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ABSTRACT

Melanosomes are lysosome-related organelles that produce and accumulate melanin. Their
maturation is regulated through interactions with mitochondria and involves the export and
recycling of proteins via tubular transport and fission events whose mechanisms are unknown.
Here, we demonstrate that the mitochondrial fission factor protein (MFF) is involved in
melanosome fission. MFF is trafficked between mitochondria and melanosomes and locates at
melanosome fission events. Upon downregulation of MFF, but not of dynamin-related protein 1,
melanosomes enlarge, intracellular melanin accumulates. melanosomal lumenal catabolism
inccreases, indicating that MFF-dependent melanosomes fission is required for their maturation.
We show that MFF interacts with regulators of the ARP2/3 complex, which drives F-actin
nucleation. Actin filaments accumulate between melanosomes at MFF-enriched membrane
constriction sites, and silencing of ARP2/3 subunits mimicks the increase in melanosome size.
MFF regulates actin-dependent fission of melanosomes via the ARP2/3 complex, indicating an

extramitochondrial function for MFF in the regulation of melanosome homeostasis.



INTRODUCTION

Lysosome-related organelles (LROs) are cell-type-specific organelles of endosomal and/or
secretory origin that share adaptive physiological functions, morphological features, and cargoes.
Pigmented cells such as epidermal melanocytes and retinal pigment epithelial cells contain
melanosomes, a type of LRO that allows compartmentalization of synthesis and storage of melanin
pigments 2,

Melanosomes share several features with lysosomes. These include acidic intraluminal pH, the
presence of lysosomal membrane proteins, luminal proteases, and hydrolases, including cathepsins
%5 Even so, melanosome identity is determined by the presence of specific melanogenesis-
associated machinery, such as the pre-melanosome protein (GP100; also known as PMEL17),
Tyrosinase (TYR), and Tyrosinase-related proteins 1 and 2 (TYRP1/TYRP2) ©.

Melanosomes have been proposed to arise from endosomes and multivesicular bodies (MVBs).
They are classified into four different stages of maturation based on distinct morphological

features. Stage | melanosomes (pre-melanosomes or early melanosomes) are unpigmented



endosomal-like compartments lacking melanogenic enzymes and characterized by luminal
membranous vesicles 7. Stage |1 melanosomes exhibit an ellipsoidal shape with striae, due to the
presence of GP100 that assembles into amyloidogenic fragments and then into parallel longitudinal
fibers within the lumen of the organelle. Stage 111 melanosomes contain melanogenic enzymes like
TYR and TYRP1/2 and visible melanin deposition onto GP100 scaffold/structured sheets. Stage
IV melanosomes are fully pigmented and, under physiological conditions, move to the cell
periphery where they are secreted and subsequently taken up by keratinocytes®® .

The maturation of melanosomes occurs upon delivery/export of melanogenic proteins through the
endolysosomal recycling pathway. In line with their endosomal lineage, melanosomes appear to
have the plastic and dynamic capacity to undergo homotypic fusion and fission through tubular
and/or vesicular membrane remodeling®®,

This idea is supported by the evidence that myosin 6 (MYOG6), along with optineurin (OPTN),
Wiskott-Aldrich syndrome protein and SCAR homolog (WASH), and the actin-related protein 2/3
(ARP2/3)-dependent actin nucleation complex participate in melanosome membrane constriction
and fission events °. Specifically, MYO6 mediates the severing of vesicle-associated membrane
protein 7 (VAMPT)-positive tubule necks emerging from melanosome membrane subdomains.
This process allows the export of non-essential components and fosters proper melanosome
maturation . Modulators of phosphatidylinositol 3,5-bisphosphate (P1(3,5)P2) levels, like the
kinase PIKfyve, also promote the formation and release of membrane tubules from early
melanosomes ', Therefore, it is likely that different types of machinery regulate melanosome
membrane remodeling, depending on the maturation stage.

Mitochondria supply ATP and calcium (Ca?*) to support melanosome maturation and melanin
synthesis 82°, Early-stage melanosomes have been shown to interact more with mitochondria®®.

Two possible explanations could account for this evidence. First, the proximity between organelles



could facilitate the entry of ATP into the melanosomes, thereby fostering melanin synthesis and
their maturation; second, it could support the recruitment of specific mitochondrial proteins to the
melanosome surface during melanogenesis. Which would be the case still needs to be clarified.
Mitochondria and melanosomes are physically in contact through the outer mitochondrial
membrane (OMM) protein mitofusin 2 (MFN2) that regulates mitochondria-melanosome
apposition in space and time during active melanogenesis'®. Whether the communication between
these two organelles extends beyond the established role of MFN2 is unknown, despite mounting
evidence for the role of mitochondria contact sites in several cellular processes, like Ca?*
homeostasis, lipid metabolism, and organelle function and dynamics.

While investigating the role of the mitochondrial proteome in melanosome function, we found that
the mitochondrial fission factor (MFF) is present on the surface of melanosomes, independently
of mitochondria. MFF localization on the melanosome surface enables it to interact with
components of the ARP2/3 complex, facilitating early melanosome fission without its
mitochondrial pro-fission partner DRP1. The promotion of Fmaturation, and for their function

during melanogenesis.

RESULTS



Comparison of pigmented and albino melanocytes identifies MFF involvement in
mitochondria-melanosomes crosstalk

To clarify the role of the interaction between mitochondria and melanosomes, we compared wild-
type (melan-a) and albino (melan-c2) melanocytes, which lack melanin due to a loss-of-function
mutation in the Tyr gene (Fig. S1A, B). These cells lack melanin synthesis, which in turn blocks
melanosome maturation and causes an accumulation of early-stage melanosomes (stages I and I1).
Given the abnormal accumulation of immature melanosomes in albino cells compared to
pigmented cells, we reasoned that mitochondria-early melanosome communication could also be
altered. In line with this idea, our analysis confirmed that albino cells accumulate early-stage
melanosomes (I/11) and are characterized by increased contact sites with mitochondria (Fig. 1A,
B). We observed that, as they mature, melanosomes appear closer to mitochondria, with this
proximity being significantly greater in albino cells at stage | than in pigmented cells. (Fig. 1C).
In parallel we performed a differential expression analysis on the two cell lines using RNA-seq
and found a significant upregulation of mitochondrial genes in albino cells compared to pigmented
ones (Fig. 1D, E; Fig. S1F; Supplementary Data 1).

Then, we isolated mitochondria-melanosome-ER fractions (MMERF) from melan-a and melan-c2
cells and analyzed them by mass spectrometry (MS) (Fig. 1F, G and “Methods” section). To
identify membrane-bound proteins involved in mitochondria-organelle interactions, we subjected
MMEREFs to limited proteolysis (Fig. 1F, G; Fig. S1G). Proteins identified in both treated and
untreated fractions were considered luminal, being protected from the added proteases. To confirm
which proteins were exposed on the surface of organelles, we exploited the topology of TYRP1.
TYRPL1 is a melanosome membrane protein with domains facing either the cytosol or the organelle
lumen. We used two different antibodies, each of which could target one of the two regions with

different exposure. This served as a control to ensure that proteinase K degraded only the exposed,



cytosolic parts of proteins (Fig 1L) . Proteins identified only in the untreated MMERF fractions
were considered to be exposed to the organelle surfaces due to their susceptibility to proteolysis
(Fig. 1F, G, L, and Fig. S1G). A Venn diagram of the proteomic datasets obtained from the two
cell lines revealed 109 common proteins, with 136 enriched in melan-a and 242 in melan-c2 (Fig.
1H; Supplementary Data 2). Functional annotation showed that MMERFs from melan-a were
enriched in Golgi and proteasome-related proteins, while MMERFs from melan-c2 contained more
lysosomal, ER, and outer mitochondrial membrane (OMM) proteins (Fig. 1F). The list of OMM
candidates included proteins previously retrieved at mitochondria-derived vesicles (MDV5s),
membrane contact sites (CTP1A, FUNDC2, MAVS, MTOR, RHOT2, TOM20, TOM34, TOM70)
2L and, unexpectedly, the mitochondrial fission factor MFF.

Although we could not observe morphological differences in the mitochondria network between
healthy and pigmented melanocytes (Fig. S1J, K), we noticed that albino melanocytes were
characterized not only by an accumulation of early melanosomes, but also by an increased size of
the organelles (Fig. S1J-M). Therefore, we conducted a thorough examination to determine
whether there were any changes in melanosome dynamics between the two cell lines (Fig. 11I).
Using Lysotracker to monitor melanosome dynamics as done previously?>?3, we observed that,
despite having larger melanosomes, albino cells showed more fission events (Fig. 1l, J, K).
Interestingly, fusion events in albino cells were also more frequent (Fig. S10, P). These results
suggested that the loss of function of TYR in albino cells leads to defective melanosome dynamics:
in these cells, melanosome fusion rates would be outpaced by fission due to the inability to
progress with melanin synthesis and with maturation of the organelles. Since MFF has been
implicated in the division of different organelles, not only mitochondria, we hypothesized that it

could participate in melanosome maturation.



MFF can bud from mitochondria to melanosomes and resides at melanosome constriction
sites

MFF serves as a membrane adaptor for the dynamin-like GTPase DRP1 in mitochondria and
peroxisomal division 24?8, Hence, MFF is also present in non-mitochondrial locations, where it
facilitates membrane fission?”. We investigated MFF localization using immunogold electron
microscopy. MFF was present at the surface of melanosomes at every stage of maturation,
independent of the presence of nearby mitochondria (Fig. 2A). To further confirm MFF
localization, we used super-resolution microscopy in cells that have been labelled with HMBA45,
a monoclonal antibody that marks early melanosomes, recognizing an epitope of the protein
GP100. Following synthesis, GP100 is subject to several proteolysis steps, resulting in its
conversion into the HMB45-reactive low molecular weight form (~35 kDa)?. This form is known
to associate with the fibrillar content of melanosomes: as melanin is produced and deposited on
the fibrillar matrix, the HMB45-reactive epitopes gradually become covered, and by the time
melanosomes mature into Stage 11, reactivity with HMB45 is lost 2. We found MFF-positive
puncta at the surface of melanosomes both in melan-a and melan-c2 melanocytes (Fig. 2B, C, D,
E). MFF puncta were not positive for TOMMZ20 or PDH, excluding the possibility of being part
of mitochondria or MDVs (Fig. S2B). At steady state, approximately 22% of melanosomes marked
by HMB45 were found to have MFF puncta in melan-a cells (Fig. 2F). Some MFF puncta
colocalized with the mature melanosome marker TRP1, though to a lesser extent than with HMB45
(Fig. S2A). Quantitative analysis revealed that MFF and mtRFP colocalized less in albino
melanocytes compared to pigmented melanocytes, suggesting a larger pool of non-mitochondrial
MFF in albino cells (Fig. 2G). Consistent with this, we observed increased colocalization of MFF
with HMB45 in albino melanocytes (Fig. S2C). Endogenous MFF was detected not only on the

melanosome surface but also at membrane constriction sites and in vesicular/tubular extensions of



early melanosomes (Fig. 2H). Quantitative analysis indicated that MFF was associated with
approximately 25% of the observed melanosomal fission regions (Fig. 21), suggesting that there
may be distinct fission sites as reported also for other organelles?®. Therefore, we sought to
understand whether MFF is directly involved in melanosome fission. First, we generated melan-a
MELANO-IP cells, and then we verified the presence of MFF in pure melanosomal fractions, free
of mitochondrial contamination (Fig. S2D, E). We found that isoform 1 of MFF was enriched in
melanosomal fractions, whereas isoform 4 appeared more enriched in the total input (Fig. S2D,
E). Overexpression of eGFP-MFF isoform 1 confirmed its localization at HMB45-positive
structures and fission sites (Fig. S2F). To verify how MFF could be delivered to melanosomes, we
performed time-lapse experiments by marking them with LAMP1-RFP, which had been
previously found enriched in these organelles®® and which co-localized with HMB45 in melan-a

(Fig. 2B).

With this approach, we observed eGFP-MFF isoform 1 budding from mitochondria and moving
toward LAMP1-RFP-positive structures (Fig. 2J). This result was also confirmed by staining stage
I/11 melanosomes, which have an acidic lumen, with Lysotracker (Fig. S2G). Of note, although
we had evidence of MFF being trafficked from mitochondria to melanosomes, we cannot exclude
the possibility that cytosolic pools of MFF exist, which may also be independently targeted to
these organelles. Super-resolution time-lapse imaging highlighted the presence of MFF puncta at
the neck of melanosome tubules, with membrane constriction and scission occurring at or near
MFF puncta (Fig. 2K). Figure 2K shows that melanosome membranes can be split into two
separate vesicular structures by an MFF punctum, with which they can remain attached (left
example) or be released (Fig. 2K, right example). These results demonstrate that MFF associates
with melanosomes and that it is enriched at fission sites independently of mitochondrial proximity,

likely facilitating melanosome membrane fission.



MFF depletion disrupts melanosome fission and promotes lysosomal protease-mediated
degradation

Melanosomes have previously been shown to undergo vesicular and tubular fission, a mechanism
critical for regulating their composition and function!®. Thus, considering our results, we
hypothesized that the recruitment of MFF to the melanosome surface may control their maturation
by mediating fission events. Given that MFF is a known receptor for DRP1 (dynamin-related
protein 1) - the GTPase responsible for mitochondrial membrane fission—we assessed if Drpl
could be involved in MFF-mediated melanosome fission. We investigated the potential
colocalisation of DRP1 and MFF in melan-a cells. Using immunofluorescence, we detected DRP1
at the melanosome surface, similarly to MFF. However, minimal to no colocalization between the
two proteins was observed at melanosomes (Fig. 3A). To further explore their eventual function
in melanogenesis, we performed siRNA-mediated knockdown (KD) of both Mff and Drp1 in wild-
type melanocytes (Fig. 3B; Fig. S3A, B). Interestingly, knocking down either gene led to reduced
expression of melanogenic proteins (Fig. S3C-E). However, while intracellular melanin levels
were slightly reduced in Drp1-KD cells, they were significantly increased in Mff-KD cells (Fig.
S3F). This increase in melanin could be explained by either enhanced melanin synthesis or the
accumulation of dysfunctional, immature melanosomes. Given the reduced levels of melanogenic
markers, we excluded the former and focused on the possibility of impaired melanosome
maturation. Using SR microscopy, we observed that HMB45-positive melanosomes were enlarged
only in Mff-silenced melan-a cells (Fig. 3C). The number of HMB45-positive melanosomes
remained unchanged in both knockdown conditions (Fig. 3D), but the melanosomes were
significantly larger only in Mff-silenced cells (Fig. 3E; Fig. S3H). TEM further confirmed that Mff-

KD cells harbored larger melanosomes, often connected by narrow, neck-like structures, or



appearing as a fusion of melanosomes at different maturation stages (Fig. 3F; Fig. S3L, M). The
presence of these hybrid early—late stage melanosomes suggests the inability to complete fission
and that melanogenesis does not progress properly in the absence of MFF. Indeed, we observed a
significantly lower frequency of fission events in Mff-KD cells compared to controls (Fig. 3G, H).
Additionally, the colocalization of pigmented melanin granules (visible in brightfield) with
HMB45-positive melanosomes was significantly higher in Mff-KD cells, further supporting the
presence of hybrid melanosomal structures (Fig. 3I, J).

Interestingly, despite reduced fission frequency, melanosomal fission was not entirely abolished
in Mff-silenced melanocytes. This is consistent with previous observations that MFF is not present
at all visible melanosomal constriction sites (Fig. 21), and it suggests that alternative fission
mechanisms may exist.

To test whether MFF overexpression could influence melanosome morphology, we overexpressed
all four MFF isoforms and assessed melanosome size (Fig. S30). MFF overexpression alone was
insufficient to promote melanosome fragmentation, supporting that MFF is not the sole mediator
of melanosome division.

Defective melanosome membrane remodeling and fission result in increased melanosome size and
accumulation of undegraded or unnecessary proteins, ultimately leading to impaired
melanogenesis 7. To better understand how MFF and DRP1 depletion differentially impact
melanosome homeostasis, we performed RNA sequencing on Mff- and Drpl-silenced
melanocytes. Mff silencing led to the upregulation of genes associated with the homeostasis of
lysosomes (Capn2, Ctsh, Ctsd, Dpp7, Gabarap, Kxdl, Lipa, Lrrc8a, Mfsd12, Mtl, Myo5a,
Plekhm2, Rab7b, Scarb2, Siae, Sidt2, Tpcnl, Tppl), melanosomes (Capg, Ctsb, Ctsd, Mfsd12,
Myh11, Myo5a, Tppl, Trpv2, Kxd1) or both (Ctsb, Ctsd, Mfsd12) (Supplementary Data 3). These

transcriptional changes were not observed in Drpl-silenced cells, which instead showed a broad



downregulation of key melanogenesis regulators, including Microphthalmia-associated
transcription factor (MITF) (Fig. 4A; Supplementary Data 3). These findings confirm that Mff and
Drpl silencing have distinct functional consequences in pigmented cells. While Mff-KD triggers
the upregulation of lysosomal and catabolic genes, including cathepsins (Ctsh, Ctsd) and
lysosomal lipase (Lipa), Drpl-KD primarily alters melanocyte differentiation and pigment
production by downregulating transcriptional regulators such as MITF. As to the specific
upregulation of lysosomal/catabolic genes in Mff-KD, we hypothesized that this response may
reflect a compensatory mechanism triggered by impaired melanosome fission. Supporting this,
CTSB protein levels were elevated in Mff-silenced melanocytes, which showed an increased
colocalization of CTSB and HMB45-positive melanosomes (Fig. 4B—E). CTSB enzymatic activity
was also significantly increased in Mff-KD cells (Fig. 4F, G). These data suggest that MFF
depletion promotes the trafficking and activity of lysosomal enzymes like CTSB, which are key in
the process of melanosomes degradation®32, Their enhanced melanosome localization could be
potentially due to either increased melanosome—lysosome fusion or increased trafficking of
lysosomal hydrolases, resulting in their partial conversion to a lysosome-like state. Both scenarios
are consistent with a shift toward increased melanosome degradation, which is likely a
compensatory response to blocked fission. To confirm this hypothesis, we assessed melanosomal
acidification, a hallmark of lysosomal activity and of early melanosome, whose pH undergoes
neutralization during maturation. Acidification was significantly increased in Mff-KD cells, but it
was rescued to control levels by co-silencing CTSB (Fig. 4H, I). Notably, combined silencing of
Mff and Ctsb restored the expression of melanogenesis markers (downregulated in Mff-KD alone)
and further increased both melanin content and melanosome size, compared to Mff silencing alone
(Fig. 4J, K, and Fig. S4C-1). Consequently, when CTSB-mediated melanosomal degradation was

suppressed in Mff-KD cells, a marked accumulation of early-stage melanosomes was observed per



total cell area (Fig. 4L), which was not detected in Mff silencing alone (Fig. 3D). These findings
indicate that the degradation of key melanogenic proteins (such as TYR, TRP1, and GP100) is
enhanced in Mff-KD cells due to increased recruitment and activity of lysosomal enzymes within
the melanosome lumen. This could represent a negative feedback mechanism aimed at reducing

melanosome buildup when fission is impaired.

In summary, MFF depletion impairs early-stage melanosome maturation and triggers a
compensatory upregulation of lysosomal catabolism to prevent the accumulation of dysfunctional

or oversized melanosomes in response to decreased DRP1-independent melanosome fission.

MFF-dependent melanosome fission requires ARP2/3-mediated F-actin assembly

Our data suggest that MFF can modulate the maturation of melanosomes by controlling their
membrane fission independently of DRP1. To shed light on the molecular mechanisms of MFF-
mediated melanosome fission, we determined the MFF interactome by immunoprecipitating it
from melan-a whole cell lysate and identified the co-purified proteins by MS (Supplementary Data
3). The list of interacting proteins was enriched in actin cytoskeleton organization regulators,
including subunits of the WASH core complex (Fig. 5A). This complex functions as an actin
nucleation-promoting factor at the surface of endosomes and melanosomes, recruiting the ARP2/3
complex and allowing actin polymerization for vesicle/tubule fission 3%, FAM21C and
Strumpellin (Kiaa0196) are key members of the WASH complex that appeared as hits from our IP
(Fig. 5A). After confirming their interaction with MFF (Fig. 5B) and close apposition with early
and late-stage melanosomes (Fig. S5G), we verified if their downregulation could affect early
melanosome morphology (Fig. S5A, B, C). In melan-a cells, depletion of either of the two leads to
no significant changes (Fig.S5D, E). These results suggest that the different components of the
complex may have redundant functions and may compensate for each other. A gene ontology (GO)

analysis of the MFF interactome also highlighted that the actin nucleation complex may be



involved in MFF function (Fig. 5C). Therefore, to clarify the contribution of actin filaments to
MFF-mediated melanosome fission, we co-stained melan-a expressing eGFP-MFF with phalloidin
and HMB45 (Fig. 5D). We observed F-actin at and in between MFF-positive melanosome
constriction sites (Fig. 5D,E). Because ARP2/3 complex-mediated actin nucleation was among
the enriched GO terms (Fig. 5C), we sought to understand whether the effect of MFF depends on
the ARP2/3 complex by silencing two different subunits: ARPC1A and ARPC3 (Fig. S5H-J).
Their silencing led to increased early melanosome size, which was more noticeable when
ARPC1A was silenced (Fig. 5F). ARPC1A silencing also led to a change in intracellular melanin
levels (Fig. S5K. Besides, we confirmed ARP2/3 complex subunit localization at MFF-HMBA45-
positive melanosomes (Fig. 5G), and we found that MFF puncta locate in proximity to the enlarged
melanosomes in ARPC1A/ARPC3-silenced cells (Fig. S5L). This evidence suggests that the
recruitment of MFF to melanosomes is independent of the ARP2/3 complex. Silencing of MFF
led to increased melanosome size, consistent with a role in promoting organelle fission. However,
co-treatment with the Arp2/3 inhibitor CK-666 (a small molecule that stabilizes the ARP2/3
complex in its inactive state and thereby blocks actin nucleation) abrogated this phenotype,
suggesting that melanosome enlargement in the absence of MFF requires active actin

polymerization (Fig. 5H).

DISCUSSION

Here we identified MFF as part of the fission machinery of melanosomes. While MFF was found
in fission sites of mitochondria and peroxisomes, its role in melanosomes was not described before

2425 \We found that MFF recruits ARP2/3-interacting proteins at the surface of melanosomes, to



facilitate membrane constriction and fission through F-actin nucleation-associated factors. This
process is crucial for maintaining the shape and identity of melanosomes during the early stages
of maturation. Indeed, MFF ablation leads to an increase in the size of early melanosomes and to
the acquisition of lysosome-like catabolic features, likely due to elevated demands for luminal
protein degradation resulting from impaired membrane scission. Importantly, MFF-mediated
fission does not require its classical partner DRP1: they do not colocalize and, surprisingly, the
effects of their downregulation in melanocyte physiology were proven different. Our data show
that the MFF-mediated melanosomes fission is needed for the release and export of components
that are either required in other melanosomes or that should not be retained for the proper

maturation of melanosomes, as previously suggested™.

It was described that mitochondria and mitochondrial proteins can play important roles in
melanosome maturation, pigmentation, and transport, through direct localization to melanosomes
or by mediating communication between the two organelles!®%34  Moreover, early-stage
melanosomes are known to closely associate with mitochondria, likely supporting
melanogenesis'®. Comparing pigmented (melan-a) and albino (melan-c2) melanocytes, which
harbour a mutated form of TYR that inhibits melanin synthesis and hence melanosome maturation,
we observed an accumulation of immature melanosomes and an increase in mitochondria-
melanosome contact sites in albino cells. Transcriptomic and proteomic analyses highlighted an
enrichment of OMM proteins in albino cells, including MFF. Suprinsigly, while mitochondrial
morphology remained unchanged, albino cells showed elevated rates of melanosome fission and
fusion, indicating disrupted organelle dynamics. Using different approaches, we detected MFF at
the membranes of melanosomes across all maturation stages, independent of mitochondrial
proximity. Super-resolution microscopy confirmed MFF colocalization with early melanosomes

marked by HMB45, and to a lesser extent with mature melanosomes marked by TRP1. MFF puncta



did not overlap with TOM20 or PDH, ruling out the possibility of being mitochondrial or MDVs.
Notably, albino cells displayed increased MFF-HMBA45 colocalization and reduced MFF-
mitochondria association, supporting a larger pool of non-mitochondrial MFF is present in
response to TYR loss. Further, we could observe that MFF localized to constriction sites and
tubulovesicular extensions of early melanosomes, with ~25% of melanosomal fission regions
being associated with MFF. This suggests that different fission mechanisms may exist, likely being
responsible for the scission of different melanosomes or different subdomains of melanosomal
membranes, probably depending on their composition, localization, or specific cell requirements.
This would be in line with the heterogeneity that characterizes fission of other organelles, like
mitochondria, for which it was shown that different protein adaptors mediate distinct types of
fission, linked either to degradation or organelle biogenesis?.

Isoform-specific analyses revealed that MFF isoform 1 is enriched in purified melanosomal
fractions and localizes at melanosome fission sites. Live-cell imaging showed MFF that
redistributes from the mitochondria towards LAMP1-RFP-positive compartments and
Lysotracker-labelled acidic structures. However, since MFF also exists in cytosolic pools, it may
also be trafficked independently to melanosomes. Moreover, our results identify an unexpected
role for the mitochondrial fission factor MFF in melanosome morphology and maturation. In
mitochondria, MFF acts in concert with DRP1 which made us investigate whether this was the
case for melanosomes %33, Although both MFF and DRP1 were observed at melanosome
surfaces, they rarely colocalized. siRNA-mediated knockdowns of MFF and DRP1 in wild-type
melanocytes yielded different effects: while DRP1 depletion slightly reduced melanin levels and
downregulated melanogenesis genes like MITF, MFF depletion led to enlarged early-stage
melanosomes, with reduced fission events and increased colocalization with melanin. Thus, DRP1

depletion primarily affects transcriptional regulation of melanosome biogenesis, whereas MFF



depletion impairs progression of melanosome maturation. RNA-seq of Mff-silenced cells showed
upregulation of lysosomal and melanosomal catabolic genes (e.g., Ctsb, Ctsd, Lipa), a
transcriptional response not observed in Drpl-KD cells. This result was confirmed by higher
CTSB protein levels and activity within melanosomes and enhanced acidification, indicating a
shift toward melanosome degradation/lysosomal-like phenotypes. Supporting this idea, co-
silencing of Ctsb with Mff restored the elevated melanosomal acidification and the expression of
melanogenesis markers, increased both melanin content and melanosome size, and led to a marked
accumulation of immature melanosomes. These findings indicate that MFF regulates melanosome
fission independently of DRP1, and that its loss triggers a compensatory pathway to degrade
dysfunctional melanosomes and preserve cellular homeostasis. Mass spectrometry of the MFF
interactome in melanocytes revealed enrichment of actin cytoskeleton regulators, including
components of the WASH complex, known to promote ARP2/3-mediated actin nucleation*>*’,
Knockdown of individual WASH components did not alter melanosome size, likely due to
redundancy. However, F-actin was found to accumulate at MFF-positive melanosome constriction
sites, and two key components of the ARP2/3 complex subunits (e.g., ARPC1A, ARPC3)
colocalized with MFF at melanosome membranes. Silencing of ArpclA and Arpc3 led to the
appearance of enlarged early melanosomes. Notably, MFF remained at melanosomes even in these
conditions, indicating an upstream recruitment of MFF to melanosomes that is independent of
ARPC2/3 activity. Overall, our findings confirm that MFF facilitates melanosome fission by
recruiting the ARP2/3 actin-nucleation machinery. Several human disorders, including Chediak-
Higashi syndrome?®, X-linked ocular albinism*®, and Ocular albinism type 1%, are characterized
by the presence of giant melanosomes, also known as macromelanosomes. Despite the genetic
causes of these diseases being known, the exact mechanism leading to the formation and

accumulation of abnormal melanosomes is still unclear, although defective biogenesis and



maturation of the organelles have been proposed®. Our findings may be relevant not only to
advancing the understanding of pigmentary disorders and the etiology of pigmented and
amelanotic melanoma, but also to identifying MFF as a potential drug target. Given its role in
melanosome maturation, further investigation of MFF may offer insights into both conditions and

highlight the involvement of mitochondrial proteins in melanosome physiology*!.

METHODS

Cell culture: melan-a and melan-c2

Melan-a melanocytes are normal, immortalized murine melanocyte cells derived from C57BL/6J
mice. Melan-a melanocytes were obtained from the Functional Genomics Cell Bank at St.
George’s University of London, UK*2. Melan-a melanocytes were maintained in a RPMI-1640
medium (Euro Clone, Cat. No. ECB2000L; Supplementary Table 1) supplemented with 10% fetal
bovine serum (FBS) (Euro Clone, Cat. No. ECS0165L), 100 U/mL penicillin, 100 pg/mL
streptomycin, and 200 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Cat. No.
P8139). PMA was diluted in phosphate-buffered saline (PBS) containing 1% FBS to obtain a 40
uM stock solution. Melan-c2 melanocytes are immortalized tyrosinase mutant murine melanocytes
(Tyrc-2J/Tyrc-2J, a functionally null allele) derived from C57BL/6J. Cells were maintained in

RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin,



and 200 nM PMA and 2 nM cholera toxin diluted in water (Sigma-Aldrich, St. Louis, MO, Cat.
No. C8052). Both cell lines were kept at 70% confluency between experiments at 37°C in a 10%

CO2 incubator.

Virus production and generation of melan-a stably expressing HA-MelanoTag and Myc—
MelanoTag

Lentiviruses were produced by co-transfection of HEK 293T cells with a target lentiviral transfer
vector (2,5 ug HA—MelanoTag (Addgene #160369) and Myc—MelanoTag (Addgene #160368)),
pMD2.G (0,5 pg, Addgene #12259), and psPAX2 (2 pg, Addgene #12260) plasmids. Virus-
containing supernatants were collected 48 h post-transfection, and transduction was performed.
About 2,0x10° melan-a cells were incubated for infection with 5 mL of viral supernatant, 8 pg/ml
polybrene, and 5 mL culture medium in a T75 flask. Infected cells were passaged into medium
containing puromycin (3 ug/ml) 36-48 h post-transduction. Selection was maintained for 7 days

before use of the cells.

Intracellular melanin content assay

1 x 106 cells were plated on a 100 mm cell culture Petri dish. After 66 h, cells were scraped in PBS
and lysed using RIPA buffer (50 mM TRIS pH 8, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS,
150 mM NaCl, 2 mM EDTA) supplemented with protease (Thermo Fisher Scientific, Cat. No.
A32955) and phosphatase (Thermo Fisher Scientific, Cat. No. A32957) inhibitors for 30 min, on
ice. After centrifugation at 16,500 x g for 15 min at 4°C, the supernatant was collected for protein
assay, and the melanin pellet was solubilized in 1 N NaOH with 10% DMSO for 90 min at 80°C.

Then, sample absorbance was acquired at 450 nm and the values were compared with a standard



curve of synthetic melanin (Sigma-Aldrich, #M8631). Samples were normalized for total protein

content (Bradford method, Bio-Rad, Cat. No. 5000006).

Mitochondria-Melanosome-ER- fraction (MMERF) isolation

Cells were plated at 80% confluency in a Corning® square dish (245x245 mm; CLS431110-16EA
Corning). After 24 h, they were harvested and washed once with cold PBS. The cell pellet was
then resuspended in 700 pl of mitochondrial isolation buffer (containing 200 mM mannitol, 70
mM sucrose, 1 mM EGTA, 10 mM HEPES; 1X protease inhibitor cocktail (Thermo Scientific,
Cat. No. A32955)). Homogenization was performed on ice using a 1 ml insulin syringe. Cells were
centrifuged at 1,000 x g for 10 min at 4°C, and the supernatant was collected while the pellet,
corresponding to the PNS fraction, was retained for further processing. The supernatant was spun
at 12,500 x g for 15 min at 4°C. After centrifugation, the new supernatant (enriched with cytosolic
and microsome components) and a part of the pellet (corresponding to crude mitochondria) were
stored for Western Blot analyses. Crude mitochondria were washed with 1 ml isolation buffer and
centrifuged again at 12,500 x g for 10 min, thereby obtaining MMERF. The pellet was resuspended
in 60 ul of mitochondrial isolation buffer and protein concentration was determined using Bio-
Rad Protein Assay Reagent (Bio-Rad, Cat. No. 500000). MMERF were treated on ice for 15 min
with proteinase K (Invitrogen, Cat. No. AM2548) in a final concentration of 15 pg/ml diluted in
mitochondrial isolation buffer. Proteinase K was subsequently blocked with 5 mM
phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich Cat. No. 78830) for 5 min on ice. 20 ug of
each sample (either proteinase K-treated or not) was loaded for western blotting; 70 ug were used

for the MS analysis, and 15 pg of MMERF were fixed for TEM.



Mass spectrometry sample preparation

Proteins were precipitated and concentrated by adding 4 volumes of ice-cold MS-grade Acetone
(over-night incubation) and pelleted at 20,000 xg for 20 min, at 4°C. The protein pellet was
additionally washed with ice-cold 70% ethanol. Then a standardized in solution digestion protocol
was applied. Briefly, dried proteins were dissolved in 6M guanidine hydrochloride (GnHCI), 50
mM Tris pH=8.5, reduced by incubation with 10 mM Tris-(2-carboxyethyl)phosphine-
hydrochloride (TCEP) and alkylated with 40 mM chloroacetamide (CAA). Then, they were
digested overnight (37°C) adding a mix of Lys-C/Trypsin hydrolases in a 1:50 enzyme to protein
ratio. The hydrolysis reaction was quench by adding 1% trifluoracetic acid (TFA). The resulting
peptide mixtures were desalted using the Stop and Go Extraction (STAGE) procedure and then
lyophilized and stored at -20°C until the MS analysis (PMID: 12585499). All the experiment were
performed in triplicate starting from three different immuno-precipitations. As controls, we

performed, in triplicate, immuno-precipitations without the specific antibody against our target.

Mass Spectrometry Analysis

Instruments for LC-MS/MS analysis consisted of a NanoLC 1200 (Thermo Fisher Scientific)
coupled via a nano-electrospray ionization source to the quadrupole-based Q Exactive HF
(ThermoFisher Scientific) benchtop mass spectrometer®®. Peptide separation was carried out
according to their hydrophobicity on a home-made column, 75 um ID, 8 um tip, 250 mm bed
packed with Reprosil-PUR, C18-AQ, 1.9 um particle size, 120 A pore size (New Objective, Inc.,
Cat. No. PF7508-250H363), using a binary buffer system consisting of solution A: 0.1% formic
acid and B: 80% acetonitrile, 0.1% formic acid. Total flow rate: 300 nl/min; LC linear gradient:

after sample loading, the run starts at 5% buffer B for 5 min, followed by a series of linear



gradients, from 5% to 30% B in 90 min, then a 10 min step to reach 50% and a 5 min step to reach
95%. This last step was maintained for 10 min.MS spectra were acquired using 3E6 as an AGC
target, a maximal injection time of 20 ms, and a 120,000 resolution at 200 m/z. The mass
spectrometer operated in a data-dependent Top20 mode with subsequent acquisition of higher-
energy collisional dissociation (HCD) fragmentation MS/MS spectra of the top 20 most intense
peaks. Resolution for MS/MS spectra was set to 15,000 at 200 m/z, AGC target to 1E5, max
injection time to 20 ms, and the isolation window to 1.6 Th. The intensity threshold was set at

2.0E4 and Dynamic exclusion at 30 s.

Mass spectrometry Data Processing

MaxQuant software (1.6.2.10) was used for protein identification and label-free quantification.
Trypsin (Thermo Fisher Scientific) was chosen as the enzyme and the number of missed cleavages
was set to 1. Cysteine carbamido-methylation was set as a fixed modification, whilst methionine
oxidation and N-term acetylation were used as variable modifications. Uniprot Mus Musculus
(UP000000589) FASTA file was used as database (accessed in 2023). The maximum false
discovery rate (FDR) for peptide spectral match was set to 1%, using a minimum of one sequence-
unique peptides was required for identification. Statistical analyses for quantitative evaluation
were performed using the open-source Perseus software (1.6.2.3). Two-sample t-test analysis was
applied, setting the level of significance equal to 0.05. Proteins with at least one-fold changes were
considered differentially regulated. Proteins of interest were further investigated for GO
enrichment terms with ShinyGo platform. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository** with the dataset

identifier PXD051372.



Library preparation and mRNA sequencing

Melan-a and melan-c2 cells underwent lysis and RNA extraction using Trizol® (Thermo Scientific
Cat. No. 15596018) according to the manufacturer’s protocol. The purity and concentration of
samples were checked with a NanoDrop spectrophotometer (ND 1000, Thermo Fisher Scientific).
The libraries were generated with the QuantSeq 3' mMRNA-seq Library Prep kit (Lexogen) and
oligodT priming. After the first strand synthesis, the RNA was removed. A second strand synthesis
was initiated using random priming followed by magnetic bead-based purification. The libraries
were then amplified, introducing the sequences required for cluster generation. External barcodes
were introduced during the PCR amplification step. Library quantification and quality control were
performed using a fluorometer (Qubit, Thermo Fisher scientific) and Bioanalyzer 2100 (Agilent).
NGS reads were generated towards the poly(A) tail. Sequencing was performed on NextSeq500
IHlumina instrument to produce at least 5 x 106 reads (75 bp SE) for each sample.

Analysis of RNA-Seq data

Quality of sequencing reads was evaluated with fastqc v0.11.9, plus multigc v1.6 #°, then the reads
were trimmed with fastp v0.20.1 %® by removing 15 nt at 5°, 2 nt at 3°, discarding all those reads
containing “N” characters, removing heading and trailing homopolymers, removing heading and
trailing low-quality portions and retaining only trimmed reads with length of at least 35 nt. All the
other settings for the trimming were left as default. Trimmed reads were mapped on the cDNA
sequences from the reference mouse genome (GRCm39) with salmon v1.8 " with the validate
Mappings flag and by providing the transcript to gene map in order to obtain gene-level expression
measurements in terms of counts. A first check of coherence between samples was performed by
visual inspection of Principal Component Analysis (PCA) and Multi-Dimensional Scaling (MDS)
plots. Differential gene expression analysis was carried out with the edgeR package®®: briefly

genes with low counts were discarded (filterByExpr function), then expression values were



normalized, and a Generalized Linear Model (GLM) was fitted on the data. Differential expression
between all possible pairs of samples was assessed using a quasi likelihood F-test for generalized
linear models as implemented in edgeR, and p-values were adjusted for multiple testing using the
Benjamini—Hochberg false discovery rate (FDR) correction. Genes with an FDR-adjusted p-value
< 0.05 (two-sided test) were considered differentially expressed. Gene Set Enrichment Analysis
(GSEA) was performed on the Gene Ontology (GO) and annotations*. Specifically, a
hypergeometric test was applied to the DEGs sets (also splitting up- and down-regulated DEGs)®°
using only expressed genes as “universe” (i. e. those obtained from the FilterByExpr function) to
avoid biases®. Only GO terms supported by an FDR-corrected p-value < 0.05 were considered as

significantly enriched. Data visualizations were produced with seaborn and plotly.

Immunoblotting

Melanocytes were lysed with ice-cold RIPA buffer supplemented with protease inhibitor cocktails
(Thermo Fisher Scientific, Cat. No. A32955). Cell lysates were then centrifuged at 16,500 x g for
15 min at 4°C and the supernatant protein content was determined using the Bradford reagent (Bio-
Rad, Cat. No. 5000006). After heating at 70°C for 10 min, equal amounts of protein (30 ug) were
loaded onto precast gels (ExpressPlus™ PAGE Gel, Genscript 4-12% or 4-20%) and separated
electrophoretically in Tris-MOPS running buffer (Genscript, Cat. No. MO00138). After
electrophoresis, the proteins were blotted onto a polyvinylidene fluoride membrane (PVDF) (EMD
Millipore, Merck, Cat. No. IPVH85R). The blocking was performed for 1 h at RT using 5% milk
(Sigma Aldrich, Cat. No. 70166) in Tris-buffered saline with 0.1% Tween 20 (TBS-T), and the
membrane was incubated with the selected primary antibodies O/N at 4°C (listed in Supplementary
Table 2). After washing, the membranes were incubated with HRP-conjugated anti-Rabbit

secondary antibody (1:4000; Cell Signalling, Cat. No. 7074-P2) and HRP-conjugated anti-Mouse



secondary antibody (1:2000/1:4000, Cell Signalling, Cat. No. 7076-P2) for 1 h at RT. Secondary
antibodies details are provided in Supplementary Table 3. The signal was visualized using an
enhanced chemiluminescence kit (Luminata Forte Western HRP (Millipore Sigma WBLUF0500)
according to the manufacturer's instructions and acquired using iBright™ CL1500 (Invitrogen),
ImageQuant LAS 4000 Mini (GE Healthcare), or the ChemiDoc MP Imaging System (BioRad).
For two-color fluorescence imaging of membranes Odyssey CLx Imager from LI-COR

Biosciences was used.

Melanosome immunoprecipitation (Melano-IP)

Melan-a cells (3 x 10°) expressing MelanoTag were plated into a 15-cm plate. Two days later,
cells were collected for Melano-IP. Cells were washed and collected by scraping in ice-cold KPBS
(136 mM KCI, 10 mM KH2PO4, pH 7.25 adjusted with KOH)* before pelleting by centrifugation
at 1000g for 2 min at 4 °C. Pellets were resuspended in 950 pl ice-cold KPBS, and 50 pl of the cell
suspension was taken as a whole-cell fraction (Input). Homogenization was performed on ice using
a 1 ml insulin syringe, and then samples were centrifugated at 1000g for 2 min at 4 °C.
Supernatants were transferred into new 1.5-ml tubes containing 100 ul of KBPS-washed Pierce™
Anti-HA Magnetic Beads (Thermo Fisher) and incubated rocking for 15 min at 4 °C. Beads were
washed 3 times with 1 mL ice-cold KPBS, transferring to a new 1.5-ml tube each time. Whole-
cell and immunoprecipitated samples were then lysed in 50 ul ice-cold RIPA buffer supplemented

with protease inhibitor cocktails (Thermo Fisher Scientific, Cat. No. A32955).

MFF Immunoprecipitation
Protein A beads (protein A - Agarose, Roche, Cat. No. 11719408001) were prepared in PBS with

0.1% BSA, and left to rotate at 4°C for 30 min. They were washed three times with 400 ul of PBS



and centrifuged at 200 x g for 1 min. Then, beads were resuspended in lysis buffer (50 mM Tris-
HCI pH 7,5, 150 mM NaCl, 1 mM EGTA pH 7,5, 1 mM EDTA pH 7,5, and 1% Triton X-100)
supplemented with protease inhibitor, and incubated with 3 g of each antibody on a rotator at 4°C
O/N. Protein A beads were washed with lysis buffer and centrifuged three times at 200 x g for 1
min. Whole cell lysates were prepared by collecting cells in cold PBS and resuspension in lysis
buffer. The cell lysate was kept on ice for 10 min, sonicated (four times 5 pulses of 0.5 s), and then
centrifuged at 14,000 x g for 15 min. The resulting supernatant was quantified with Bradford
protein content. 2 mg of proteins were incubated with the bead-antibody conjugate O/N at 4°C.
The next day, the beads-antibody-whole lysate complexes were spun five times at 200 x g for 30
s to remove the supernatant and add clean, fresh lysis buffer (300 ul each time). IP elution was
performed by resuspension of the last in 50 pul of 2x Laemmli buffer containing 200 mM f-

mercaptoethanol (Merck, Cat. No. M3148) with further denaturation for 5 min at 95°C.

Cloning and plasmids

We generated eGFP-MFF plasmids (pEGFP-FlagMff-isol, 2, 3, 4) starting from melan-a cells.
RNA from melan-a cells was extracted using RNeasy Mini Kit (Qiagen, Cat. No. 74104) following
the manufacturer’s instructions. RNA was reverse transcribed in cDNA using GoScript Reverse
Transcriptase (Promega, Cat. No. A5003). For Mff amplification, PCR was performed using
melan-a cDNA, PrimeSTAR GXL DNA Polymerase (Takara technologies, Cat. No. RO50A), and
the primers specified in Supplementary Table 4. The amplicons were run in a 2% agarose gel to
distinguish the different Mff isoforms according to their nucleotide sizes. The band corresponding
to Mff isoform 2 appearing at ~720 bp was gel purified using Qiagen Gel Extraction Kit (Qiagen,
Cat. No. 28704). The amplicon of Mff isoform2 and the vector pEGFP-C1 (Addgene, Cat. No.

6084-1) were digested with Hindlll-HF (New England Biolabs NEB Cat. No. R3104S) and



BamHI-HF (New England Biolabs NEB Cat. No. R3136S) restriction enzymes, run in a 2%
agarose gel and gel purified. The insert was ligated to the vector using T4 DNA Ligase (New
England Biolabs NEB Cat. No. M0202S) following the manufacturer’s instructions using a 3:1

ratio. The insertion was verified by Sanger sequencing.

Electroporation into melan-a and melan-c2 of siRNA and plasmids

Microporation was done using either Neon™ Transfection System (Invitrogen, Cat. No.
MPK5000) or Lonza® Nucleofector® electroporation system. Melan-a and melan-c2 at 80%
confluency were detached with trypsin, counted, and centrifuged in serum-containing medium at
500 x g for 5 min. The cell pellet was resuspended in warm (37°C) PBS. Then, 1,2 x 105 cells
were electroporated with siRNA and/or plasmid DNA according to the manufacturer's instructions
(10 pl volume, 40 nM final concentration of a pool of 4 siRNAs; sigenome SMART pool, Horizon
Discovery 1 ug/ul for plasmids; Supplementary Data 4). After microporation (1,200 V, 20 ms, 3
pulses), cells were immediately resuspended with media (RPMI-1640 medium supplemented with
10% FBS) and 200 nM PMA, without antibiotics) and plated. 66 h after electroporation, cells were

either fixed or collected for further analysis.

Melan-a cell lentiviral transduction

For virak transduction, 10000 melan-a cells per well were seeded in 96-well plates, and cultured
for 24 h at 37 °C in a humidified incubator with 10% CO.. Cells were then transduced with
lentiviral particles encoding either ShRNA targeting Mff or the non-targeting control (MISSION®
pLKO.1-puro Non-Target shRNA Control Transduction Particles; Sigma-Aldrich, SHC016V).
For Mff silencing, individuak shRNA constructs were employed: TRCN0000174665 (target

sequence: GATCGTGGTTACAGGAAATAA) and TRCNO0000174539 (target sequence:



CTTCATTAAGACGTCAGATA,; Sigma-Aldrich, MISSION® shRNA library). Transduction
was performed in complete growth medium supplemented with 10 pug/mL polybrene (Sigma-
Aldrich, #TR-1003) for 24 h at 37 °C in a humidified incubator with 5% CO.. Following
transduction, cells were cultured in fresh complete growth medium for additional 24 h prior to

downstream analyses.

HTS acquisition and analysis of mitochondria and melanosome morphology

Melan-a/c2 cells were seeded on a 96-well TC-Treated Black u.CLEAR microplate (Greiner Bio-
One, Cat. No. 655090) and incubated in growth media for 48 h. Melanocytes were fixed with PBS
containing 3.7% formaldehyde (Sigma-Aldrich, Cat. No. 252549) for 15 min, permeabilized with
0.1% Triton X-100 (Sigma-Aldrich, Cat. No. T8787) for 15 min and blocked with 5% BSA (Carlo
Erba Reagents, Cat. No. A268131000) diluted in PBS for 1 h at RT. Cells were stained with the
primary antibodies anti-TOMZ20 (diluted 1:150, Sigma-Aldrich, Cat. No. HPA011562) and
HMBA45, which is already diluted and ready-to-use (Agilent Technologies, Cat. No. GA052) O/N
at 4°C. The cells were then washed three times with 5% BSA in PBS and incubated with the
following secondary antibodies: Goat anti-Rabbit IgG (H+L) Alexa fluor 488 Secondary
Antibody diluted 1:250 (Invitrogen Thermo Fisher Scientific, Cat. No. A-11070), Goat anti-Mouse
IgG (H+L) Alexa Fluor 568 diluted 1:250 (Thermo Fisher Scientific, Cat. No. A-11004). Nuclei
were stained with Hoechst 33342 200 ug/mL in PBS (Thermo Fisher Scientific, Cat. No. H1399)
for 10 min at RT. Cells were later incubated with phalloidin 680 (Abcam, Cat. No. ab176760,
diluted 1:500 in 1% BSA in PBS) for 90 min at RT for total cell area detection. After incubation,
melanocytes were washed 3 times with PBS. Images were acquired using the Operetta CLS™
High-Content Analysis System (PerkinElmer), with a 63x Water/1.15 NA objective (High Content

Imaging was performed at the HITS@uniPD Facility, Department of Biology, Padua). Alexa Fluor



488/568, Hoechst, and phalloidin images were captured using 8 Z-stack planes at 1-micron step
size using 460—490 and 355-385 nm excitation LEDs and emission filters 500-550 and 570-650,
respectively.

Automated image analysis was performed with the Harmony® Analysis Software (PerkinElmer);
a proprietary supervised machine learning algorithm (PhenoLOGIC™, Harmony® Analysis
Software, Perkin Elmer) was used to quantify single-cell mitochondria and melanosome number
and intensity, in addition to their mean area (px?), perimeter (px), and length (px). Z-stacks were
processed to obtain maximum projections; nuclei segmentation based on Hoechst was followed by

identification of the cytoplasm and HMB45/Tom20 positive particles.

Immunofluorescence and imaging

Immunofluorescence was performed as previously described®?. Cells were fixed with PBS
containing 3.7% formaldehyde (Sigma-Aldrich, Cat. No. 252549) for 15 min, permeabilized with
0.1% Triton X-100 (Sigma-Aldrich, Cat. No. T8787) for 15 min and blocked with 5% BSA in PBS
for 1 h, and then incubated O/N with primary antibodies diluted in PBS with 5% BSA at 4°C. After
three washes with 5% BSA in PBS, cells were incubated with appropriate secondary antibodies
prepared in 5% BSA in PBS solution for 1h at RT. Samples were rinsed three times with PBS and
incubated with Hoechst 33342 (200 pg/mL for 10 min, diluted in PBS). After three additional
washes with PBS, coverslips were briefly rinsed in MilliQ water and mounted onto glass slides
using Mowiol. Cells were imaged using either an Axio Imager M2 laser scanning microscopy
(LSM) 900 microscope (Carl Zeiss), equipped with an Airyscan module and a Plan-Apochromat
63x/1.40 Oil DIC M27 objective, or for super-resolution imaging, an Elyra 7 SIM? (Carl Zeiss
Microscopy) equipped with a Plan-APOCHROMAT 63x/1.4 Oil DIC M27 objective. Images

were acquired depending on the needs with the lasers (405, 488, 561, and 640 nm) and dichroic



filters QBS 405, 493,575, 653 and TBS 405, 493, 610 (16 bit) either in confocal or Airyscan mode
(these were deconvoluted with standard Airyscan processing). SIM acquisition utilized all
available fluorophores with appropriate laser lines and filters (filters: BP 495-550 + LP 655, BP
420-480 +BP 570-640 + LP 740, BP 495-550 + LP 655; camera exposure time of 50 ms; 13 phases,
16-bit). Z-stacks were acquired to ensure full volumetric coverage of the cellular structures, with
optimal slice intervals for processing. Post-acquisition, raw SIM datasets were processed using the
integrated ZEISS ZEN Black software with the SIM?2 algorithm to reconstruct super-resolved
images (3D, leap). Quantification of MFF puncta and their colocalization with melanosome
constriction points was performed on fixed melan-a cells stained for MFF and HMB45. MFF
puncta and their overlap with fission zones were manually counted within two to three regions of

interest (ROIs) per cell, each measuring 40 pm?.

Live imaging and quantification of melanosome fission and fusion

Live imaging was performed on melan-a cells previously transfected with the eGFP-MFF (isoform
1) plasmid and LAMP1-RFP, cultured on an ibidi p-Slide 8 Well chambers (Cat. No. 80826). For
LysoTracker-based imaging, cells were transfected with eGFP-MFF only when required. On the
day of imaging, cells were incubated with 100 nM LysoTracker Deep Red (Molecular Probes,
Thermo Fisher Scientific, Cat. No. L12492) and with 50 nM of MitoTracker™ Green FM
(Molecular Probes, Thermo Fisher Scientific, Cat. No. M7514) in complete medium for 45
minutes. After incubation, the medium was replaced with fresh complete medium for microscopy.
Live-cell super-resolution imaging was performed using a Zeiss Elyra 7 system equipped with
Lattice SIM?2 (Carl Zeiss Microscopy) using a 13-phase acquisition protocol across all channels.
Time-lapse videos were acquired over 30 cycles under physiological conditions (37 °C, 5% CO).

Image reconstruction was carried out in ZEN Black (Carl Zeiss Microscopy) using the SIM?2



algorithm in two-step burst mode (2D Leap), yielding an approximate lateral (X, y) resolution of
~31 nm after deconvolution. Melanosome fission and fusion events were tracked using the
TrackMate plugin in Fiji. Analyses were conducted either on defined regions of interest (ROIS)
comparing melan-a and melan-c2 cells, or across full-cell areas following HUANG thresholding,
using cells labeled with LysoTracker Deep Red or electroporated with LAMP1-RFP. To minimize
artifacts from focal plane shifts, the number of fission (splitting) events was subtracted from the
number of fusion (merging) events per spot detection. Spot area and perimeter measurements were
extracted from the same plugin, considering only LysoTracker-labeled structures with a detected

area exceeding 0.5 um?.

Colocalization analysis

For colocalization analysis of MFF, HMB45, and mito-RFP in melan-a and melan-c2 cells, Z-
stacks were acquired with a step size of 0.15 pum. Mito-RFP positive cells were processed using
standard Airyscan super-resolution settings, and standard size ROIs (11.5 pm x 11 pm = 126.5
um?) were drawn in the cell cytosol. At least three per cell were analyzed. Maximum z-projections
of all acquired stacks were generated for the three channels in the analyzed ROIs. On these ROls,
the Manders overlap coefficient was quantified using the JACoP plugin in the Fiji program®354,
The same analysis and ROI size were used for colocalization analysis of MFF, HMB45, and mito-
RFP in CTSB silencing conditions (Table 3). The same procedure was used for colocalization
analysis of HMB45 and CTSB in siRNA control/MFF conditions, but in total cell area ROIs.
HMBA45 colocalization with melanin was quantified from single-plane confocal images of the
respective conditions, considering five cells per condition (two ROIs per cell, 10 pm x 10 pm =
200 pm2). Single plane images were selected for analysis based on the focal plane that allowed the

maximum number of melanin BF spots to be identified.



Magic Red® (Cathepsin B assay) and acridine orange (AO)

Melan-a cells were seeded on a 96-well Ultra microplate (PerkinElmer) after electroporation with
the appropriate siRNA conditions and incubated in growth media for 66 h. Melanocytes were
incubated for 1 h at 37°C and 10% CO2 with Magic Red reagent (Cathepsin B Assay Kit - Magic
Red® Abcam, Cat. No. AB270772) diluted in DMSO according to the manufacturer's instructions.
For AO staining (Sigma Aldrich, Cat. No. 158550), cells were incubated at a final concentration
of 2.5 uM for 30 min at 37°C and 10% CO2. Then, live cells were stained with Hoechst 33342
(200 pg/mL for 10 min diluted in RPMI 1640 without phenol red supplemented with 1% FBS).
Melanocytes were washed once with RPMI 1640 without phenol red, supplemented with 1% FBS,
and imaged in the same medium. Images were acquired using the Operetta CLS™ High-Content
Analysis System (PerkinElmer), with 63x Water/1.15 NA. Magic Red (excitation 530-560 nm;

emission 600-640 nm), AO (excitation 450-490 nm; emission 590-650 nm).

Transmission electron microscopy (TEM)

8 x 104 melan-a/c2 cells per well were plated into 24-well plates. After 48h, cells were fixed, and
sample preparation was performed as previously described. Samples were fixed with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, O/N at 4°C. The samples were
postfixed with 1% osmium tetroxide plus potassium ferrocyanide 1% in 0.1 M sodium cacodylate
buffer for 1 h at 4°C. After three water washes, samples were dehydrated in a graded ethanol series
and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin sections (60-70 nm) were obtained
with Leica Ultracut EM UC7 ultramicrotome, counterstained with uranyl acetate and lead citrate,

and viewed with Tecnai G2 (FEI) transmission electron microscope operating at 100 kV. Images



were captured with a Veleta (Olympus Soft Imaging System) digital camera. TEM images and
experiments were performed at the Electron Microscopy Facility of the University of Padua.

The TEM images and experiments were performed by the University of Padua electron microscopy
facility. Mitochondria-melanosome distances and perimeters were quantified with the ImageJ
(National Institutes of Health). At least four biological replicates were performed per cell line, with
a minimum of five cells collected from each sample. The surface of every cell was completely
covered by different images. The melanosome-mitochondria contact coefficient (MELAMICC)
was used to represent the extent of physical interaction between the melanosome and
mitochondria. This index considered the melanosome and mitochondria perimeter and the
respective distance between the two organelles. Contacts with distances between organelle
surfaces bigger than 120 nm were excluded. The MMERF was pre-embedded in 3% LMP agarose

in 0.1 M cacodylate buffer and processed following the standard EM cell protocol.

Statistical Analysis

Unless otherwise stated, data are presented as mean + SEM. All independent experiments represent
biological replicates. Unless otherwise indicated, all experiments were performed at least three
times. The statistical tests used are specified in the corresponding figure legends. Statistical

significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data Availability. The MS data generated in this study have been deposited in the
ProteomeXchange database with the identifier PXD051372
[https://www.ebi.ac.uk/pride/archive/projects/PXD051372]. Raw reads have been deposited in the
NCBI SRA database and are available through the Bioproject ID PRJINA1092600

[https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA1092600]. Raw files from imaging



experiments will be available on request. The processed data and W.blot images generated in this
study are provided in the Supplementary Information/Source Data file. The unpublished melan-c2
cells, as well as the wild type cells melan-a will be readily available on request from the Functional

Genomics Cell Bank at City St. George’s, University of London, UK.
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Figure 1. MFF is a new candidate for melanosome function.

(A) Representative TEM images of melan-a and melan-c2 cells showing melanosomes at different
maturation stages (MLI-MLIV). Scale bar, 1 um. (B) Quantification of the percentage (%) of
melanosomes at each maturation stage in contact with mitochondria. Data are expressed as the %
of total melanosomes contacting mitochondria per replicate. Mean + SEM from four independent
experiments. One-way ANOVA, *p=0.0189. (C) Quantification of the Melanosome-
Mitochondria Contact Coefficient (MELAMICC), calculated as the melanosome perimeter
divided by the product of mitochondrial perimeter and melanosome—mitochondria distance.
Mean + SEM from four independent experiments (MLI vs MLII *p=0.0217; MLI vs MLIII
p=0.079; MLI vs MLIV **p=0.0073 and melan-a MLI vs melan-c2 MLI *p=0.0015; one-way
ANOVA). (D) David GO cellular component enrichment analysis of the DEGs between melan-a
and melan-c2. Enrichment significance was determined using the EASE (modified Fisher’s exact)
test with Bonferroni correction, p-value < 0.05. Blue and red bars represent upregulated DEGs in
melan-a and melan-c2, respectively. (E) Heatmap of mitochondrial-related DEGs (n=531) based
on MitoCarta3.0 analysis. Upregulated genes are shown in red and downregulated genes in blue.
Representative of three independent experiments. (F) Schematic of mitochondria—melanosome—
ER fraction (MMERF) isolation, proteinase K treatment, and Mass Spectrometry analysis (MS;
four independent experiments). (G) Representative TEM images of total and magnified views of
mitochondria contact sites with melanosomes (arrows) from MMERFs from three independent
experiments. Scale bar, 1 um. (H) Proteomic analysis of MMERFs identifying common (n = 109)
and cell line—specific proteins (melan-a, n=136; melan-c2, n=242), followed by DAVID GO
cellular component enrichment analysis (Bonferroni p <0.05). Outer mitochondrial membrane
(OMM), endoplasmic reticulum (ER), and Golgi apparatus (Golgi). OMM proteins that were also

detected as DEGs are highlighted (blue, melan-a; red, melan-c2). (I) SR time-lapse images of



melan-a and melan-c2 stained with lysotracker and mitotracker showing melanosomal fission
events (red arrows). Scale bar 1um. (J, K) Quantification of the number of Lysotracker spot fission
events and their perimeter per cell; three independent experiment,n = 6-8 cells each. Mean £ SEM,
two-tailed unpaired Student’s t-test, ****p < 0.0001. (L) Representative immunoblot validation

of MMERFs showing enrichment of MFF in melan-c2 cells of three independent experiments.

Figure 2. MFF locates at melanosomes and associates with melanosome fission sites.

(A) Immunogold labeling of MFF and HMBA45 reveals the presence of MFF at all melanosome
maturation stages. Representative images of two biological replicates. (B, C) Pigmented (melan-
a) and albino (melan c2) melanocytes were stained with anti-MFF, HMB45, and LAMP1
antibodies. White arrows show MFF association with HMB45-positive structures, both in melan-
a and melan-c2. Single plane images; scale bar, 1 um. Representative images of three biological
replicates. (D, E) Linescans of the relative fluorescence intensity of MFF (green), HMB45
(magenta), and LAMP1 (red) of the white lines reported in B and C, respectively. (F)
Quantification of the number of HMB45-positive melanosomes with MFF puncta ( % of total
melanosomes) in melan-a cells. Mean £ SEM; n= 20 cells, two independent experiments; for each
cell, two to four ROIs were randomly selected. (G) Colocalization analysis shows decreased
colocalization of MFF with mitochondria (mt-RFP) in albino melanocytes. Mean + SEM; n=10
cells from two independent experiments (three ROIs per cell). Two-tailed Mann-Whitney test,
***p < 0.0004. (H) SRimages of melanosomes with membrane fission regions and vesicle/tubule
formation in association with MFF punctae. Scale bar 1pm. (I) Quantification of MFF
colocalization with melanosomal fission events per ROI (% of total fission regions). Mean + SEM;

n= 20 cells from two independent experiments; for each cell, two to four ROIs were randomly



selected. (J) Representative time-lapse images of MFF budding from mitochondria to
melanosomes (LAMP1-RFP structures). White arrows indicate the event. Scale bar 1um. (K) SR
time-lapse images of melan-a cells co-expressing eGFP-MFF isoform 1 and LAMP1-RFP. White
arrows indicate melanosome sites where MFF is associated with constricted membranes that

undergo fission. Scale bar 1um.

Figure 3. MFF modulates melanosome function and morphology.

(A) Representative SR images of MFF, DRP1, and melanosomes (LAMP1). Scale bar 2um and
1um in the magnified ROIs (A and B). Orange arrows point to MFF and DRP1 colocalization in
mitochondria, while white (MFF) and yellow (DRP1) arrows indicate the presence of these
proteins in melanosomal structures (LAMP1 positive). Representative images of two independent
experiments. (B) Representative Western Blotting image showing MFF and Drpl silencing in
melan-a cells, and expression levels of melanogenesis-related proteins of five biological replicates.
(C) Representative SR images of HMB45 immunostaining in melan-a cells under the indicated
silencing conditions. Scale bar 2 pum. Red arrows highlight melanosomes with different
morphology. (D, E) Quantification of melanosome number and perimeter (n = 4083 cells for
control sSiRNA; n = 42597 cells for Mff SIRNA; n = 3846 cells for Drp1 siRNA; n=4 independent
experiments; px = pixel). Meant SEM. Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, *p = 0.0194. (F) Representative TEM images of stage | and stage Il
melanosomes with dysfunctional morphology and lumen buildup in MFF-silenced melan-a
compared to control from three biological replicates. Scale bar 1 um. (G) Live-cell imaging
sequence showing mitochondria (Mitotracker, green) and an elongated melanosomal structure
(LAMP1-RFP, magenta) that does not successfully undergo fission (white arrows) in Mff-silenced
cells. Scale bar 1 um. (H) The fission of melanosomes was observed using time-lapse imaging in

both control and MFF-silenced melan-a cells. The number of fission events per cell is shown. n=20



cells from three independent experiments. Mean + SEM; two-tailed unpaired Student’s t-test, *p
= 0.0457. (1) Representative images of MFF-silenced melanocytes with HMB45 immunostaining:
the insets show an increased colocalization of HMB45-positive organelles with melanosomes that
are enriched in melanin, as seen in brightfield (BF) images. Scale bar 2 um. (J) HMB45
colocalization with melanin was quantified from confocal images of the respective conditions.
Mean + SEM; n=40 cells from four independent experiments. Two-tailed Mann-Whitney test, *p

=0.0411.

Figure 4. CTSB upregulation in response to MFF silencing enhances catabolism in

melanosomal lumen

(A) Gene ontology analysis (ShinyGO online tool S*°) of genes changed upon Mff and Drpl
silencing in melan-a; three independent experiments. MFF, but not DRP1, silencing induces
lysosomal and catabolism pathways in melanocytes. (B) Representative Western Blotting image
of CTSB expression in melan-a treated with Mff, Drpl, and control siRNA. (C) Quantification of
CTSB expression levels in silenced melan-a, normalized to B-actin. Mean + SEM; from four
independent biological experiments. Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, *p =0.0252. (D) Representative images of control and Mff siRNA-treated
melanocytes stained with HMB45 and anti-CTSB antibody. Scale bar, 10 um, and for magnified
regions, 1 um. (E) Quantification of HMB45 colocalization with CTSB in melan-a melanocytes
treated with control and MFF siRNA. Mean + SEM; n=30 cells from three independent
experiments. Two-tailed Mann-Whitney test, *p =0.0189. (F) Representative images of the Magic
Red assay for the measurement of CTSB degradative activity in control and Mff-silenced melan-

a. Scale bar 200 um. (G) Quantification of CTSB activity (Magic Red intensity, a.u. = arbitrary



units) in Mff-silenced melan-a. Mean + SEM; four independent experiments. Two-tailed Mann-
Whitney test, *p =0.0286. (H) Representative images of melan-a stained with Acridine Orange
(AO) and treated with the indicated sSIRNA. AO-positive spots were detected by automated image
analysis (Harmony® software). Scale bar 100 um. (I) Quantification of AO intensity in melan-a
treated with the indicated siRNA. Mean £ SEM, four independent experiments. Kruskal-Wallis
test followed by Dunn’s multiple comparisons test, *p =0.0407. (J) Representative Western
Blotting image of control and double silencing of Mff and Ctsb in melan-a. (K) Automated
detection and analysis (Harmony® software) of HMB45-positive melanosomes was applied for
quantification of their perimeter in melan-a cells treated with Mff and Ctsb siRNA. Mean + SEM,
four independent experiments. Two-tailed unpaired Student’s t-test, *p =0.0274. (L)
Quantification of melanosome number in Mff and Ctsb-silenced melan-a cells. Mean+ SEM, four

independent experiments. Two-tailed unpaired Student’s t-test. *p =0.0274.

Figure 5. MFF-dependent melanosome fission is dependent on F-actin nucleation by

interaction with ARP2/3 complex regulators.

(A) Proteomic analysis of MFF interactome: scatter plot shows the distribution of MFF interactors
according to the levels of protein difference (x-axis) and statistical significance (y-axis). Magenta
dots represent the statistically significant deregulated proteins, respectively. MFF is visualized in
the upper right corner of the graph as the most upregulated protein. Cyan dots highlight proteins
belonging to the WASH complex (FAM21C and Strumpellin (Kiaa0196)). Two-tailed Student t-
test analysis was applied, and significance p< 0.05. (B) Representative Western Blot of MFF co-
immunoprecipitation with FAM21C and Strumpellin of two independent experiments. (C) Gene
ontology (biological process) enrichment of the MFF-IP proteome shows high enrichment of
proteins involved in the regulation of ARP2/3 complex-mediated actin nucleation. (D)

Representative SR images of MFF, HMB45, and phalloidin (F-actin) immunostaining in melan-a



cells. The white line indicates the enrichment of F-actin at the MFF puncta in HMBA45
melanosomes (panel 1) and melanosome constriction sites (panel 2). Scale bar 1 um. (E) Linescans
of the relative fluorescence intensity of MFF (green), HMBA45 (magenta), and phalloidin (grey) of
the white lines drawn in panels 1 and 2 (Fig. 5D). (F) Representative SR images showing eGFP-
MFF colocalization with ARP2/3 at melanosomes and melanosome membrane constriction
regions (white arrows). Scale bar 1 um. (G) HMB45-positive melanosome volume was quantified
in control and ArpclA- or Arpc3-silenced melan-a cells. Mean + SEM; n= 29 cells for siRNA
control and siRNA Arpc3, n=27 cells for siRNA ArpclA, from three independent experiments,
px=pixel. Kruskal-Wallis test followed by Dunn’s multiple comparisons test, ****p=0.0001.
Scale bar 1 um. (H) Quantification of the melanosomes perimeter in melan-a treated with control
and Mff siRNA, along with the ARP2/3 inhibitor CK-666. Cells were treated with DMSO or 50
uM CK-666 for 30 minutes. Mean + SEM, three independent experiments. Kruskal-Wallis test

followed by Dunn’s multiple comparisons test, *p = 0.0485.



Editor’s Summary:
Melanosome maturation depends on poorly understood fission processes. Here, the authors demonstrate that the
mitochondrial fission factor MFF mediates melanosome division by localising to division sites, trafficking between

mitochondria and melanosomes and regulating ARP2/3-dependent actin assembly.
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