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ABSTRACT
Macroautophagy/autophagy is a dynamic and inducible catabolic process that responds to a variety of
hormonal and environmental cues. Recent studies highlight the interplay of this central pathway in a
variety of pathophysiological diseases. Although defective autophagy is implicated in melanocyte
proliferation and pigmentary disorders, the mechanistic relationship between the 2 pathways has not
been elucidated. In this study, we show that autophagic proteins LC3B and ATG4B mediate melanosome
trafficking on cytoskeletal tracks. While studying melanogenesis, we observed spatial segregation of LC3B-
labeled melanosomes with preferential absence at the dendritic ends of melanocytes. This LC3B labeling
of melanosomes did not impact the steady-state levels of these organelles but instead facilitated their
intracellular positioning. Melanosomes primarily traverse on microtubule and actin cytoskeletal tracks and
our studies reveal that LC3B enables the assembly of microtubule translocon complex. At the microtubule-
actin crossover junction, ATG4B detaches LC3B from melanosomal membranes by enzymatic delipidation.
Further, by live-imaging we show that melanosomes transferred to keratinocytes lack melanocyte-specific
LC3B. Our study thus elucidates a new role for autophagy proteins in directing melanosome movement
and reveal the unconventional use of these proteins in cellular trafficking pathways. Such crosstalk
between the central cellular function and housekeeping pathway may be a crucial mechanism to balance
melanocyte bioenergetics and homeostasis.
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Introduction

Lysosome-related organelles are unique vesicular compartments
that perform specialized functions in diverse cell types.1 Melano-
cytes produce pigment-containing organelles, melanosomes, that
are routinely transferred to neighboring keratinocytes in human
skin.2-5 While the basal state of melanosome biogenesis and
transfer maintains epidermal homeostasis, this process is aug-
mented by ultraviolet radiations to protect cells from photo dam-
age.4,6,7 Surprisingly, no active pathways for melanosome
removal has been thus far identified.8-10 The only known path-
way of melanosome elimination is through the periodic shedding
of keratinocytes via tissue cornification and desquamation.11-13

Several studies over the years have implicated aberrant melano-
some turnover to melanoma malignancies.14,15

Autophagy has emerged as an important homeostatic process
that maintains energetic balance by recycling of damaged organ-
elles.16-19 During the selective clearance of organelles such as mito-
chondria, ribosomes and peroxisomes, organelle-specific adaptor
proteins initiate assembly of classical autophagic machinery.20-22 In

all these cases, mammalian orthologs of yeast Atg8 are processed
by the cell to become autophagosome-associated molecules. As an
example, MAP1LC3B/LC3B (microtubule-associated protein 1
light chain 3 b), a small 18-kDa protein of the LC3 family is proc-
essed from the cytosol recruited and is present during the entirety
of this autophagic process.23 Several roles for this protein have
been assigned including phagophore elongation and closure, cargo
recognition, autophagosome maturation and movement.24-26 LC3-
family proteins are processed andmodified by conjugation to phos-
phatidylethanolamine (PE) to generate a membrane-bound LC3-II
(16-kDa) form. This modification process of LC3 is catalyzed by
ATG4 (autophagy-related 4, cysteine peptidase) along with ATG3
(autophagy-related 3) and ATG7 (autophagy-related 7) ubiquitin-
like conjugating and activating enzymes, respectively.27 The ATG4
protease is also known to detach LC3-II from membranes after its
fusion to lysosomes by delipidating the PE chain.28,29 The presence
of LC3 on melanosomes within melanocytes has been reported,
however, the functional significance of such localization remains
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ambiguous. A recent study has attributed autophagic clearance of
melanosomes in keratinocytes based on increased LC3 flux.31

Labeling of organelles with LC3 is not sufficient to indicate auto-
phagic degradation,32,33 and several noncanonical functions of LC3
are now emerging.34-36

In melanocytes, melanosome biogenesis primarily commen-
ces at the perinuclear region within melanocytes.37,38 Melano-
some acquires melanogenic enzymes by sequential trafficking
that utilizes endosomal machinery.39-41 The 4 stages of melano-
some maturation are characterized by their unique ultrastruc-
tural morphology along with melanin content.3,42 These
pigment-containing organelles then migrate on microtubule
tracks to reach cell periphery, where they are translocated to
actin filaments and are subsequently transferred to neighboring
keratinocytes.37,38 While the molecular machinery involved in
actin-mediated melanosome trafficking is well characterized,
involving RAB27A (RAB27A, member RAS oncogene family),
MLPH (melanophilin) and MYO5A (myosinVA), the motor
assembly required for microtubule (MT) movement is less
understood.37 Recent studies have now implicated the role of
RAB1A (RAB1A, member RAS oncogene family)43 and KIF5B
(kinesin family member 5B) in the anterograde trafficking of
melanosomes on MT tracks through an adaptor protein
PLEKHM2/SKIP (pleckstrin homology and RUN domain con-
taining M2).44 Incidentally, there seems to be redundancy in
translocation complexes for organelles, and clusters of motor
protein through a variety of protein complexes are proposed to
enhance transport processivity.45-47

While studying melanogenesis we unexpectedly observed a
marked increase in LC3B flux within melanocytes. Microscopy-
based quantitative analysis revealed a subset of melanosomal
population to be labeled with LC3B, which also showed a dis-
tinct spatial pattern. We show that LC3B makes melanosomes
competent to move on MT tracks. Remarkably, another auto-
phagic effector protein ATG4B mediates melanosomal cross-
over to actin filaments by detaching LC3B through
delipidation. Our study elucidates a new role of classical auto-
phagic proteins in mediating movement of melanosomes, an
important physiological process involved in protecting genomic
DNA damage from ultraviolet radiations.

Results

LC3B is not localized on all melanosomes and shows
unique spatial distribution within melanocytes

Previous studies indicate presence of the autophagic marker
LC3B on melanosomes30,48 however, the biological significance
could not be established and it is not understood whether mela-
nosomes are cleared through the process of selective auto-
phagy.49 We first examined B16 melanoma cells to investigate
the functional aspects of LC3B on these pigment-containing
organelles. Immunofluorescence analysis showed a punctate
colocalization for LC3B on melanosomes, which is detected by
the HMB45 monoclonal antibody that recognizes PMEL/
PMEL17 (premelanosome protein) (Fig. 1A). This antibody in
an earlier study has been suggested to primarily label immature
melanosomes.50 Analysis of immunofluorescence images showed
overlap coefficient (OC) and Pearson correlation coefficient

(PCC) of the order of 0.6 (Fig. 1A), suggesting that not all mela-
nosomes were labeled with LC3B. This colocalization could also
be replicated in primary melanocytes where pigmented melano-
somes could be detected by brightfield microscopy. As shown in
Fig. 1B, we observe colocalization pixels for PMEL and LC3B to
be present on mature melanosomes. Similar immunolocalization
was also observed using TYRP1 (tyrosinase-related protein 1)
and LC3B in B16 cells (Fig. S1). We further examined the coloc-
alization of the LC3B presence on melanosomes in B16 cells, by
overexpressing GFP-labeled GPR143/OA1 (G protein-coupled
receptor 143), MLANA/MART1 (melan-A), and RAB27A con-
structs separately along with mCherry-LC3B and tracking the
movement of the colocalized spots over a period of time by using
live imaging. The colinear movement of the 2 fluorophores pro-
vided further confidence of LC3B localization on melanosomes.
The Pearson correlation coefficient was estimated to be about
0.80 (Fig. 1C, Video S1, S2, S3). GPR143, MLANA and RAB27A
have all been reported to predominantly label melanosomes.51,52

As also noted in other studies, the differences between overlap
coefficients of endogenous and overexpression conditions is
attributed to the enhanced expression of protein levels due to
overexpression. Further, immunogold electron microscopy
(IEM) studies showed LC3B to be present on pigmented mela-
nosomes in the ultrathin microsections of B16 cells embedded in
LR-white resin (Fig. 1D, Fig. S2). Since the antibody can also
detect cytoplasmic LC3B, some puncta can also be seen in the
cytoplasm.

Careful examination of ICC images suggested low abun-
dance of LC3B-labeled melanosomes at the dendritic tips
(Fig. 1E). Quantitative analysis of many cells revealed that
about two-thirds of the melanosomal population in each cell
was labeled with LC3B. The remaining 30% of melanosomes in
melanocytes did not colocalize with LC3B. We then estimated
colocalized and noncolocalized melanosomal pixels within the
B16 cells. Toward this, serial z-stack optical sections of
»500 nm of B16 cells were taken from one end of the cell
periphery to the other end. We took the XY plane along the Z
axis of the cell, thereby encompassing the total XYZ dimension
of the cell. The number of colocalized and noncolocalized mela-
nosomal pixels (PMEL and LC3B) after baseline subtraction
was estimated for each section individually. The fraction of
LC3B and PMEL-positive melanosomes in each grid was esti-
mated and is plotted as a pie chart, which shows a clear enrich-
ment of LC3-labeled melanosomes at the center of the cell for
one single cell. We observed similar enrichment in ND 25 cells.
The raw data for 5 representative cells have been included in
File S1. Fig. 1F shows the image from dendritic tip to cell center
and plots the fraction of LC3B and PMEL-positive melano-
somes in each grid is represented as a pie chart. This analysis
clearly showed enrichment of LC3-labeled melanosomes in the
center of the cell and absence at the periphery was observed.

LC3B present on melanosomes is lipidated
at the C terminus

To understand whether LC3B on melanosomal membranes
corresponds to the classical lipidated form (LC3-II), we trans-
fected N or C terminus mCherry-tagged LC3B expression
plasmids along with GPR143-GFP. Membrane-associated
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LC3 requires C-terminal cleavage of cytoplasmic LC3 (LC3-
I), followed by phosphatidyethanolamine (PE) modification
(LC3-II).27 LC3B-melanosome colocalization analysis showed
discrete punctate spots for N terminus-tagged mCherry-
LC3B, while C terminus-tagged LC3B-mCherry showed no
colocalization (Fig. 2A). Western blot analysis confirmed
expression of both these fusion-proteins and thus absence of
colocalization for the C terminus construct indicated process-
ing of LC3B protein from the C terminus end (Fig. S3A). The
expression of mutant LC3B where the glycine (G) 120 residue
has been replaced by alanine (G120A), which cannot undergo
proteolytic cleavage, also failed to localize on melanosomes,
supporting the prerequisite of C terminus processing
(Fig. 2A). Further confidence for these studies was provided
by the biochemical analysis of various melanosomal fractions
obtained from sucrose density gradient ultracentrifugation of
B16 cellular lysates. Analysis of late melanosomal fraction
showed a clear enrichment of 16-kDa band, which corre-
sponds to the PE-conjugated LC3 (LC3-II) (Fig. 2B). Such
sedimentation equilibrium studies permits relative enrich-
ment of organelle fractions and the 18-kDa band observed in
the early melanosome fraction is due to the presence of other

cellular components (Fig. S4), which is also seen by the west-
ern blot analysis.

LC3B regulation during pigmentation

In an earlier study, we had developed a pigmentation oscillator
wherein the depigmented B16 cells maintained in DMEM
medium can slowly (in 10 d) be induced to produce pigment
by plating cells at low density53 (Fig. S5). We examined time-
dependent changes in LC3B levels during various days of pig-
mentation using western blot. While D0 of this cycle showed
primarily the 18-kDa band corresponding to LC3-I, formation
of LC3B-II (16 kDa) could be seen beginning from D4
(Fig. S6A). Quantitative analysis of LC3B-II expression showed
approximately 12-fold increase during D4, D6 and D8
(Fig. S7F). We also simultaneously observed increase in the
LC3-I levels. The ratio of LC3B-II to LC3B-I, showed a 2.5-fold
increase during pigmentation which suggested increased auto-
phagic flux (Fig. S6B). The cells during pigmentation phase in
the oscillator model are not replenished with fresh medium, we
therefore wanted to examine whether induction of LC3B is not

Figure 1. LC3B localization on melanosomes shows spatial distribution in melanocytes. (A) Immunofluorescence micrographs of B16 cells immunostained with melano-
some-specific monoclonal antibody HMB45 along with LC3B. Pearson correlation coefficient (PCC) and overlap coefficient (OC) between LC3B and PMEL for the entire cell
were calculated (n > 10). Scale bar: 5 mm. (B) Immunofluorescence micrographs of pigmented primary human melanocyte cells immunostained with PMEL and LC3B.
Melanosomes were detected under brightfield microscopy as dark granules of melanin. Overlap between each set in shown in the inset. Scale bar: 5 mm. (C) Live imaging
snapshots of mCherry-LC3B coexpressed with melanosomal markers GPR143-GFP, MLANA-GFP and RAB27A-GFP showed a high degree of colocalization. The colocaliza-
tion was quantified by measuring the Pearson correlation coefficient (PCC) as shown in the inset (n > 10). Scale bar: 5 mm. (D) Immunogold electron microscopy (IEM)
studies confirm presence of LC3B on melanosomes. High magnification images of B16 cells immunostained with anti-LC3B antibody (secondary antibody conjugated to
10-nm gold beads) marked by white arrowheads. Scale bar: 100 nm. (E) Immunofluorescence micrograph of B16 cells immunostained with PMEL and LC3B. Pearson corre-
lation coefficient between LC3B and PMEL at the dendrites and cell center is represented in the inset. Spatial distribution for colocalized pixels observed. Scale bar: 5 mm.
N > 10. (F) Serial z-sections were imaged using confocal microscopy at approximately 500 nm from the cell periphery to cell center. Quantification of colocalized pixels is
plotted as pie chart for each stack. Red represents melanosome pixels devoid of LC3B while white represents LC3B colocalized melanosomal pixels. Increased colocaliza-
tion of melanosomes and LC3B-II is observed in sections spanning center of the cell. Melanosomes devoid of LC3B were mainly present at the dendritic tips. N > 25.
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an outcome of starvation-induced autophagy.54 Our earlier
observation showed that B16 cells in DMEM-F12 medium even
at low density do not undergo a similar process of pigmentation
(Fig. S7A, S7B). We thus compared the changes in the expres-
sion of LC3B-II under pigmenting and nonpigmenting condi-
tions. Cells cultured in the DMEM and DMEM-F12 media
were harvested from the pigmentation phase of D0 to D10.
Western blot analysis of LC3B-II showed a 4-fold increase on
comparison between the pigmenting and nonpigmenting con-
ditions (Fig S7D, S7E). This suggests that the increased levels of
LC3B-II during pigmentation are independent of starvation
and may in fact be related to melanogenesis process. Cell cycle
analysis also showed no appreciable differences in their overall
growth profiles under the 2 culturing conditions (Fig. S7C).

The increase in LC3B levels during pigmentation was rather
confounding. While our microscopy studies showed presence of
LC3B onmelanosomes, the changes in LC3B-II flux could also be a
consequence of increased formation of autophagic compartments
involving degradation of other cellular cargoes or organelles.
Because both autophagosomes andmelanosomes can be visualized
by EM, we performed quantitative analysis of these 2 organelles
during the pigmentation cycle of this oscillator. Ultrastructural
analysis showed a clear increase in melanosome numbers with
greater number of mature melanosomes (dark granules) during

D4, D6, D8 and D10 cells (Fig. S6C, S6D). On the contrary, there
were very few double-membrane vesicles indicating no significant
differences in the autophagosome numbers (Fig. S6C, S6D),
thereby establishing that increase in LC3B flux is not leading to
autophagic degradation of melanosomes.

Autophagic pathway analysis during pigmentation

All the above studies suggested that during pigmentation pro-
cess there are no significant changes in basal autophagy. We
then assessed whether the alteration in the autophagy pathway
by known pharmacological effectors could impact melano-
somes and thereby pigmentation.55,56 Interestingly, autophagic
induction with rapamycin enhanced pigmentation (Fig. S8A,
S8B) whereas wortmannin mediated inhibition of autophagy
led to a reduction in pigment accumulation (Fig. S8C, S8D).
Similar observations have been previously reported for primary
melanocytes.30,57 To carefully examine various stages of auto-
phagic activation, we monitored protein levels of MTOR
(mechanistic target of rapamycin), ULK1 (unc-51 like kinase 1)
and conjugation complexes. Western blot analysis of ULK1
complexes and ATG3 (autophagy-related 3) showed a slight
increase in the expression during the pigmentation cycle. At
the same time MTOR, ATG5 (autophagy-related 5), and

Figure 2. Lipidated LC3B localizes on melanosomes. (A) Live imaging snapshots of B16 cells cotransfected with GPR143-GFP and mCherry-LC3B. While N-terminal-tagged
mCherry-LC3B showed localization on melanosomes as observed in the merged image, C-terminal-tagged LC3B-mCherry was absent from melanosomes. The LC3BG120A

mutant that is resistant to proteolytic cleavage also failed to colocalize on melanosomes. The localization between GPR143-GFP and mCherry-LC3B for each condition is
shown in the insets. Scale bars: 5 mm. (B) Schematic representation for melanosome isolation and purification from tumors using sucrose gradient centrifugation. Western
blot analysis of purified melanosome protein fractions shows enrichment of LC3B-II (16 kDa) in both early and late melanosomes that represents the lipidated fraction of
LC3B.
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ATG12 (autophagy-related 12) showed no differences in pro-
tein levels (Fig. S8E). However, we observed a significantly
increased expression for BECN1 (Beclin 1, autophagy related)
and LC3B in B16 oscillator model (Fig. S8E). This parallels the
earlier report, where BECN1 knockdown affects pigmentation.
BECN1 has pleotropic roles and thus can affect a variety of cel-
lular functions.58 Recent studies have identified LC3B presence
on variety of nonautophagic vesicles,35,59 and we therefore fur-
ther examined this in the context of melanosome biology.

We simultaneously analyzed the localization of LC3B on
melanosomes under starvation conditions, wherein activation
of the classical autophagy pathway would be induced. After
treating B16 cells transfected with GPR143-GFP and mCherry-
LC3B, for 8 h with 1X Hank’s balanced salt solution (starva-
tion), we observed an increase in the number of autophago-
some puncta in starved cells as expected; however, no change
in the localization of LC3B on GPR143 melanosomes was
observed under these conditions, as accounted by the PCC and
OC values. (Fig. S6E). Further, ultrastructural analysis by elec-
tron microscopy was performed to assess the maturation status
of melanosomes under starvation condition. While we clearly
observed an increased number of double-membrane autopho-
gosomes, no significant changes were seen in the numbers of
mature (stage III and IV) melanosomes. Together, these data
suggested that localization of LC3B on melanosomes remained
unaltered on induction of classical autophagy (Fig. S3B, 3C).
Similar observations have been reported in MNT-1 cells where
induction of autophagosome formation does not alter melanin
accumulation within cells.30

LC3B does not play a role in biogenesis of melanosomes

Melanosome biogenesis and maturation process require
sequential delivery of proteins through vesicular trafficking.3

Since LC3B flux is significantly enhanced during pigmentation
process, we reasoned that LC3B might have a role to play dur-
ing melanosome formation. We therefore monitored pigmenta-
tion after knockdown of LC3B using siRNA. This analysis was
performed in B16 cells as well as in primary melanocytes. Inter-
estingly, despite significant reduction in LC3B levels, we
observed no change in pigment accumulation in the pelleted
cells (Fig. S9A). We then examined expression levels of genes
associated with melanosome biogenesis and maturation after
LC3B knockdown. Since lysosome biogenesis intersects with
the melanosomal pathway,60 we also included lysosome biogen-
esis genes during analysis. The central melanogenesis transcrip-
tion factor Mitf (microphthalmia-associated transcription
factor)61 was used as the positive control in this experiment
(Fig. S10). Real time-based PCR analysis using B16 mouse mel-
anoma cells showed no significant changes for genes involved
in melanosome maturation (Tyr [tyrosinase], Dct [dopachrome
tautomerase] and Tyrp1 [tyrosinase-related protein 1]) and
melanosome biogenesis (such as the Bloc [biogenesis of lyso-
somal organelles complex], Hps [Hermansky-Pudlak syn-
drome] and Ap-3 [adaptor-related protein complex 3])
complexes (Fig. S9B). Also lysosome biogenesis genes such as
Lamp1 (lysosomal-associated membrane protein 1), Ctsa
(cathepsin A), Hexa (hexosaminidase A) and Arsa (arylsulfa-
tase A) also showed no significant changes in their expression

levels (Fig. S9B). Western blot analysis for some of the key pro-
teins involved during the pigmentation upon knockdown of
LC3B is shown in Fig. S9C. Densitometry quantification, when
compared with loading control, showed no significant downre-
gulation for all these proteins (Fig. S9D); however, we observed
a slight increase in the levels of TYRP2 and PMEL after LC3B
knockdown. We also analyzed the maturation status of melano-
somes following LC3B knockdown, by analyzing the ultrastruc-
tural details using electron microscopy. We observed no
significant changes in the levels of mature (stage III and IV)
melanosomes on disruption of endogenous LC3B from B16
cells (Fig. S10D). At the same time, we did not observe accumu-
lation of any vesicles or vacuoles near ER or Golgi, which indi-
cates an absence of any defects in protein trafficking. Next, we
monitored the targeting of TYRP1 to PMEL-positive vesicles
after LC3B knockdown. The extent of colocalization between
TYRP1 and PMEL remained unaltered on endogenous disrup-
tion of LC3B. This suggested that the trafficking of key melano-
genic protein TYRP1 to melanosomes is not dependent on
LC3B (Fig S10E). Together, our studies suggest that LC3B do
not play a major role in regulating melanosome biogenesis or
maturation.

Knockdown of LC3B affects melanosome positioning
within melanocytes

We next performed microscopy analysis of B16 cells after the
LC3B knockdown (»65%). To our surprise, we observed a
perinuclear clustering of melanosomes and there was a signifi-
cant absence of melanosomes from the dendritic tips
(Fig. 3A). To quantitate the perinuclear aggregation, melano-
somes were labeled by the PMEL antibody, tubulin was used
to mark the melanocyte cell and DAPI to outline nucleus.
Corrected fluorescence intensities were binned into 2 concen-
tric circles that define perinuclear and peripheral region of
cells. This analysis was performed with more than 100 cells
(Fig. S11). Remarkably, this peculiar aggregation of melano-
somes around nucleus could be observed in about 80% of the
cells on quantitative analysis (Fig. 3B). Following exogenous
expression of siRNA-resistant wild-type (human) mCherry-
LC3B in these LC3B-depleted cells, a rescue of the aggregation
phenotype could be noted (Fig. 3C, D). Western blot data
showed that siRNA did not affect the overexpression of
human LC3B within these cells (Fig. 3C). Similar knockdown
studies with primary human melanocytes, hyperpigmented
B16 cells treated with POMC/a-MSH (pro-opiomelanocortin-
a) and with mouse melanocyte (MLANA [melan-A]) cells
also showed aggregation of melanosomes at the cell center,
both by the brightfield imaging as well as with PMEL immu-
nofluorescence (Fig. 3E, F, Fig. S12). Together, these studies
suggested that LC3B might have a role in the intracellular dis-
tribution of melanosomes.

To further probe into the defect in melanosome mobility, we
analyzed melanosome movement using confocal-based live
imaging upon LC3B knockdown. GPR143-GFP transfected
cells were treated with control and Lc3b siRNA (Fig. 4A, Video
S4, S5). Average speed for about 15,000 melanosomes in both
control and LC3B knockdown cells was calculated using Voloc-
ity software. While the average speed estimated for
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melanosome movement in the control set is 0.8 mm/sec, we
observed a marked decrease in the speed of melanosomes after
LC3B knockdown to about 0.2 mm/sec (Fig. 4B). This data
implicated that LC3B knockdown impacts movement of mela-
nosome within melanocytes.

Since LC3 was first identified as a light chain (LC-3) of
microtubule-associated protein 1 (MAP1) and 2 (MAP2)62,63

we wanted to probe whether this melanosome movement
defect is not a consequence of microtubule (MT) instability.64

We analyzed the structural integrity of microtubules after
knockdown of the LC3B isoform by using structured illumina-
tion microscopy. No structural perturbations were observed on
microtubule filaments following LC3B knockdown within B16
cells (Fig. 4C). We then specifically examined the positioning
and trafficking of mitochondria within cells that are also known
to utilize MT tracks.65 Mitochondria was labeled using Mito-
Tracker Red and melanosomes were labeled using PMEL anti-
body. On LC3 knockdown, interestingly, we observed no
change in the intracellular distribution of mitochondria,
whereas perinuclear clustering of melanosomes was observed

within same cells (Fig. 4D). This indicated that the trafficking
defect is specific to melanosomes with LC3B knockdown and is
not an off-target effect of alteration in MT arrangement.
Together, all the data indicated toward a role of LC3B in medi-
ating trafficking of melanosomes within melanocytes.

Role of LC3B in melanosome movement on microtubules

Melanosomes are understood to primarily originate from the
center of the cell and traverse on microtubule (MT) tracks to
reach the distal ends.66,67 At the dendritic ends melanosomes
crossover to actin filaments that are spatially enriched at the
cellular periphery.37,68 To explain the 2 observations of 1) pref-
erential absence of LC3B-labeled melanosomes from the den-
dritic tips and 2) perinuclear aggregation of the LC3-depleted
melanosomes, we reasoned that LC3B may be crucial for mela-
nosome movement on MT tracks but not on actin filaments.
We investigated this hypothesis by examining the localization
of melanosomes on cytoskeletal tracks within melanocytes.
Immunostaining of melanosomes with tubulin and actin

Figure 3. Knockdown of LC3B affects melanosome positioning within melanocytes. (A) Immunofluorescence analysis of melanosome localization as assessed by staining
with PMEL and tubulin. Perinuclear aggregation of melanosomes was observed with LC3B knockdown in B16 cells. Both control and experimental data was obtained
48 h post-transfection. Scale bar: 5 mm. (B) Quantification of cells with perinuclear melanosomal aggregation after siRNA-mediated silencing and gene complementation
of Lc3b in mouse B16 melanoma cells (n> 100). Bars represent mean§ s.e.m. across replicates. (C) Representative blot for the validation of gene knockdown by Lc3b-spe-
cific siRNA show substantial (65%) downregulation at the protein level (LC3-I:18-kDa and LC3-II:16-kDa) and further complementation with mCherry-tagged LC3B (LC3-
I:44-kDa and LC3-II:46-kDa) in the LC3B knockdown background. (D) Immunofluorescence images of B16 cells labeled with PMEL to assess melanosome positioning on
LC3B knockdown and rescue. Cells depleted of endogenous LC3B showed perinuclear clustering of melanosomes. On complementation with wild-type human LC3B we
observed a rescue in the aggregation phenotype of melanosomes. Scale bar: 5 mm. (E) Immunofluorescence analysis of melanosome localization as assessed by staining
with PMEL and tubulin. Perinuclear aggregation of melanosomes was observed on LC3B knockdown in B16 cells hyperpigmented with POMC. Both control and experi-
mental data was obtained 48 h post-transfection. Melanosome clustering could be observed in the brightfield microscopy. Scale bar: 5 mm. (F) Immunofluorescence anal-
ysis of melanosome localization as assessed by staining with PMEL and tubulin. Perinuclear aggregation of melanosomes was observed after LC3B knockdown in primary
human melanocytes. Both control and experimental data was obtained 48 h post-transfection. Melanosome clustering could be observed in the brightfield microscopy.
Scale bar: 5 mm.
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showed that melanosomes at the cell center localized on MT
whereas at the dendritic tips melanosomes were preferentially
present on actin (Fig. 5A). Quantitative analyses of these
images were performed by measuring the ratio of colocalized
pixels to total number of pixels in different serial sections of the
cell. The average percent colocalization pixels between
n > 10 cells are plotted in the Flow chart. While similar distri-
bution patterns for PMEL and LC3B, as well as PMEL and
tubulin could be seen in Fig. 5B, an exact opposite trend was
observed for PMEL and actin. In primary human melanocytes,
we performed similar analysis by observing melanosomes using
brightfield microscopy. Colocalization analysis showed that
melanosomes, which colocalize with actin filaments, show neg-
ligible overlap with LC3B and tubulin at the dendritic tips. In
contrast, melanosomes enriched on MT tracks at the cell center
substantially colocalize with LC3B (Fig. S13).

Further, we examined the effects of various microtubule-dis-
rupting agents on melanosome distribution. While the treat-
ment with nocodazole and vinblastine resulted in perinuclear
accumulation of melanosomes, paclitaxel showed melanosome
localization at cell periphery (Fig. 5C). Interestingly, this dis-
tinct difference in melanosome distribution is concordant with
the known action of these inhibitors, where nocodazole and
vinblastine interferes with MT polymerization from the plus
ends,69,70 and paclitaxel affects depolymerization of microtu-
bules from the minus ends.71 We confirmed that these

inhibitors did not alter the LC3B expression within the cells
(Fig 5D). Live imaging of melanosome dynamics in B16 cells
transfected with GPR143-GFP and mCherry-LC3B on addition
of nocodazole showed accumulation of LC3-labeled melano-
somes in the perinuclear region (Fig. 5E). This indicated that
even on distruption of MT tracks, LC3B was associated on mel-
anosomes. Disruption of actin filaments in B16 cells treated
with latrunculin B and jasplakinolide showed aggregation
around the nucleus. However, here the melanosomes did not
form tight perinuclear clustering and many melanosomes could
be found on the microtubule tracks (Fig. S14). This phenotype
may be due to the involvement of intermediary filaments. Bio-
chemical studies using glutathione-S-transferase-LC3B affinity
isolation with purified melanosome lysate also identified tubu-
lin peptides to be among the top hits by mass spectrometric
analysis (Fig. S15). All these studies suggest the key role of
LC3B in melanosome mobilization on microtubules.

Delipidation activity of ATG4B is crucial for translocation
of melanosomes onto actin filaments at dendrites

The presence of LC3B onmelanosomes during microtubule move-
ment and its absence during migration on actin filaments suggests
that LC3B could be detached from melanosomes at the actin-
microtubule junctions. Since LC3B is known to be detached from
autophagosome membranes involving delipidation by the ATG4B

Figure 4. Knockdown of LC3B does not affect microtubule dynamics. (A) Snapshots from live imaging of B16 cells upon knockdown of LC3B. Melanosome dynamics
within B16 cells with LC3B knockdown was assessed using confocal-based live-imaging. GPR143-GFP was used to monitor melanosome movement (n > 10). Scale bar:
5 mm. (B) Quantification of average speed for melanosomes (n > 15000) from control and LC3B knockdown set was quantified using Volocity software. Bars represent
mean § s.e.m. across replicates. Significant reduction in speed of melanosome movement is observed following LC3B knockdown. (C) Immunofluorescence analysis of
melanosome localization as assessed by staining with PMEL and tubulin using structured illumination microscopy. Perinuclear aggregation of melanosomes was observed
after LC3B knockdown in B16 cells. Both control and experimental data were obtained 48 h post-transfection. Structural integrity of microtubules was maintained in both
the control and LC3B knockdown data sets. Scale bar: 10 mm. (D) Immunofluorescence micrographs of B16 cells transfected with GPR143-GFP (melanosomes) and MITO-
dsRED (mitochondria) in control and LC3B knockdown conditions. While melanosome aggregation at cell center was observed on LC3B knockdown, mitochondrial posi-
tioning within cells remained unaffected (n > 10). Scale bar: 5 mm.
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enzyme,29,72 we probed the ATG4B role in melanosome move-
ment. siRNA depletion of endogenous ATG4B levels showed a
perinuclear aggregation of melanosomes (Fig. 6A, B). This aggrega-
tion defect was rescued on exogenous complementation with
human ATG4B construct. In contrast, the catalytically inactive
ATG4BC74A mutant could not rescue the aggregation defect
(Fig. 6A, C). We also performed colocalization analysis between
melanosomes and LC3B after ATG4B knockdown. While the con-
trol set showed a significant colocalization value between PMEL
and LC3B, the ATG4B knockdown set showed a decrease in over-
lap coefficient from 0.65 to 0.23 (Fig. S16A).

Incidentally, it is important to note that ATG4B performs
another important function, which is converting pro-LC3 to
LC3-I by C-terminal clipping at G120 before lipidation.73,28 To
dissect lipidation and delipidation function of ATG4B, we
directly expressed an LC3B-I construct (where amino acids 121
to 125 are deleted [LC3BΔ121–125]), in B16 cells, which can now
undergo lipidation without the requirement for ATG4B.87 Here,
only the delipidation activity will be compromised following
knockdown of ATG4B within cells. We first validated localiza-
tion of truncated LC3B protein on melanosome by coexpression
of GPR143-GFP and mCherry-LC3BD121–125 in B16 cells. In the
presence of the LC3 delipidation mutant protein, melanosomes

showed normal dispersion (Fig. S16B). Transfection of mCherry-
LC3BD121–125 in the ATG4B knockdown displayed an accumula-
tion of melanosomes in the intermediate region of the cell and
no melanosomes were observed in the dendritic periphery. Stain-
ing of actin with phalloidin dye showed complete absence of
melanosomes from these filaments (Fig. 6D). In contrast, tubulin
staining suggested that melanosomes are localized primarily at
the peripheral ends of microtubules (Fig. 6E).

To biochemically substantiate these findings, we isolated
melanosomes and examined whether purified ATG4B protein
can delipidate LC3B from melanosome membranes. Western
blot analysis on in vitro incubation of melanosomes with puri-
fied ATG4B protein showed decrease in the LC3B-II protein
with concomitant increase in the LC3B-I levels (Fig. 6F, G).
This provided strong support to the thesis that delipidation of
LC3B is mediated by ATG4B and is essential for translocation
onto actin filaments.

Knockdown of LC3B affects melanosome transfer
to keratinocytes

In skin, melanosomes are routinely transferred from melano-
cytes to keratinocytes to perform the crucial biological function

Figure 5. Role of LC3B in melanosome movement on microtubules. (A) Confocal imaging of melanosomes on tubulin and actin networks. Top panels show labeling of melano-
somes with PMEL (in red) and tubulin (in green). In the lower panel, melanosomes are labeled with PMEL (in red) and actin tracks (in green) are labeled with phalloidin. Scale
bars: 5 mm. (B) Spatial colocalization analysis of melanosome with LC3B, tubulin and actin in B16 cells. Percentage of colocalized pixels for PMEL with LC3B, tubulin and actin
is represented as a function of distance from cell surface. Flow plot quantitative measurements show that melanosomes at dendrites are not present on microtubules while
those present at the cell center do not colocalize with ACTB. (C) B16 cells treated with modulators of microtubule assembly and disassembly. Treatment with vinblastine
(10 mM), nocodazole (0.5 mM) and paclitaxel (10 mM) for 4 h shows disrupted microtubules leading to perturbation in the melanosome dispersion. Scale bar: 5 mm. (D) West-
ern blot analysis of LC3B levels in B16 cells treated with vinblastine (10 mM), nocodazole (0.5 mM) and paclitaxel (10 mM) for 4 h showed no change at the protein level. ACTB
was used as normalizing control. (E) Snapshot from live image analysis of B16 cells transfected with GPR143-GFP and mCherry-LC3B on nocodazole treatment (0.5 mM for 3 h).
Melanosomes aggregated at the cell center following nocodazole treatment show association with mCherry-LC3B. Scale bar: 5 mm.
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of nuclear capping.74,75 This transfer involves elongation of
actin-rich dendrites. Since our studies show that LC3 is absent
on melanosomes on actin filaments, the melansomes trans-
ferred through this mode should also be devoid of LC3B. We
therefore used melanocyte-keratinocyte coculture system.76 To
test whether LC3B-labeled melanosomes are transferred to ker-
atinocytes, we double transfected B16 cells with GPR143-GFP
and mCherry-LC3B and examined transfer of melanosomes.
Live imaging of these cocultures clearly showed transfer of only
GPR143-GFP-labeled melanosomes to keratinocytes (Fig. 7A).
Quantitation showed that approximately 90% of the melano-
somes in keratinocytes did not contain red fluorescence, sug-
gesting absence of mCherry-LC3B from transferred
melanosomes (Fig. 7B). Time-lapse video microscopy revealed
dynamic movement for LC3B-devoid melanosomes in kerati-
nocytes, indicating that these organelles move dynamically
upon transfer (Video S6). We performed coculture experiments
separately with siLc3b and siAtg4b in B16 cells. In both these
conditions, the number of melanosomes transferred to kerati-
nocytes was drastically (10-fold) reduced as compared with

control cells (Fig. S17), highlighting the crucial requirement of
LC3B and ATG4B in bringing melanosomes to the dendritic
tips of melanocytes.

Discussion

Melanosomes are unique organelles that translocate from their
site of biogenesis (melanocytes) to the recipient cells (keratino-
cytes).38,77 This transport is essential to maintain genome integ-
rity of keratinocytes and is thus an important aspect of
epidermal skin homeostasis.6,9 In this study, we identify a new
role for autophagy proteins LC3B and ATG4B in mediating
melanosome movement. By tracking toggled appearance and
disappearance of LC3B on melanosomes in 3 distinct steps of
their movement, 1) on microtubules (LC3BC) 2) crossover to
actin filaments (LC3B¡) and 3) transfer to keratinocytes, we
establish that LC3B is required for melanosome mobilization
on microtubules. Further, we reveal the involvement of the
ATG4B protease during its transition from microtubule to actin
tracks, which disengages LC3B from melanosome membranes.

Figure 6. Delipidation activity of ATG4B is crucial for translocation of melanosomes onto actin filaments at dendrites. (A) Immunofluorescence analysis for melanosome
localization in B16 cells on ATG4B knockdown. Complementation with siRNA-resistant full-length ATG4B and catalytically inactive ATG4BC74A was performed. While over-
expression of full-length ATG4B rescued the melanosome aggregation defect, the ATG4BC74A mutant was unable to rescue the phenotype. Scale bar: 5 mm. (B) Represen-
tative western blot for the validation of ATG4B knockdown in B16 cells. (C) Quantitation of cells with perinuclear melanosomal aggregation on siRNA-mediated silencing
of ATG4B and on complementation with full length and the ATG4BC74A mutant in mouse B16 melanoma cells (no. of cells analyzed, n>100). Bars represent mean § s.e.
m. across replicates. (D) Immunofluorescence micrographs of B16 cells transfected with mCherry-LC3BΔ121–125 in a siAtg4b background. Melanosomes were stained with
PMEL and did not localize on actin filaments (in red) suggesting that delipidation of LC3B-II is essential for actin translocation. Scale bars: 5 mm. (E) Immunofluorescence
micrographs of B16 cells transfected with mCherry-LC3BΔ121–125 in the siAtg4b background. Melanosomes were stained with PMEL and were found to be present at the
ends of microtubules (tubulin antibody) suggesting hampered movement to the cell periphery. Scale bars: 5 mm. (F) In vitro delipidation assay using recombinant ATG4B
was performed on purified melanosomes. Conversion of LC3-II form (16 kDa) to the nonlipidated LC3-I form (18 kDa) was observed, suggesting the role of ATG4B in LC3B
delipidation on melanosomes. (G) Densitometric quantification of LC3B-I and LC3B-II protein levels upon ATG4B addition to purified melanosomes shows significant
differences. Reduction in LC3-II levels with parallel increase in LC3-I levels was observed (n D 4). Bars represent mean § s.e.m. across replicates.

AUTOPHAGY 1339



Thus, the transferred melanosomes to keratinocytes mediated
through the actin-rich dendrites therefore lack the melanocyte-
specific LC3B.

The intersection of autophagic machinery with melanosome
biology is rather intriguing. Classically, LC3B labeling of other
organelles has been shown to target them to autophagosomes
and this turnover is important to maintain cellular homeosta-
sis.26 However, recent studies have identified LC3B presence on
membraneous compartments that are not targeted for lyso-
somal degradation.35 For example, LC3 labeling increases yeast
ACB1 (whose mammalian ortholog is DBI [diazepam-binding
inhibitor]) and cytokine IL1B/IL-1b (interleukin 1 b) secretion,
trafficking of CTSK (cathepsin K) enriched vesicles during oste-
oclast maturation or during LC3 associated phagocytosis.78-80

The functional significance of these LC3 labeling is not well
understood. Based on our study, it is tempting to speculate that
LC3 in all previous instances could also be involved in making
these vesicles competent for transport on microtubules. We
propose that LC3 enables the assembly of microtubule transpo-
son complex by recruitment of kinesin and dynein motor pro-
teins.81-83 Adaptor proteins such as MAPK8IP1/JIP1 (mitogen-
activated protein kinase 8 interacting protein 1), and FYCO1
(FYVE and coiled-coil domain containing 1), mediate the inter-
actions of LC3 with dynein and kinesin proteins, respectively,
for autophagosome trafficking. Such interactions take place
classically via the LC3-interacting region motif that is recog-
nized by the N-terminal residues of the LC3 protein along with
the core Phe52 residue.84 We propose a model similar to auto-
phagosomes, for LC3-mediated melanosome translocation on
MTs. Our studies show that the LC3B-II form is attached to
melanosomes through the C-terminal lipid anchor insertion on
membranes. The N-terminal domain of LC3B thus is accessible

to mediate interactions with other proteins. A recent study
reported the role of PLEKHM2 as the adaptor protein that
binds to RAB1A on the melanosome membrane and that assists
the recruitment of KIF5B to this complex.44 At this stage it is
not clear whether LC3B is also part of this complex. However,
multiple translocon complexes are known to drive organelle
movement inside the cell.88

The perinuclear aggregation of melanosomes observed dur-
ing LC3 knockdown is a common phenotype observed upon
the knockdown of the 3 motor proteins involved in the traffick-
ing of melanosomes; kinesins (for anterograde movement on
microtubule tracks),44 dyneins (for retrograde movement on
microtubule tracks)85 and myosins (for movement on actin fila-
ments).86 The interplay between the molecular motors with the
2 cytoskeletal tracks is complex and thus the mechanisms for
the redistribution of peripheral melanosomes to the center in
all previous instances is unclear. We carefully examined
whether LC3B knockdown could directly affect microtubule
organization. High-resolution imaging showed no perceptible
differences in the positioning of other organelles on LC3B
knockdown and thereby provided strong confidence to the
involvement of LC3B in melanosome movement. The perinu-
clear clustering appears to be the most favored steady-state
organization, on disruption of melanosome trafficking. Analo-
gous to autophagosome, melanosome may also be using LC3 to
form complexes with both kinesin and dynein using different
adaptors. The detailed mechanism of LC3B-mediated melano-
some movement remains to be delineated further. However,
with the available data and taking parallels from the role of
LC3 on autophagosome movement, we arrive at a plausible
model to explain the perinuclear aggregation of melanosome
upon silencing of Lc3b.

Figure 7. LC3B is crucial for the movement of melanosomes within keratinocytes. (A) B16 cells double transfected with GPR143-GFP and mCherry LC3B were cocultured
with keratinocytes (HaCaT) cells for 24 h in the presence of a-MSH (500 nM). Fluorescence analysis of melanosome that were transferred from B16 (dotted line) to HaCaT
(dashed line) showed presence of GPR143 protein (green). Remarkably, LC3B-II (red) is not transferred along with these melanosomes. Scale bar: 5 mm. (B) Quantitative
analysis was performed using total fluorescence in green (GPR143-GFP) and redCgreen (GPR143-GFP C mCherry-LC3B) of melanosomes transferred to HaCaT cells from
double-transfected B16 cells and it revealed the presence of only GPR143-GFP melanosomes that are devoid of mCherry-LC3B. Bars represent mean § s.e.m. across repli-
cates (n > 100).
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The unusual intermediate melanosome clustering phenotype
for ATG4B knockdown provided clues to the role of this pro-
tein in directing the trafficking of melanosomes. Biochemical
and mutagenic studies revealed ATG4B involved in delipidat-
ing LC3B from the melanosome membrane. Together, our
study is suggestive of the role of LC3 in the anterograde move-
ment of melanosomes. Characterization of adaptor proteins
along with careful reconstitution of kinesin and dynein translo-
con complexes in future will facilitate complete understanding
of LC3B movement of melansosomes on microtubules.

LC3B-mediated melanosome mobilization and transfer to
keratinocytes could be argued to be an indirect mode of cellular
clearance. Melanosomes in keratinocytes are sloughed off
through the process of epidermal desquamation. Interestingly,
melanosome degradation could be a challenge for the cell, since
heteropolymeric melanins produced within melanosomes are
known to require harsh conditions for degradation.12 An
important question to address in the future would be to delin-
eate how LC3 mechanistically differentiates between the 2
routes—degradation by lysosomal fusion or clearance by vesic-
ular trafficking. Previously, the autophagic effector WIPI1
(WD repeat domain, phosphoinositide interacting 1) has been
reported in the transcriptional control of melanosome synthe-
sis. Our study establishes the crucial role of LC3 and ATG4B in
melanosome dynamics. The crosstalk between 2 important
pathways may be an important facet of maintaining cellular
homeostasis. In conclusion, the intersection between the auto-
phagic machinery and organelle trafficking as a mode of cellu-
lar clearance and turnover provides a new theme to the
understanding of vesicular dynamics.

Materials and methods

Plasmids, antibodies, and reagents

The plasmid for GPR143-EGFP and RAB27A-GFP was a kind
gift from Dr. Elena Oancea90 mCherry-LC3B from Dr. Sovan
Sarkar (Massachusetts Institute of Technology). mCherry N1
and mCherry C1 were from Clontech Laboratories (632524,
632523). mCherry-LC3B construct with C- and N-terminal
tags were generated using XhoI and HindIII restriction sites.
LC3B G120 (Δ120–125) was generated in mCherry-C1 using
XhoI-BamHI restriction sites. MLANA-GFP construct was
procured from Origene Technologies (MG221327). pStraw-
berry-ATG4BC74A was procured from Addgene (21076; depos-
ited by Tamotsu Yoshimori). pGEX-6P-ATG4B was generated
using EcoRI and SalI restriction sites.

Anti-HMB45 (1:50 for ICC) was obtained from DSS Image-
tech (M0634). Antibodies to LC3B (ab51520; 1:1000 for west-
ern blot, 1:100 for ICC), tubulin (ab6046; 1:100), SQSTM1/p62
(ab56416; 1:1000), ATG4B (ab70867; 1:1000), mCherry
(ab167453; 1:1000), ACTB/-actin (ab8227; 1:5000), LAMP1
(ab24170; 1:1000), DCT/TRP2 (ab74073; 1:1000), PMEL/
GP100 (ab137078; 1:1000), MLANA/melan-A (ab51061; 1:500)
and BLOC1S4/CNO (ab55038; 1:500) antibodies were pur-
chased from Abcam. ATG5 (12994), ATG12 (4180), ATG3
(3415), BECN1/Beclin1 (3495), MTOR (2983), phosphorylated
(p)-MTOR (2974), ULK1 (8054), and phosphorylated (p)-
ULK1 (6888) were purchased from Cell Signaling Technology.

Secondary antibodies were species-specific antibodies conju-
gated with either Alexa Fluor 488, 546, 555 or 594, used at a
dilution of 1:500 for immunofluorescence (Molecular Probes,
Life Technologies A11070, A11010, A21429 and A21203,
respectively), or with horseradish peroxidase antibodies used at
1:10,000 for immunoblotting (HRP-labeled anti-mouse second-
ary antibody [NA931V] and HRP-labeled anti-rabbit secondary
antibody [NA934VS] obtained from GE Amersham Health
Technologies). To stain for actin filaments, cells were incubated
with CytoPainter F-actin Staining Kit - Red Fluorescence
(Abcam, 112127) as instructed by the manufacturer. Chemical
compounds: Rapamycin (Sigma-Aldrich, R0395–1MG; 5 mM),
wortmannin (Sigma-Aldrich, W1628; 200 mM), vinblastine
(Sigma-Aldrich, V1377; 5 mM), nocodazole (Sigma-Aldrich,
M1404; 0.3 mM) paclitaxel (Sigma-Aldrich, T7402; 10 mM),
POMC/a-MSH (Sigma-Aldrich, M4135, 500 nM), jasplakino-
lide (Sigma-Aldrich, J4580; 2 mM) and latrunculin B (Sigma-
Aldrich, L5288; 5 mM).

Cell culture, transfection, and chemical treatments

Cell lines used in this study includes mouse melanoma derived
B16-F10 cells (kind gift from Dr. Satyajit Rath, National Insti-
tute of Immunology, New Delhi), immortalized keratinocyte
HaCaT cell line (kind gift from Dr. Paturu Kondaiah, Indian
Institute of Science, Bangalore), primary human melanocytes
(Lonza, NHEM-Neo - CC-2504) and MLANA/melan-A
(C57BL/6J mouse melanocyte cells; Wellcome Trust Functional
Genomics Cell Bank). B16-F10 cells were grown in DMEM-
F12 medium (Sigma, D8900) supplemented with heat inacti-
vated 10% fetal bovine serum (FBS; Invitrogen, 10270) at 60%
to 80% confluence at 5% CO2 levels. A bicyclic model was set
up in DMEM supplemented with 10% Fetal Bovine Serum by
plating 100 cells/cm2 in replicates and cells were harvested at d
4, 8 and 12. For depigmentation d 12 cells were trypsinized and
replated at 10,000 cells/cm2 and harvested after d 18 and d 20
respectively to complete the 20-day cycle. Cells were transfected
at 60% confluency using Lipofectamine 2000 (Invitrogen,
11668019) for expression of plasmid and Dharmafect II (Ther-
moFisher Scientific, T-2002–03; 1.5 mL) for RNAi oligonucleo-
tides according to the manufacturer’s instructions. Transfected
cells were analyzed 48 h after transfection. For live imaging,
cells were grown in 2-chambered slides (Nunc Lab Tek Cham-
bered Coverglass, 155380).

B16 cells were plated in DMEM-F12 medium at a density of
2 £ 105 cells per well of a 6-well plate. Transfection was per-
formed with Dharmafect II reagent (ThermoFisher Scientific,
T-2002–03; 1.5 mL) as per manufacturer’s protocol. The siRNA
concentration used was 100 nM for all siRNAs. Briefly, the cells
were incubated with siRNA-Dharmafect II complex for 6 h fol-
lowed by media change. After 24 h the cells were trypsinised
and seeded on coverslips for confocal based analysis. All the
siRNAs were purchased from Dharmacon,GE Healthcare Life
Sciences. (Map1Lc3b mouse; L-040989–01–0005, MAP1LC3B
Human; L-012846–00–0005, Atg4b mouse; L-063865–01–0005,
Mitf mouse; L-047441–00–0020, MITF human; L-008674–00–
0020, Non-targeting Pool; D-001810–10–20.)

For cotransfection experiments, 2 £ 105 B16 cells were
plated in 6-well culture dishes. Twenty-four h later, cells were
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transfected using Lipofectamine 2000 transfection reagent with
the plasmids mCherry-LC3B and GPR143-EGFP. The total
amount of plasmid DNA in each transfection was normalized
to 2 mg. 36 h after transfection, cells were lysed as described
above for immunoblot analysis or analyzed for confocal-based
analysis.

Generation of mutant LC3B vectors

pmCherryC1-LC3B vector encoding human LC3 fused with
mCherry was obtained from Dr. Sovan Sarkar. The point muta-
tion for glycine to alanine at position 120 of LC3B (LC3BG120A)
was created by PCR-based site-directed mutagenesis using the
LC3B sense primer (50- GCAGGAGACATTCGCGACAGCCA
TGGCTGTG-30) and LC3B antisense primer (50- CACAGCCA
TGGCTGTCGCGAATGTCTCCTGC-30). The truncation of
C-terminal amino acids (LC3B121–125D) was created by
PCR-based site-directed mutagenesis using the LC3 sense
primer (50- GCCTCGAGCTCGCACCTTCGAACAAAGAG
TA-30) and LC3B antisense primer (50- GCATGGATCCCCC-
GAATGTCTCCTGCGAGGC-30).

Fractionation of melanosomes by sucrose density gradient
centrifugation

Melanosomes were isolated from B16 melanomas induced in
C57BL/6 mice, using sucrose density gradient ultracentrifuga-
tion. Melanosomes were isolated and purified as described pre-
viously.91 B16 cells were grown to confluence and harvested
using 0.1% trypsin-EDTA. The cells were then washed with
10% FBS and pelleted by centrifugation at 1000 g for 5 min at
4�C. Cells were injected in C57 black mice and the B16 mela-
noma was allowed to grow for 15 to 20 d. The tumor was
excised and was washed in homogenization buffer (0.25 M
sucrose [Merck, CAS 57–50–1], 10 mM HEPES, 1 mM EDTA,
2% antibiotic and antimycotic [ThermoFisher Scientific,
15240062], pH 7.2) and homogenized with 120 strokes of a
Dounce glass homogenizer (Sigma, D8938). The homogenate
was then centrifuged at 1000 g for 10 min at 4�C to prepare the
post nuclear supernatant. The post nuclear supernatant was
collected and separated on a stepwise sucrose density gradient
and centrifuged at 100,000 g for 1 h at 4�C in a swing-out rotor
(Beckman coulter). The sucrose density gradients comprised
0.25, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 M sequentially layered
with the highest density fraction on the bottom. The stage III
and IV melanosomes, which preferentially localized to the high
density sucrose fraction, were collected. The isolated fraction
was diluted with melanosome wash buffer (0.25 M sucrose,
10 mM HEPES) and centrifuged at 12,000 g for 30 min at 4�C
to separate the melanosomal pellet from the sucrose.

Immunofluorescence microscopy

For confocal microscopy and image quantification the cells
were plated in 6-well plates on coverslips for d 2, 4, 6, 8, 10. The
cells were fixed with 4% paraformaldehyde for 20 min and per-
meabilized with 0.1% Triton X-100 (Sigma, T9284) for 10 min.
5% normal goat serum (Jackson laboratories, 005–000–121) in
phosphate-buffered saline (PBS; HiMedia, M1452) was used for

blocking. Staining for HMB45 and MAP1LC3B was done at
room temperature for 2 h, rinsed 4 times with PBS-Tween 20
(0.05%; Sigma, P1379), incubated with secondary antibodies
produced in mouse or rabbit (diluted 1:500 in 0.5% normal
goat serum) for 1 h at room temperature, and washed 4 times
with PBS-Tween 20 followed by secondary antibody incubation
with Alexa fluor 488 and 568 respectively for 1 h at room tem-
perature. Nuclear staining was performed with SlowFade Gold
Antifade with DAPI (Invitrogen, S36938). For quantitative
microscopy, the images were acquired at the same settings of
the (Detector gain, amplifier offset and pinhole) Ziess LSM 510
Meta confocal microscope (Jena, Germany). Confocal images
were captured with a Zeiss 510 or a Zeiss 710 laser-scanning
confocal microscope.

RNA extraction and real-time PCR

Isolation of total RNA was performed using Trizol reagent
(Invitrogen, 15596–026) and purified using RNeasy Mini Kit
(Qiagen, 74104). Quantitative real-time PCR with reverse tran-
scription (qRT-PCR) was performed on a Roche Light Cycler
480 II real-time cycler (ROCHE MOLECULAR DIAGNOSTIC,
USA) using the KAPA SYBR FAST qPCR Master Mix (KAPA
Biosystems, KM4107) to evaluate transcriptional regulation.
Gene-specific primers were obtained from Sigma Aldrich. The
relative transcript levels of each target gene were normalized
against Actb mRNA levels; quantification was performed using
the comparative Ct method.

Confocal microscopy, live-cell imaging,
and data processing

Fluorescent samples were visualized on a Zeiss LSM 510 or a
LSM 710 confocal system (built around a Zeiss Axiovert 200 M
inverted microscope, Carl Zeiss, Jena Germany), using a 63X £
1.3 N.A. oil objective. Data were collected as z-stacks with
approximately 25 planes and 0.5 to 0.6 mM spacing between
each plane. The overlay quantification was performed on Zeiss
colocalization parameter by setting the background cut off val-
ues with single color channels. The pixels that overlap over and
above the background cut-off were considered as colocalized
pixels. Individual overlap coefficient and the Pearson coefficient
was calculated for all pixels. Merged image was created using
the maximum intensity projection software in-built in Zeiss
system. Live imaging studies were performed on LSM 710 Zeiss
Confocal. Data was collected by capturing 500 continuous
frames for approximately 2 min. Video files were created by
stitching the different frames together in Zeiss Confocal system.
The movement and velocity of melanosomes was evaluated
using the Volocity software.

Quantitation of perinuclear aggregation of melanosomes

The images acquired using LSM 710 Zeiss Confocal were fur-
ther processed using ImageJ software. The images were split
into 3 channels (RGB). The position of the blue channel
(DAPI) was used to mark the cell center. Green channel was
used to mark the boundary of the cell and calculate the total
area occupied. For final quantification of spatial distribution of
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melanosomes, red channel was used. A concentric circle was
drawn using the nuclear focal point to bin the cell into 2 effec-
tive regions and background (A, peripheral; B, background; C,
perinuclear) by taking the cell boundary into account. Next, the
mean background intensity was subtracted from the total raw
intensity of the cell. The corrected total cell fluorescence was
then measured using the following formula:

CTCF  D   Integrated  Density  −  Area  of   selected  cellð
    £    Mean  fluorescence  of   background  readingsÞ

The 2 effective areas of the selected region of interest (ROI;
A and C) were calculated and the effective fluorescence in
respective ROIs was then calculated using the formula:

Mean  Fluorescence  of   effective  ROI
  D   Effective  Intensity  of   the  area=Effective  area

The distribution of fluorescence percentage in each ROI (A/
C) was calculated. The loss of fluorescence from the cell periph-
ery was effectively used to calculate the absence from the
periphery (also see Fig. S17)

Cell lysis and immunoprecipitation

Mouse B16 melanoma cells were rinsed once with ice-cold PBS
and lysed with NP40 lysis buffer (Invitrogen, FNN0021). The
soluble fractions of cell lysates were isolated by centrifugation
at 13,000 g in a refrigerated microcentrifuge for 15 min. B16
cells transiently expressing mCherry-LC3B were subjected to
immunoprecipitation of mCherry using the Catch and release
kit from Millipore (17–500). Proteins were eluted with the
mCherry tag and resolved on a 15% SDS-PAGE gel.

Cell lysis and western blotting

Cell lysates were prepared using NP40 lysis buffer (Invitrogen,
ThermoFisher scientific, FNN0021) reconstituted with protease
inhibitor cocktail. Proteins separated by denaturing PAGE
were transferred to Immobilon-FL PVDF membranes (Merck
Millipore, IPVH00010). Membranes were blocked with 5%
milk. Immunoblots were imaged using conventional chemilu-
minescent immunoblotting. Densitometry was performed
using ImageJ.

Cytopainter-based actin staining

For staining of B16 cells with ACTB, the cells were plated on
coverslips in 6 well plates. The cells were fixed with 4% parafor-
maldehyde for 20 min and permeabilized with 0.1% Triton
X-100 for 10 min. Normal goat serum (5%) in PBS was used
for blocking. Staining with HMB45 was done at room tempera-
ture for 2 h, rinsed 4 times with PBS-Tween 20. Next, 100 mL/
well of secondary antibody solution diluted in 0.5% BSA
(Sigma, A2153) in PBS buffer was added and 100 mL/well 1X
Red Fluorescent Phalloidin Conjugate (Abcam, ab112127)
working solution. The cells were kept in dark and stained at
room temperature for 60 min. The cells were washed 4 times

with PBS-Tween 20. Nuclear staining was performed with
SlowFade Gold Antifade with DAPI (Invitrogen, S36938). For
quantitative microscopy, the images were acquired at the same
settings of the (Detector gain, amplifier offset and pinhole)
Ziess LSM 510 Meta confocal microscope. Confocal images
were captured with a Zeiss 510 or a Zeiss 710 laser-scanning
confocal microscope.

Electron microscopy and immunolabeling

B16 cells were trypsinized and fixed with 0.1% glutaraldehyde
and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2) overnight at 4�C. The fixed cells were washed exten-
sively in 0.1 M sodium cacodylate buffer. Next, the samples
were sequentially dehydrated in increasing concentration of
ethanol. This was followed by sequentially infiltrating the cells
with increasing concentrations of LR White resin (Electron
Microscopy Sciences, 14381-UC). The cells were then embed-
ded in polymerized LR white resin. Ultrathin sections (70-nm)
were cut using a cryoultramicrotome (RMC Powertome PC
Arizona, USA), collected on nickel grids (Electron Microscopy
Sciences, Cat No- FGF-GA-1500) and treated with 0.1%
sodium borohydrate for 15 min. The grids were then blocked
with TBSG buffer (1% BSA, 0.1% Tween 20, 0.1% Triton
X-100, 3% FBS in 1X TBS buffer [10mM Tris-Cl, pH 7.4,
150 mM NaCl]) for 30 min. The sections were then incubated
with anti-LC3B (rabbit polyclonal; Abcam, 51520) overnight at
4�C. After extensive washes with TBS buffer, the grids were
incubated with anti-rabbit IgG secondary antibodies coupled to
10-nm colloidal gold particles (Electron Microscopy Sciences,
25108) for 1 h. This was followed by extensive washes in TBS
buffer. The grids were then treated with 2% uranyl acetate
(Electron Microscopy sciences 22400). The sections were exam-
ined in a Tecnai G2 twin transmission electron microscope
(FEI, Eindhoven, Netherlands).

Coculture between melanocytes and keratinocytes

Mouse B16 and human HaCaT cells were cocultured at a ratio
of 1:3 respectively in DMEM-F12. Briefly, transfected B16 cells
were cocultured with untransfected HaCaT cells for 24 h in the
presence of POMC/a-MSH to facilitate transfer of melano-
somes from melanocytes to the keratinocytes.

Assay for delipidation of LC3-II on melanosomes by ATG4B

Delipidation of LC3B was performed as described in Tanida
et al., 2004. Briefly, purified melanosomes were solubilized in
NP buffer (0.5% Nonidet P-40 [Thermoscientific, FNN0021],
20 mM potassium phosphate, pH 7.5, 150 mM NaCl). To assay
delipidation of LC3B-II, the solubilized late melanosome frac-
tion was treated with 0.5 mg of recombinant ATG4B protein
(OriGene, TP300289) and incubated for 2 h at room tempera-
ture. To terminate the reaction, Laemmli sample buffer was
added to the melanosomal pellet and boiled for 5 min. The total
protein was resolved in a 15% SDS-PAGE gel and immunoblot-
ting with an anti-LC3B antibody was done to assay for LC3B
delipidation.

AUTOPHAGY 1343



Melanin content assay

Melanin content assay was performed as described earlier.91

Briefly, cells were lysed in 1 N NaOH by heating at 80�C for
2 h and then absorbance was measured at 405 nm. Finally, the
melanin content was estimated by interpolating the sample
readings on melanin standard curve (mg/ml) obtained with
synthetic melanin.

Statistics

All data were analyzed with Prism software (GraphPad, San
Diego, CA) using the 2-tailed unpaired Student t test. All values
are expressed as mean § s.e.m. Error bars represent standard
error mean. Each experiment was replicated at least 3 times as
independent biological replicates, as indicated in the figure
legends. Differences were considered significant at P < 0.05 (�).
�� and ��� signify P < 0.01 and P < 0.001 respectively.

Abbreviations

ATG autophagy related
ATG4B autophagy-related 4b, cysteine peptidase
BECN1 Beclin 1, autophagy related
DAPI 40,6-diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
DNA deoxyribose nucleic acid
GFP green flourescent protein
GST glutathione-S-transferase
GPR143 G protein-coupled receptor 143
ICC immunocytochemistry
LC3B microtubule-associated protein 1 light chain 3 b
MT microtubule
OC overlap coefficient
PBS phosphate-buffered saline
PCC Pearson correlation coefficient
PCR polymerase chain reaction
PE phosphatidylethanolamine
PMEL premelanosome protein
RAB27A RAB27A, member RAS oncogene family
siRNA small (or short) interfering RNA
TYRP1 tyrosinase related protein 1
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