-D glucosaminidase activity

The enzymatic activity of N-acetyl-b-D glucosaminidase was
analyzed in digitonin-extracted cytosolic fractions to deter-
mine lysosomal stability. Sodium acetate buffer (0.1 M, pH
5.6) containing 20 mg/ml digitonin was added to a 96-well
plate and incubated for 12 minutes on ice with gentle
agitation. The supernatant containing the cytosolic extract
was collected and incubated at 37 �C for 40 minutes with
0.2 mol/l citrate buffer containing 0.8 mmol/l 4-
methylumbelliferyl-2-acetamido-2-deoxy-b-d-glucopyrano-
side (Sigma-Aldrich). Fluorescence was determined (lex 360
nm, lem 460 nm) using a SPARK10M multimode microplate
reader (Tecan).

Analysis of extracellular protein levels

Cell culture media was collected 24 hours after addition.
Samples were concentrated and desalted using Amicon Ultra
centrifugal filter devices, and albumin was depleted using
Pierce Albumin Depletion Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions before subjection
to western blot.

Immunoblot analysis

Samples were subjected to western blot as described previ-
ously (Eriksson et al., 2020) using 10�20 mg of protein.
Membranes were stained for total protein using No-Stain
Protein Labeling Reagent (Thermo Fisher Scientific) before
subjection to antibodies. The following primary antibodies
were used: cathepsin D or cathepsin B (number 01-12-
030104, number 01-12-030102, Athens Research and Tech-
nology, Athens, GA), CHMP4B (number 13683-1-AP,
ProteinTech, Rosemont, IL), galectin-3 (number 556904, BD
Pharmingen, San Diego, CA), GAPDH horseradish peroxidase
(NB300-328, Novus Biologicals, Littleton, CO), KIF5B (num-
ber ab167429, Abcam, Cambridge, United Kingdom), LAMP2
(number 9840-01, Southern Biotech, Birmingham, AL), MITF
(number MA5-37695, Thermo Fisher Scientific), p62 (number
610498, BD Pharmingen), Rab7a (number 9367S, Cell
Signaling Technology, DanversMA), and TFEB (number A303-
637A, Thermo Fisher Scientific). The following secondary
antibody was used: horseradish peroxidase�conjugated anti-
rabbit antibody (P0448, 1:3,000, Dako, Glostrup, Denmark).
Densitometric analysis was performed using the Image Lab
Software (Bio-Rad Laboratories, Hercules, CA).

Live-cell imaging of lysosomal activity

Lysosomes were stained with LysoTracker Red DND-99 (200
nM, Thermo Fisher Scientific) or Magic Red (1:130, Bio-Rad
Laboratories), incubated for 30 minutes, and then washed
with phenol-free complete medium. Cells were analyzed in
live-cell conditions (37 �C), and Z-stack images were ob-
tained using a Zeiss LSM 800 confocal microscope (�63
objective, numerical aperture of 1.4; Carl Zeiss, Oberkochen,
Germany). For lysosomal speed, two-dimensional time-lapse
images were obtained every third second for 1 minute. Tracks
for >100 lysosomes were analyzed for each sample. For
analysis of Magic Red�positive lysosomes in the cells,
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ImageJ (National Institutes of Health, Bethesda, MD) was
used to segment cells as described under image analysis in
the main text.

Immunocytochemistry

Cells cultured on glass coverslips were prepared for immu-
nocytochemistry as previously described (Eriksson et al.,
2020). The following primary antibodies were used:
cathepsin D (number 01-12-030104, Athens), CHMP4B
(number 13683-1-AP, ProteinTech), galectin-3 (number
556904, BD Pharmingen), LAMP2 (number 9840-01,
Southern Biotech), melanosomal marker glycoprotein 100
(number MON7006-1, Monosan, Uden, Netherlands), p62
(number 610498, BD Pharmingen), Rab7a (number 9367S,
Cell Signaling Technology), and tubulin b3 (number NB110-
57611, Novus Biologicals). Samples were incubated over-
night in a humidified chamber at 4 �C, rinsed, and probed
with secondary antibodies conjugated to Alexa Fluor dyes
(Molecular Probes, Eugene, OR). Coverslips were washed
and mounted in ProLong DIAMOND Antifade Reagent with
or without DAPI (Invitrogen, Paisley, United Kingdom). For
LysoTracker staining on fixed samples, 200 nM LysoTracker
Red DND-99 (Thermo Fisher Scientific) was added 30 mi-
nutes before fixation.

Confocal microscopy on fixed specimens

The specimens were examined in a Zeiss LSM laser scanning
confocal microscope using a �40 objective of the numerical
aperture of 1.3 (Carl Zeiss) with an optical section thickness
of 0.9 mm (1 Airy unit). For image analysis, Z-stack images
from �4 randomly selected areas were obtained and
analyzed (�20 cells per cell type). When comparing mela-
nocytes and malignant melanomas with each other, cells
were seeded and treated simultaneously, and all images were
obtained in the same session, using identical settings for
image acquisition and analysis.

Analysis of lysosomal pH

Cells were loaded with the pH-sensitive pHrodo Green
(10,000 molecular weight, 0.1 mg/ml, 30 minutes, followed
by a 30-minute chase, Life Technology) to detect acidic ly-
sosomes, and the pH-insensitive Alexa 594 (10,000 molec-
ular weight, 0.1 mg/ml, 24 hours, followed by 2-hour chase,
Life Technology) to detect all lysosomes. Cells were analyzed
in live-cell conditions (37 �C), and Z-stack images were ob-
tained using a Zeiss LSM 800 confocal microscopy (�63
objective, numerical aperture of 1.4, 400 nm sections, Carl
Journal of Investigative Dermatology (2023), Volume 143
Zeiss). For analysis of pHrodo-positive lysosomes in the cells,
ImageJ was used to segment cells as described under image
analysis in the main text.

Cell migration and proliferation

To determine migration, confluent cultures were scratched
using a p200 pipette tip. Debris was removed by washing the
cells with PBS, and a fresh culture medium was added. Im-
ages, captured at the same location, were obtained imme-
diately after the scratch and after 24 hours. The images were
then analyzed using ImageJ. Proliferation was assessed in
cultures seeded at low density (4,000�8,000 cells/cm2) 72
hours after seeding using crystal violet assay, as described in
the viability section.

Statistical analysis

The experiments were performed in melanocytes from four
healthy donors and four melanoma cell lines, where each
donor per cell line was considered a biological replicate.
Results from all donors (melanocytes) or cell lines (malignant
melanomas) are shown. Each donor per cell line is defined by
an individual symbol. The results from individual melanoma
cell lines show a higher spread than that in the melanocytes
from healthy donors. However, none of the melanoma cell
lines is a general outlier, and therefore we choose to group
the results for melanocytes and melanomas, respectively.
Statistical evaluation was performed in GraphPad Prism 8
Software (version 8.4.3, GraphPad Software, San Diego, CA)
using two-sided t-test between two groups and one-way
ANOVA followed by Dunnett’s or Sidak’s multiple compari-
son post-test for >2 groups. Differences were considered
significant at a P � 0.05.
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Supplementary Figure S1. Lysosomal leakage in MCs and malignant melanoma. (a) Acridine orange-stained WM115 melanoma observed during exposure to

0.25 mM LLOMe, showing the shift from red to green fluorescence, indicating lysosomal leakage. (b) Immunoblot from Figure 1c, showing purity of

fractions using LAMP2 as a lysosomal membrane marker and GAPDH as a cytosolic marker. (c) Fluorescence images of MCs and WM115 MM showing the

release of Cat D to the cytosol after LLOMe (0.25 mM, 15 min). Cat D is in green; LAMP2 as a lysosomal marker is in red, with yellow indicating colocalization.

Bar ¼ 10 mm. CAT D, cathepsin D; Ctrl, control; LLOMe, L-leucyl-L-leucine methyl ester; max, maximum; MC, melanocyte; min, minute; MM, malignant

melanoma.
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Supplementary Figure S2. Lysosomes are more active in MM. Shown are lysosomal characteristics in human MCs from four different donors and the MM cell

lines FM55P (B or 1), WM115 (⬜ or 2), SkMel28 (O or 3), and WM278 (P or 4). (a) The number of LysoTracker-positive lysosomes in each cell, correlated to the

cell area, and (b) the mean lysosomal size of LysoTracker-positive lysosomes. (c) The number of Magic Red�positive lysosomes, correlated to the cell area; and

(d) the mean lysosomal size of Magic Red�positive lysosomes. (e) Quantification of Magic Red fluorescence intensity correlated to the cell area. (f) Lysosomal

speed and (g) distance traveled in LysoTracker Red�stained cells, and (h) lysosomal speed and (i) distance traveled in Magic Red�positive cells, analyzed during

one minute under live-cell conditions. (j) Immunoblot of LAMP2, MITF, and TFEB in MCs and melanoma, with corresponding quantifications. *P < 0.05, **P <

0.01, and ***P < 0.001. MC, melanocyte; MM, malignant melanoma.
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Supplementary Figure S3. Recruitment of damage-response mechanisms after lysosomal damage. Human melanocytes from four different donors and the

malignant melanoma cell lines FM55P (B), WM115 (⬜), SkMel28 (O), and WM278 (P) were exposed to LLOMe. (a) Representative image of WM278 exposed

to 0.25 mM LLOMe for 30 minutes. Insets show immunostaining of CHMP4B (pink) and LAMP2 (green), detected in separated channels, and colocalization

presented in white in merged images. Nuclei are stained in blue with DAPI. (b) Representative images showing loss and recovery of LysoTracker staining in

melanocytes and WM278 exposed to 0.25 mM LLOMe. (c) Representative image of SkMel28 exposed to 0.25 mM LLOMe for 60 minutes. Insets show

immunostaining of p62 (pink) and LAMP2 (green) in separate channels and colocalization visualized in white in merged images. Nuclei are stained in blue with

DAPI. (d) Representative images of galectin-3 (green) and CHMP4B (red) in melanocytes in WM278 cells exposed to 0.25 mM LLOMe for 1 hour,

with colocalization analysis for all cell lines per donors below. (e) Immunoblot of CHMP4B, galectin-3, and p62 in melanocytes and melanoma with

corresponding total protein stain and densitometric analysis. (f) Live-cell image of WM115 showing the merged image of LysoTracker (green, inset) and Alexa

Fluor 546 dextran (orange, inset), with colocalization visualized in yellow. (g) Live-cell image of FM55P showing the merged image of LysoTracker (red inset)

and pHrodo green (inset). (h) Representative images of CHMP4B-positive (green) and Galectin-3�positive (red) lysosomes in melanocytes and WM278 exposed

to 0.25 mM LLOMe for 1 hour. Bar ¼ 10 mm. **P < 0.01. Ctrl, control; h, hour; LLOMe, L-leucyl-L-leucine methyl ester; MC, melanocyte; min, minute; MM,

malignant melanoma.
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Supplementary Figure S4. Additional

information on western blots. (a) Total

protein staining of the immunoblot

shown in Figure 4, on human

melanocytes from four different

donors and the malignant melanoma

cell lines FM55P (1), WM115 (2),

SkMel28 (3), and WM278 (4). (b)

Immunoblot of KIF5B and GAPDH in

the four melanoma cell lines.

Supplementary Figure S5. Pigmentation in the malignant melanoma cell lines. Shown is the immunostaining of the melanosomal marker glycoprotein 100 in

the malignant melanoma cell lines.
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Supplementary Figure S6. Immunofluorescence images of all melanocyte and malignant melanoma cell lines shown in the figures.
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Supplementary Figure S6. Continued.
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Supplementary Figure S6. Continued.
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Supplementary Figure S6. Continued.
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Supplementary Figure S6. Continued.
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Supplementary Figure S6. Continued.
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