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SUMMARY

Little is known as to how cells ensure that organelle size and number are coordinated to correctly
couple organelle biogenesis to the demands of proliferation or differentiation. OA1 is a melanosome-
associated G-protein-coupled receptor involved in melanosome biogenesis during melanocyte

differentiation. Cells lacking OA1 contain fewer, but larger, mature melanosomes. Here we show that
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OA1 loss-of-function reduces both the basal expression and the aMSH/cAMP-dependent induction of
the microphthalmia-associated transcription factor (MITF), the master regulator of melanocyte
differentiation. In turn, this leads to a significant reduction in expression of PMEL, a major
melanosomal structural protein, but does not affect tyrosinase and melanin levels. In line with its
pivotal role in sensing melanosome maturation, OA1 expression rescues melanosome biogenesis,
activates MITF expression and thereby coordinates melanosome size and number, providing a quality-
control mechanism for the organelle in which resides. Thus, resident sensor receptors can activate a

transcriptional cascade to specifically promote organelle biogenesis.

SIGNIFICANCE

The melanosome is an excellent model to study the mechanisms regulating organelle biogenesis.
Fewer, but bigger melanosomes (macromelanosomes) are observed in cells deficient in OAl, a
melanosomal resident G-protein coupled receptor. Here we show that OA1 regulates melanosome size
and number via activation of the Microphthalmia-associated transcription factor, the “master
regulator” of melanocyte differentiation. These observations suggest a general mechanism for
regulation of organelle biogenesis in which organelle-specific proteins act as both sensors and

modulators of maturation state.

INTRODUCTION

Organelle biogenesis is a complex process highlighted by the timed synthesis and sorting of
specific structural and functional proteins. How these events are regulated to modulate the rate of
production and size of the organelles is an intriguing issue in cell biology. Melanosome biogenesis
can serve as a model system to unravel some of these processes. Melanosomes are distinctive
pigmented organelles of skin melanocytes, the Retinal Pigment Epithelium (RPE) and the choroid,
and represent the primary site of melanin synthesis and storage. Although characterized by the
expression of a set of proteins conferring morphological and functional specificity, they are classified
as Lysosome-Related Organelles (LROs), as they segregate from the conventional endocytic pathway,
and express some of the late endosome and lysosome markers (Marks et al., 2013).

Based on morphology, melanosomes can be classified into four ultrastructurally and
biochemically distinct stages (Marks & Seabra, 2001): Stage I, corresponding to coated endosomes
(Berson et al, 2001; Theos et al, 2006b), that is the vacuolar domain of early endosomes; Stage II are
elliptical unpigmented organelles containing a well-organized fibrillar matrix; Stage III and 1V are
marked by the presence of melanin deposited along the fibrils in stage III, which at stage IV
completely fills the lumen of the organelle. The key enzyme involved in the synthesis of melanin from
the initial precursor tyrosine is Tyrosinase (TYR). Premelanosome protein (PMEL also known as
PMELI17, SILV or gpl00) is an integral membrane glycoprotein that segregates with coated

endosomes and undergoes several steps of cleavage and maturation (Hurbain et al, 2008) to constitute
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the major component of the melanosome fibrillar matrix observed in stage II and III melanosomes
(Berson et al, 2003; Kobayashi et al, 1994; Theos et al, 2006a). The PMEL fibrillar matrix serves as a
scaffold to focus melanin polymerization (McGlinchey et al, 2009), and to sequester toxic melanin
biosynthesis intermediates in later stage melanosomes (Watt et al, 2009). The key role of PMEL in
melanosome maturation is highlighted in animal models carrying Pmel mutations that show varying
levels of hypopigmentation, from mild to severe (Watt et al, 2011). For example, in the silver (Pmel)
mutant (hPmell7si) mouse model (Theos et al, 2006a), PMEL is inefficiently exported from the
endoplasmic reticulum and its accumulation within pre-melanosomes is significantly decreased. As a
consequence, melanosomes from silver mice display reduced striations and an aberrant enlarged
‘giant’ spherical shape. Notably these melanosomes are densely pigmented (Solano et al, 2000; Theos et
al, 2006b).

The rate of maturation and size of melanosomes are finely tuned, and aberrant melanosome
size is a hallmark of several genetic disorders characterized by organelle biogenesis defects. For
example, both Chediak-Higashi and Hermansky—Pudlak syndromes display enlarged melanosomes
(macromelanosomes) owing to aberrant fusion of pre-existing organelles (Introne et al, 1999). By
contrast, the macromelanosomes found in the RPE and skin melanocytes from Ocular Albinism type 1
(OAL1) patients and Oal knock-out (melan-Oal™) mice, originate from the overgrowth of single
melanosomes (Incerti et al, 2000; Palmisano et al, 2008). In this disease, melanosomes display a single
melanin-coated fibrillar matrix core, similar in size and structure to that of a normal melanosome, and
exhibit no intermediates of melanosome-melanosome fusion (Incerti et al, 2000) Beside melanosome
enlargement, Ocular Albinism type 1 patients display a severe reduction in the number of stage II
melanosomes (Schiaffino et al, 2002). The phenotype is even more dramatic in RPE cells of fetal and
adult patients (O'Donnell et al, 1976). When analyzed in Oal knock-out (melan-Oal ) mice,
macromelanosomes appear to increase progressively in size and number from embryo to adulthood,
when the majority of melanosomes display the giant phenotype, and the number of mature
melanosomes is reduced by 50% (Cortese et al, 2005).

OAL1 is an atypical G-protein-coupled receptor (GPCR) (Innamorati et al, 2006; Schiaffino et al,
1999; Staleva & Orlow, 2006) as unlike other GPCRes, it is primarily associated with intracellular endo-
lysosomes and melanosomes, with its N-terminus located towards the lumen of the organelle and its
C-terminus towards the cytoplasm (Chi et al, 2006; Giordano et al, 2009; Samaraweera et al, 2001).
Collectively, these observations suggest that OA1 may provide the cell with a mechanism to sense
melanosome maturation and regulate organelle biogenesis and homeostasis. However, while the first
component of the signaling cascade triggered by OA1 has been identified in Gai3 (Young et al, 2011),
the identity of its downstream targets and cause of macromelanosome production remain unknown.

Here we demonstrate that the organelle receptor OA1 acts as a biosensor to modulate the rate
of organelle production, by regulating the expression of the transcription factor MITF, the master

regulator of melanocyte development, function, survival and cell-cycle progression (Vachtenheim &
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Borovansky, 2010). In the absence of OAIl, a decrecase in MITF levels leads to a diminished
transcription of melanosome biogenesis genes, affecting primarily PMEL protein levels, with a
minimal effect on the rate of melanin biosynthesis. Since the reduced amount of PMEL is responsible
for the onset of enlarged melanosomes in the hPmell7si cell line, we conclude that the diminished
PMEL causes the enlarged melanosomes formation observed in Oal mutant cells.
RESULTS
0Oal-KO melanocytes display melanosome rate of maturation and size defects
Ocular Albinism type 1 patients are characterized by a reduced number of mature melanosomes that
exhibit increased size in both skin melanocytes and in RPE cells (Garner & Jay, 1980; O'Donnell et al,
1976) Mouse Oal”™ melanocyte cells (Palmisano et al, 2008) show a similar phenotype and can be
considered a bona fide in vitro cell model of OA1 loss-of-function melanocytes.

Compared to wild-type mouse melanocytes melan-A (Oal™) (Figure 1A, A’), Oal™ cells are
characterized by different distribution of the pigmented melanosomes (Figure 1B) and frequently by

I cells,

the presence of long and branched dendrites (Figure 1B’). In particular, in comparison to Oa
pigmented melanosomes in Oal™ cells are sparsely distributed in the central area, and concentrated at
the cell periphery and in the long dendrites (Figure 1A, B). These observations are in line with the
data obtained by Palmisano et al., 2008, in which OA1 has been demonstrated to control melanosome
distribution regulating microtubule-mediated motility. Of note, we further evaluated the role of the
actin cytoskeleton and Rab27a, a component of the Rab27a-melanophilin (Slac2a-Mlph) complex,
that controls melanocyte dendriticity and melanosome transport (Chiaverini et al., 2008), allowing
melanosomes to move on the actin network, and found that they are not affected by the presence of
OA1 (Figure S1). Both microscopic (Figure 1A, B) and ultrastructural analysis using a flat-embedding
technique to preserve the original shape and organelle distribution in cultured cells (Figure 1C, D),
show an even distribution of unpigmented/low-pigmented stage II/III melanosomes in the central and
peripheral area in Oal*"* cells, but an absence from the central area in Oal™" cells. Quantification of
melanosome number coupled with a morphometric analysis shows that the number of stage II, I1I and
IV melanosomes is 20, 5, and 2-fold reduced in Oal™ cells, compared to Oal™* cells, respectively
(Figure 1E). Moreover, mature melanosomes in Oal™ cells are on average larger compared to wild-
type cells (Figure 1F). Indeed, over 60% of the stage IV melanosomes can be classified as
‘ENLARGED’ (diameter range 0.6um - 0.9um), and ‘MACRO’ (diameter > 0.9um), and only about 40%
display the normal size (diameter <0.6um). Notwithstanding the changes in number and size of

-/- /
melanosomes, Oal” and Oal*™*

cells contain comparable amounts of melanin (Figure 1G), suggesting
that the reduced number of stage IV melanosomes is counterbalanced by a higher content of melanin
per melanosome, due to the increased size.

These results suggest that OA1 may be part of a mechanism that modulates the rate of de novo
melanosome biogenesis, rather than the expression of components of the enzymatic cascade

responsible for melanin biosynthesis.
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OAL1 re-expression in Oal” cells rescues number and size of melanosomes

A functional role for OAI in melanosome biogenesis implies that OA1 re-expression in Oal™
cells should provide a phenotypic rescue and restore the amount of early stage melanosomes and
reduce the size of the macromelanosomes. We therefore stably transduced Oal”™ melanocytes with
retroviral vectors carrying the wild-type Oal (LOalSN), or an empty vector as control (LSN). By
immunofluorescence, the resulting Oal”LOalSN melanocytes show stable OA1 expression in about
50% of the cells, with OA1l displaying the expected intracellular distribution in endo-lyso-
melanosomal compartments (Figure 2A) (Giordano et al, 2009; Schiaffino et al, 1999; Shen et al, 2001).

EM analysis by flat embedding reveals that, compared to control Oal” LSN cells (Figure 2B),
OAL rescue in Oal”LOalSN (Figure 2C) leads to a significant increase in the total number of stage
IT melanosomes. Quantification demonstrates that although we find no significant variation in the total
number of stage III and IV melanosomes (Figure 2D), the melanosomes in cells re-expressing OAl
are mostly localized in the central area, leading to a significant difference between the Oal” LSN
cells and those re-expressing OAl (Figure 2E), while in the dendritic area the amount of
melanosomes of all stages is not affected by OA1 re-expression (Figure 2F). Furthermore, we observe
a pronounced reduction of stage IV ‘ENLARGED’ (diameter: 0.6-0.9 um) and ‘MACRO’ (diameter: >0.9
wm) melanosomes, and a sensitive increase in the number of normal (diameter: 0.2-0.6 wm) stage IV

melanosomes (Figure 2G).

These data demonstrate that OA1 restoration rescues the OAI” phenotype, leading to an increase
in number of early stage melanosomes, and a decrease in size of mature melanosomes, and confirms

that the primary defect in these cells arises from mutation of the Oal gene.

OA1 controls melanosome structural protein expression but not melanin biogenesis

Our data indicate that OA1 may play a role in regulating the rate of early melanosome
biogenesis, possibly by regulating the expression of early melanosome structural components. To
verify this hypothesis we measured the level of PMEL and TYR. PMEL is a structural component of
melanosomes that participates in the organization of the melanosome matrix fibrillar scaffold, and a
series of cleavage and maturation steps of PMEL generates the P1 and MJ forms that characterize the
progression from stage I to stage II melanosomes (Berson et al, 2001). By contrast the activity of TYR,
the first rate-limiting enzyme of the melanin biosynthetic pathway, determines the morphological

transition from unpigmented stage II, to pigmented stage III and IV melanosomes.

When analyzed by Western Blot, the expression of both the processed forms P1 and M of
PMEL positively correlate with the expression of OA1, with reduced expression observed in Oal”
compared to Oal** melanocytes (Figure 3A). The housekeeping protein Calnexin (CLN) is used as a

loading control. Consistent with this, stable shRNA-mediated inactivation of OA1 (Figure S2) in
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Oal*" cells (shOAL1) leads to a similar reduction in the expression of the processed forms of PMEL
(Figure 3A and B). By contrast, the levels of TYR protein are unaffected in both Oal” and shOA1
cells (Figure 3A and B). However, when we analyzed the Pmel and Tyr mRNA levels in Oal” and
Oal*"* melanocytes (Figure 3C), we found that both are reduced. Therefore, although OA1 appears to
modulate the transcription of both the Pmel and Tyr genes, its effect appears to be restricted to PMEL
protein expression. These results may be partially explained by the long TYR protein half-life (Saeki
& Oikawa, 1980), such that a low amount of Tyr mRNA in Oal " cells is sufficient to maintain a
sizable amount of TYR enzyme and consequently a similar amount of melanin to that observed in
wild type cells. Collectively these data suggest a previously unidentified role for OAl in the

regulation of the expression of genes involved in melanosome biogenesis.

OA1 sustains MITF expression in melanocytes

Our observations suggest that OAl may be involved in the modulation of the early stages of
melanosome maturation. Therefore, we sought a possible connection between the expression of OA1
and MITF that coordinates the expression of genes implicated in melanin synthesis and melanosome
biogenesis and transport, including Pmel (Du et al, 2003) and Tyr (Bentley et al, 1994; Du et al, 2003).
When comparing wild type Melan-a melanocytes (derived from the skin of C57BL/6J mice), to wild
type Oal*™, and Oal*" versus Oal™ melanocytes (the latter three derived from 129/Sv mice)
(Palmisano et al, 2008), we observed a dramatic decrease in MITF protein levels (Figure 4A, left panel)
when OA1 expression is absent. The requirement for OA1 in MITF expression was confirmed using
cells depleted for OA1 using shRNA (Figure 4A, right panel). The reduced MITF expression in Oal™
or shRNA-depleted melanocytes found wusing western blotting was also observed by
immunofluorescence with a lower MITF nuclear staining seen in cells with reduced OA1 expression

(Figure 4B).

The positive regulation of MITF expression by OA1 may occur through two non-exclusive
mechanisms: inhibition of MITF protein degradation (post-translational regulation), and/or a positive
control on transcription of the MITF gene. The analysis of MITF protein half-life in Oal** and Oal™
cells using cycloheximide (CHX) as a protein synthesis inhibitor revealed an almost identical
degradation kinetic (Figure 4C, left panel). Similar observations were made when comparing shCTR
and shOAL1 cells (Figure 4C, right panel). By contrast, the analysis of Mitf mRNA levels (Figure 4D)
revealed a sizable decrease in both Oal” (45%) and shOA1 (55%) cells, compared to Oal™™ and
shCTR, respectively. Thus, it appears that the reduced MITF protein seen in OAl-negative cells
correlates with decreased Mitff mRNA expression, suggesting that at least at steady state, post-
translational regulation mechanisms are unlikely to be involved in the down-regulation of MITF
expression. These results therefore define OA1 as a signaling protein controlling Mitf mRNA levels.

To further substantiate this model, we examined MITF expression in the Oal " cells in which
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retroviral infection was used to re-express OA1 and restore normal melanosome morphology (Figure
2). The results (Figure SA) confirmed that OA1 regulates MITF expression. Thus, while the control
Oal”™ melanocytes (LSN) exhibit low levels of MITF, re-expression of OA1 in the Oal"LOalSN
melanocyte cell line restored MITF protein levels. Consistent with this, western blot analysis reveals a
rescue in the amount of both P and MP processed forms of PMEL in Oal”LOalSN, compared to
control, confirming that OA1 regulates PMEL protein levels (Figure 5B). The restoration of PMEL
expression is likely mediated by MITF, as MITF re-expression in Oal” cells shows an increase of
both P and MP processed forms of PMEL (Figure 5C). The increase in PMEL protein detected by
western blotting in Oal”LOalSN melanocytes compared to control was paralleled by an increased
number of PMEL-positive organelles in the central area (Figure 5D and Figure S3). These organelles
can be identified as early stage melanosomes using the HMB45 anti-PMEL antibody, to detect
fragments of PMEL detectable only in stage II melanosomes (FIGURE). Taken together these data
suggest that OA1 regulates PMEL expression via MITF.

Because both the Pmel and Tyr genes are under the control of MITF, but only PMEL appears to
be affected by its modulation via OA1, we asked whether other MITF controlled genes could have a
similar behaviour. In particular, we studied MART1, an MITF target (Du et al., 2003) and escort
protein for OA1 (Giordano et al., 2009), and found (Figure S3) that, similarly to Rab27a (Fig. S2) and
tyrosinase (Fig. 3), the presence of OAI1 affects neither the amount nor the distribution of the MART1
protein. This observations leads to the hypothesis that the reduced amount of MITF in OA1 depleted
cells results in a selective down-regulation of PMEL protein, leaving unaffected other MITF target
genes. A possible explanation could be that a secondary level of regulation MITF-dependent, acting at

post-translational level, can specifically affect PMEL protein stability.

Oal’" melanocytes exhibit a defective response to cMSH

If OA1 positively controls MITF, which in turn regulates the expression of Pmel and Tyr, major genes
involved in the biogenesis of melanosomes, in the absence of OA1 the signaling pathways upstream
of Mitf should be impaired. In skin melanocytes, the growth factor aumelanocyte-stimulating hormone
(oMSH) is a key regulator of melanosome biogenesis and melanin synthesis. ®MSH binding to its
GPCR, the melanocortin 1 receptor, induces MITF expression via cAMP-driven phosphorylation and
activation of cAMP-response element binding protein CREB that recognizes the Mitf promoter
(Bertolotto et al, 1998). To verify the physiological role of OA1 in regulating MITF, we asked whether
OALl is involved in the aMSH-Mitf signaling cascade. We first stimulated wild type and Oal”
melanocytes with «MSH and examined MITF protein expression over time. In wild type melanocytes
(Figure 6A, upper panel) oMSH leads to a sustained elevation in MITF expression that continues for
at least 24 h. By contrast, Oal” melanocytes (Figure 6A, lower panel) exhibit a similar initial

stimulation of MITF expression, but by 6h MITF expression had returned to almost basal levels. To
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be noted: in this kinetics, double amount of cell extracts have been loaded for OA1 deficient
melanocytes, compared to control cells, to better visualize and quantify band intensity. Quantification
of these data is shown in Figure 6B. The striking difference in kinetic of MITF expression between
OAl wild type and Oal” melanocytes in response to oMSH treatment was reproduced when
comparing control and OA1-specific ShRNA expressing cells (Figure 6C). We obtained similar results
when stimulating the cells with the cAMP agonist forskolin (not shown), which mimics aMSH
signaling (Price et al, 1998). Collectively these results indicate that, although cells depleted for OA1 are
able to respond to an oMSH stimulus, they are unable to sustain the response, reinforcing the
observation that OA1 plays a role in aMSH-induced regulation of MITF.

As we excluded a role for OA1 as negative modulator of the efficiency of MITF protein
degradation (see Figure 4C), we sought to confirm this observation in aMSH-stimulated cells.
Accordingly, we treated Oal™* and Oal™ cells with oMSH and, after 3h of treatment, corresponding
to the major peak of MITF expression, added the protein synthesis inhibitor CHX) (Figure 6D). While
Oal*™* melanocytes respond to CHX treatment with a rapid decrease of MITF protein levels compared
to cells not exposed to CHX, Oal” cells display a rapid decrease in MITF protein in both CHX
treated and untreated conditions. These data allow us to exclude a possible role for OA1 in inhibition
of MITF protein degradation, and to assign the primary role of OAl in regulating the Mitf mRNA
expression.

The results obtained from measuring MITF protein expression in response to «cMSH were
reflected in Mitf mRNA levels. In the presence of OA1 we observed a progressive increase in Mitf
mRNA levels on oMSH treatment. By contrast, in Oal” melanocytes we observed a peak of Mitf
mRNA after 1h of aMSH treatment, followed by a rapid decrease between 1h and 3h that drops
below the initial basal level (Figure 7A).
mRNA transcription and degradation rates are coordinately regulated to allow temporal modulation of
gene expression (Proudfoot et al, 2002). The analysis of the 3’UTR of the Mitf mRNA reveals potential
mRNA instability elements, such as the adenylate/uridylate-rich element (ARE) (Haflidadottir et al,
2010), suggesting that Mitf mRNA may be susceptible to a rapid degradation. Therefore, we asked
whether OAL1 activity could lead to a reduced Mitf mRNA degradation by analyzing the half-life of
Mitf mRNA using Actinomycin D (ActD) as a transcriptional inhibitor. The results revealed that ActD
administration to cells stimulated with oMSH for 2h, corresponding to the major peak of Mitf
expression, induced Oal*"* melanocytes to respond with a decrease in Mitf mRNA levels compared to
untreated control cells (Figure 7B). By contrast, in Oal™ cells ActD treatment does not induce any
substantial change in the profile of Mitff mRNA levels following «MSH treatment (Figure 7C).

Finally, ActD treatment of Oal™" and Oal” cells at steady state in the absence of aMSH
stimulus (Figure 7D) reveals a differential effect in the two cell lines. In the control Oal*"* cells, Mitf

mRNA is rapidly degraded with a half-life of approximately 90 min. This finding confirms that Mitf
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mRNA is an unstable and presumably highly regulated mRNA. Surprisingly, however, in Oal™ cells,
where the basal level of MITF expression is low, we do not observe any evidence for Mitff mRNA
degradation on ActD treatment (Figure 7D). Indeed the level of Mitf mRNA achieved after prolonged
ActD treatment of Oal™ cells appears to be similar to the basal level exhibited by Oal” cells. This
observation raises the possibility that the fraction of Mitf mRNA in wild type cells that is stable and
persists after ActD treatment, is similar to that expressed at the steady state in the Oal™ cells. Thus
there may be a minimum threshold below which the Mitff mRNA degradation is impaired (Figure 7D).
Collectively these data support the notion that one role for OA1 is the control of de novo melanosome
biogenesis via regulation of Mitf mRNA expression.

DISCUSSION

Melanosome maturation relies on the combined role of structural proteins (e.g. PMEL), and
enzymes involved in melanin synthesis. The two sets of proteins need to be coordinately regulated, so
that melanin synthesis can occur when the melanosome has assembled the proper fibrillar scaffold
(stage II melanosomes), and terminate when full maturation of melanosomes is reached (stage IV
melanosomes). Several aspects of this process are still unclear. For example, how the structural events
leading to the onset of a new melanosome biogenesis (ultimately controlling the density of
melanosomes in a given melanocyte) are linked to the regulation of the expression of enzymes
involved in melanin biosynthesis, and which mechanisms control the size of a melanosome.

A pivotal role in the regulation of melanosome biogenesis is played by the protein OAl, a
GPCR that has an unusual and exclusive localization to intracellular endo-lyso-melanosomal
membranes (Schiaffino, 2010). OA1 loss-of-function leads to a reduction in number of early stage
melanosomes, and the presence of macromelanosomes (Cortese et al, 2005; Schiaffino, 2010; Schiaffino
et al, 2002). However, although melanosome biogenesis and melanin synthesis are generally
considered linked, we show here that the reduction of melanosome number in Oal” cells is not
associated with reduced melanin content. A possible explanation for this observation is that most
likely the reduced number of melanosomes in OA1-negative cells is compensated by the increased
size of stage IV highly pigmented melanosomes. These data support the observation that levels of
TYR expression (Vetrini et al, 2006), and activity (Cortese et al, 2005), as well as expression of TYRP1,
another pigmentation enzyme (Giordano et al, 2009), are not affected by OAT1 loss-of function. This is
in line with the knowledge that the formation of macromelanosomes in Oal™ cells is due to the
overgrowth of single melanosomes rather than by the fusion of existing melanosomes (Incerti et al,
2000).

We also underline that stage II melanosomes observed in Oal™ cells display normal size and
morphology as occurs in RPE from KO mice (Cortese et al, 2005), suggesting that the ability to
synthesize melanin to normal levels, and the reduced rate of organelle biogenesis, are both necessary

for macromelanosome formation. The biogenesis of macromelanosomes, in view of the unimpaired
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efficiency in melanin synthesis observed in Oal” cells, may therefore be explained by a model in
which each of the few newly formed melanosomes receives a higher ratio of melanin synthesis-
enzymes, leading to an increase in the relative content of pigment (Figure 8). However, if this model
is correct, it should also include a mechanism to bypass a putative ‘size vs maturation control’
operated at the level of the single melanosome by a possible ‘biosensor’. Alternatively, one could
imagine the presence of a ‘biosensor’, signaling from pigmented melanosomes, regulating the rate of
new melanosome biogenesis.

We hypothesize that OA1 may represent the putative candidate for both types of ‘biosensor’.
OAIl could be a melanin synthesis biosensor, signaling from late stage (III and IV) pigmented
melanosomes, to promote new melanosome biogenesis. That signaling by OA1 might be restricted to
later stages of melanosome maturation would also be consistent with the normal stage Il melanosomes
observed in Oal” cells.

In support of this hypothesis, we show in this study that OA1 activity leads to the regulation of
Mitf, the key gene involved in melanogenesis. MITF is a transcription factor known to regulate the
expression of both melanosome scaffold proteins and enzymes involved in melanin synthesis. Our
data show that in the absence of OA1 there is a dramatic reduction of MITF, although to levels still
sufficient to sustain the survival and differentiated status of the pigmented cell (Steingrimsson et al,
2004). However, the reduced level of MITF leads to a selective reduced expression of the structural
protein PMEL, and not of TYR, the key enzyme necessary for melanin synthesis, and of other MITF
target genes, i.e. MART1 and Rab27a. These data explain why lack of OA1 correlates with a reduced
number of newly formed melanosomes, but normal melanin levels. Therefore we propose a model
where a decrease in PMEL expression is responsible for a reduced rate of new stage II melanosome
formation, rather than impairing the formation of correctly assembled fibrillar structures of a single
melanosome (Figure 8). The normal rate of melanin synthesis enzyme expression (e.g. tyrosinase),
will eventually lead to relative increase of these enzymes for each residual stage II melanosomes, the
synthesis of an excess of melanin per melanosome and the formation of macromelanosomes (Figure
8).

In support of this model, OA1 re-expression, enables the recovery of Mitf transcription, leading
to a high MITF expression, and correlates with a re-activation of stage Il melanosome biogenesis.

Quite surprisingly, however, we also observe that MITF overexpression in Oal™, although
leading to a sizable increase of PMEL protein levels, does not lead to an increase in melanosome
biogenesis. This observation indicates that MITF is necessary but not sufficient for the onset of
melanosome biogenesis, and additional factors are necessary for melanosome formation. A
fascinating hypothesis could be that OA1 is able to regulate other structural components of the
melanosome, such as membrane amount and composition. Another explanation for the lack of
melanosome biogenesis upon MITF overexpression is that the MITF protein levels or post-

translational modifications differ from the physiological levels present in wild type cells, affecting
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MITF activity and affinity for its target genes.

Our data are in line with the concept that MITF activity and expression can be finely tuned in
pigmented cells, to contribute to the homeostasis of several cell processes. In melanoma for instance,
MITF, rather than working as a simple on/off switch, appears to act as a rheostat integrating a wide
variety of signaling events regulating its expression and activity (Carreira et al, 2005). Similarly, in
OAT1 loss-of-function cells, MITF may be finely tuned and regulated in order to maintain the basic
functions related to cell survival. Of interest, at steady state we noticed a negligible Mitf mRNA
turnover in Oal knock-out cells, compared to wild-type melanocytes, suggesting that at the low basal
levels of Mitf mRNA observed in Oal” cells, a critical concentration is reached at which the Mirf
mRNA degradation is likely impaired. This observation leads to the hypothesis that in the absence of
OALI signaling, despite a reduction of Mitf transcriptional activation, compensative mechanisms may
be switched on, to counterbalance the lack of MITF, allowing maintenance of homeostasis in the cell.

To define the signaling pathway by which OA1 regulates Mitf expression, we analyzed the
major signaling pathway leading to Mitf expression upon aMSH stimulation, i.e. the cMSH-cAMP-
CREB pathway (Price et al, 1998). oMSH leads to a rapid increase in MITF expression and activation,
and to the production of melanin coupled with melanosome biogenesis. Our data indicate that OA1
participates in this pathway and is necessary to maintain an appropriate level of Mitff mRNA and
protein since in the absence of OA1, aMSH triggers only a transient activation of MITF expression.

Taken together our data indicate that melanosomes require OAl to modulate their own
maturation and the rate of new melanosome formation. The downstream signaling involves the
control of the master regulator of the pigmented cell MITF expression. A similar mechanism of
autonomous regulation has been demonstrated recently for lysosome biogenesis: lysosomes sense
their content and regulate their own biogenesis by a lysosome-to-nucleus signalling mechanism
involving the MITF-related transcription factor TFEB and mTOR (Settembre et al, 2012), although
TFEB activation is mediated by post-translational modification and not through gene transcription.
Our results suggest that a similar mechanism occurs for melanosome-autonomous regulation of
number, size and composition, via OA1 that acts as specialized regulator in the wider process that
takes place in the cell to control the biogenesis of the organelle.

MATERIALS AND METHODS
Reagents

oMSH, Forskolin and ActD were from Sigma-Aldrich, and CHX from Calbiochem.
Cell culture

Oal™™ (melan-Oal*™ cells, also known as melan-A cells from their A/A agouti phenotype), Oal*"

(melan-Oal™" cells) and Oal” (melan-Oal™ cells) were established from female agouti 129/Sv mice
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(Incerti et al, 2000). Melan-a cells were described by Bennett et al, 1987.

Cell culture conditions are carefully described at the web page Wellcome Trust Functional Genomics Cell
Bank (http://www.sgul.ac.uk/depts/anatomy/pages/dcbhmpg.htm) and in Palmisano et al, 2008. These cell
lines may show spontaneous depigmentation: particular attention has been paid to not use cells

undergoing spontaneous depigmentation.

Oal Silencing by RNA interference

Oal silencing of Oal*" cells was obtained by vector-driven expression of sequence-specific S(RNAs
(Paddison et al., 2002). A pcDNA4TO (Invitrogen)-based shRNA expression vector was derived from
the previously described pTER (van de Wetering et al, 2003) by inserting the CMV enhancer upstream
of the H1 promoter, driving the expression of a shRNA cassette (pCMVTER vector). Four putative 21
bp target sequences in the Oal cDNA (accession number X98352) were identified using the SFOLD
on-line application (http://sfold.wadsworth.org/sirna.pl). Complementary 63 bp oligonucleotide pairs,
designed to generate sticky ends complementary to BglII/HindIII sites and a shRNA cassette specific
for the target sequences upon annealing, were generated and cloned into pPCMVTER. In preliminary
experiments, only one target sequence, shOA1, showed the ability to efficiently downregulate co-
expressed Oal, while other shRNAs gave minimal effects (not shown). Oal+/- subclone #5
melanocytes (see Palmisano et al, 2008) were transfected with pPCMVTER plasmids in 6 cm plates:
pPCMVTER either empty (shCTR), carrying ineffective shSCR or specific shOA1. Seventy-two hours
post-transfection, melanocytes were transferred to 10 cm plates and selected with 400 pg/ml zeocin
(Invitrogen), which was maintained thereafter in order to avoid loss of plasmid integration.
Complementary 63 bp oligonucleotides for shOA1 (target sequence in Oal cDNA: 695-713) and
shSCR were as follows (underlined are the cloning sites; in bold are the sense and antisense target
sequences; in italic are some C to T substitutions in the sense strand, to reduce the incidence of
mutations in bacteria due to “cross formation” during DNA replication):

shOA1
5’GATCCAACTCAATTCTGTTACACATTCAAGAGATGTGTAACAGGATTGGGTTTTTTT
TGGAAA
5S’AGCTTTTCCAAAAAAAACCCAATCCTGTTACACATCTCTTGAATGTGTAACAGAATT
GAGTTG

The quality of Oal silencing was determined by semi-quantitative PCR: cytoplasmic RNA was
isolated with RNeasy Mini kit (Qiagen), and reverse transcribed with oligo(dT) primers using the
SuperScript First-Strand Synthesis System for RT-PCR kit (Invitrogen), according to manufacturers’
instructions. Semi-quantitative PCR reactions were carried out in a total volume of 100 pl using Taq

polymerase (Promega) and 1 pl of cDNA as template. B-actin was used to normalize the cDNA
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concentrations and amplified by using primers B-actin F:5'-GGCATCGTGATGGACTCCG and [3-
actin R: 5'-GCTGGAAGGTGGACAGCGA. Oal was amplified by using primers FmOA1(1064): 5’-
AATGACTGCCTCTGCTGCTGA and RmOA1(1552): 5’-ATGGATTTGGATCTGGCACTT.

Semi-quantitative PCR conditions were 1 cycle at 95°C for Smin, 30 cycles at 95°C for 30 sec, 55°C
(B-actin) or 57°C (Oal) for 30 sec, 72°C for 1min, and 1 cycle at 72°C for 5 min. During the
amplifications, which were performed simultaneously for the different cell lines, 20 pl were collected
at cycles 16/18/20/22 from the B-actin reactions and at cycles 18/20/22/24 from the Oal reactions.

The semi-quantitative PCR is shown in Figure S2.

Expression vectors and retroviral infection

The LOalSN retroviral vector, carrying the Oal cDNA, was a generous gift from Valeria Marigo
(University of Modena and Reggio Emilia, Italy), and was obtained by cloning the Oal cDNA into
the EcoRI and Xhol sites of the LXSN retroviral vector (Miller & Rosman, 1989). The pBabe-Mitf
retroviral vector was constructed by cloning a full length Bgl-2 fragment of the Mitf cDNA into the
BamHI site of pBabe (Morgenstern & Land, 1990). Throughout this paper Mitf refers to the Mitf-M(+)
isoform and the cDNA used was of mouse origin. The eco-tropic packaging cell line Phoenix was
transfected by the calcium-phosphate/chloroquine method. Twenty-four hours after transfection, the
medium was changed, and culture supernatants containing viral particles were collected after
additional 24h and 48h. The retroviral supernatant was supplemented with polybrene (Sigma) at 5
pg/ml and used for melanocyte infection. Two infection cycles lasting 3h and spaced out by 24h were
performed to infect Oal™ cells.

Forty-four hours post infection, cells were selected as a polyclonal population with 750 pug/ml of
G418 (Sigma), which was maintained thereafter in order to avoid loss of retroviral integration
(Kinsella & Nolan, 1996).

The cell lines obtained were designated Oal”LOalISN, Oal”LSN and pBabe, pBabe-Mitf

Cell lysis, immunoblotting and quantification

Cells were lysed in RIPA lysis buffer [Triton-X100 1%, Na deoxycholate 1%, SDS 0.1%, NaCl 150
mM, Tris HCI 50 mM] for nuclear proteins and in Nonidet P40 buffer [NP40 1%, EDTA 5 mM, NaCl
150 mM, Tris pH 7.5 150 mM] for melanosomal proteins, both supplemented with a complete
protease inhibitor cocktail (Roche). Protein concentration was determined by Bio-Rad Protein Assay
(BioRad) and equal amounts of proteins (20-60ug) were loaded and separated in 7.5% SDS-PAGE for
nuclear proteins and 10% for melanosomal proteins. The separated proteins were then transferred to
nitrocellulose membranes, probed with primary specific antibodies followed by HRP conjugated
antibodies (Jackson ImmunoResearch Laboratories), and developed by ECL (GE Healthcare) method,

according to the manufacturer’s instructions. Antibodies were: monoclonal anti-MITF (Ab-1, C5
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Neomarkers), CLN (Stressgene); polyclonal rabbit anti-pCREB (phospho-CREB, Ser133, Cell
Signaling), anti-pERK 1/2 (Santa Cruz), anti-TYR oPEP7, (Kobayashi et al, 1998), anti-TYRP1
oPEP1, (Kobayashi et al, 1998), anti-DCT oPEPS8, (Tsukamoto et al, 1992), and anti-PMEL oPEP13,
(Zhou et al, 1994) from Hearing’s laboratory.

In order to compare signal intensity after cMSH and CHX treatments, band densities were quantitated

with the ImageJ program, and the relative intensity of each band was normalized to the corresponding

band of CLN.

RNA isolation, cDNA synthesis and real-time quantitative RT-PCR (qPCR)

Total RNA was extracted using TRIzol reagent (Life Technologies) or RNeasy MiniKit (Qiagen),
according to the manufacturer’s instructions. RNA concentration and purity were determined by
measuring absorbance at 260, 230 and 280 nm; 1pg total RNA was run on a 1% agarose gel to verify
RNA integrity. Starting from about 1ug of total RNA, cDNA was synthesized by using Oligo(dT)15
primers (Promega), and M-MLV Reverse Transcriptase (Promega). cDNAs were diluted 1 in 5, then
subjected to qPCR analysis. The mRNA for Mitf was measured by Real-Time PCR (TagMan) using
the Eppendorf Mastecycler Realplex apparatus. The mouse Mitf primers and probe sequences were:
forward 5’ AGAAGCTGGAGCATGCGAAC, reverse 5’GGGAAAGTCCATGCGCTCTA and probe
5’-FAM-TGCTCAGAGTACAGGAGCTGGAGATGCAG-TAMRA-3’.

To avoid possible signal production from potential contaminating genomic DNA, specific primers
and probes were designed across a common exon—intron splice junction by the Primer Express
software (Applied Biosystems). For endogenous control, the expression of Hprt gene was examined
by qPCR as described above. The sequences of primers and probe were: forward 5’TCA TTA TGC
CGA GGA TTT GGA, reverse 5' ACA ATG TGA TGG CCT CCC A and probe 5-FAM-
ACAGGACTGAAAGACTTGCTCGAGATGTCATG-TAMRA-3’.

Melanin quantification

Oal™ and Oal™ cells were washed 2x in PBS buffer and dissolved, at the concentration of 10° in
100ul, in 1 N NaOH in 10% dimethylsulfoxide, then incubated at 90°C for 30 min. After
centrifugation at 1000x g for 10 min, the supernatant was taken to measure the protein concentration
and melanin. The amount of melanin was measured with a spectrophotometer at 450 nm, using
synthetic melanin (Sigma M-8631) as a standard, whereas the amount of proteins was analyzed by the
Bio-Rad Dc Protein Assay (BioRad). Results were expressed as mean +=SD (n=7) of micrograms of

melanin/milligrams of protein.
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Bright field and immunofluorescence microscopy

For bright field and immunofluorescence microscopy, cells were grown directly on 100 mm?’
coverslips, fixed in 3% paraformaldehyde and permeabilized with 0.2% saponin. For MITF nuclear
detection cells were fixed in methanol at —20°C for 5’ followed by acetone at RT for 2 min.
Fluorochrome-conjugated secondary antibodies were from Jackson Laboratory. Samples were
inspected on an Olympus inverted fluorescence microscope (model IX70). Images were recorded with
a digital CCD camera (model C4742-95, Hamamatsu), using the IPLab spectrum V3.2 software
package (Scanalytics) and processed with Adobe Photoshop 7.0 (Adobe Systems).

Antibodies used were: monoclonal anti-MITF (Ab-1, C5 Neomarkers), anti-PMEL (HMB45, DAKO)
and a polyclonal rabbit antiserum against mouse OA1 (N45) (Cortese et al, 2005).

Electron microscopy (EM) of flat-embedded cells

Cell lines for EM were grown on Lab-Tek Chamber Slides™ (Nalgene Nunc International) for two
days and fixed in 0.1 M cacodylate buffer containing 2.5% glutaraldehyde for 3h at room temperature.
Samples were post-fixed in osmium tetroxide (EM Science) for 2h and in uranyl acetate (EM Science)
for 1h at room temperature. Samples were then dehydrated through a graded ethanol series with
propylene oxide as a transition fluid (TAAB Laboratories Equipment) and embedded in epoxy resin
(Poly-Bed) overnight at 42°C then for 2 days at 60°C.

-/
1" cells were

Ultrathin longitudinal sections of 60nm for Oal” and infected cells and 250nm for Oa
cut and stained with uranyl acetate and lead citrate. Sections of flat-embedded cells were observed
with a FEI Tecnai 12-G2 Electron Microscope (FEI Company).

The flat-embedding technique allows preservation of the original morphology of the cultured cells and
permits a quantitative analysis in different areas of the cells. In order to determine the density of
melanosomes in the total, central and dendritic areas, EM images were randomly taken from sections
displaying both the nucleus and the dendrites. The central area was defined as the region of the cells,
between the nuclear membrane and a line drawn 3,5 pm inside the plasma membrane. The dendritic
area was defined by tracing the contour of dendrites from their attachment to the cell body to the tip.
Melanosomes were classified according to Marks & Seabra, 2001; namely: stage II, contain
unpigmented fibrillar striations; stage III, contain pigmented, electron-dense fibrillar striations; stage
IV, fully pigmented organelles with non-apparent striations. Melanosome density was calculated by
counting the number of melanosomes per square micron of cell profile surface. The cell area analyzed
was measured by the freeshare software ImageJ (rsbweb.nih.gov/ij/) and expressed in square
micrometers. Total areas of 1500, 1800, 1400 and 4000 um® from at least 10 micrographs randomly
acquired at 4800X, were analyzed in Oal * * Oal ’/', Oal’LOal SN, Oal TLSN respectively.

Stage IV melanosome diameter was considered along the major apparent axis of the organelle: at least

800 stage IV melanosomes in Oal™ cells, and 500 in Melan Oal*”, Oal’LOaISN, Oal’LSN, were

measured.
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Statistical analysis.

Each plot of protein kinetics analyzed after oMSH treatment was obtained from three independent
experiments. Mean and SEM were shown for each time point.

Statistical analysis of EM data was carried out using Student's unpaired t-test assuming equal
variances. Data are presented as mean = SD and were considered statistically different at P < 0.05. In
all related panels, P < 0.05 is marked with single asterisk, P < 0.01 is labeled with double asterisks

and P<0.001 is marked with three asterisks.
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FIGURE LEGENDS

Figure 1. Absence of OA1l affects melanocyte shape and melanosome number, size and

maturation. EM images (A-D) and bright field optical pictures (inset A’ and B’). (A-B) Oal * cells
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display lack of dendrites, and an almost homogeneous distribution and size of mature melanosomes.
Oal”" cells exhibit a dendritic shape with long, thin dendrites rich of mature melanosomes, and a
central region depleted of mature and immature stages Bars: 10 pm. (C-D) in Oal* cells the
peripheral area is full of mature as well as immature melanosomes, whereas the dendrites of Oal™
cells are deficient in immature melanosomes. Both normal and giant melanosomes are found in OA1-
deficient melanocytes. Bars: 1um. (E) Quantification of the maturation stages of melanosomes in
Oal™™ and Oal” cells. Results are presented as density of different stages of maturation
(melanosomes/um?). Oal™ cells show a sizable decrease of all the maturation stages and a halving of
mature organelles. Melanosomes were counted on randomly acquired micrographs at 16500X
magnification for Oal™ (n= 1074 melanosomes; total area= 505 pm*; micrographs= 27) and Oal™
cells (n= 1278 melanosomes; total area= 1830 um’, micrographs=51). ***P<0.001 (independent
samples Student’s z-test assuming equal variances). (F) Analysis of melanosomal size. Histograms

. . /-
represent the percent in size of measured melanosomes. Oal*”*

cells display melanosomes with a
homogeneous size (NORMAL). Differently, Oal” melanosomes have a significant variability in size:
just 35% of melanosomes are comparable in size with the wild-type melanosomes, more than 60% of
melanosomes altogether show an aberrant dimension: ENLARGED melanosomes are more than 40%
and MACRO melanosomes are about 20%. n=400 and n=800 melanosomes were measured in 5
different profiles for Oal™ and Oal™ respectively. (G) Melanin quantification: Oal** and Oal™

protein extracts reveal the same melanin content. Values are represented as mean +SD (n=7) of

micrograms of melanin/milligrams of protein.

Figure 2. Oal transduction in Oal”" cells rescues number and size of melanosomes.

(A) Immunofluorescence picture representing OAl expression and endo-lysosomal distribution
pattern in Oal”LOalSN cells. Bar: 20 um. (B) Flat-embedded Oal”LSN; note the complete absence
of immature melanosomes in the central area. Bar: 0.5 pm. (C) Central area of Oal "LOalSN cells
showing an abundant accumulation of stage II and stage IIl melanosomes. Bar: 1 pum. (D-F)
Quantification of the maturation stages of melanosomes presented as density (melanosomes/um?). (D)
In the total area, significant increase of stage IT melanosomes was observed in Oal”LOalSN in
comparison to Oal”LSN. *P<0.05 (P=0.031). Oal”LOalSN: n= 2768 melanosomes; total area=
3950 um’, micrographs=23; Oal”LSN: n= 1980 melanosomes; total area= 2800 pm’,
micrographs=16. (E) In central area Oal "LOalSN cells show a sizable increase of stage 11 (10-fold)
and stage III (5-fold) melanosomes in comparison to Oal”LSN. Melanosomes were counted in the
central area (defined in Matherials and Methods, EM section), on randomly acquired micrographs at
4800X magnification for Oal”LOalISN (n= 939; total area= 1080 um®; micrographs= 10) and Oal™
LSN cells (n= 321; total area= 1130 um’, micrographs=9). **P<0.01; ***P<0.001 (independent
samples Student’s z-test assuming equal variances.). (F) In dendritic area of both cell lines no

significant variations in all stage melanosomes were observed; Oal "LOalSN: n= 709 melanosomes;
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total area= 660 um”, micrographs=7; Oal”LSN: n= 270; total area= 270 um’, micrographs=6. (G)
Histograms represent the frequency of melanosomes size measured in at least 500 melanosomes in 5
different cells for each cell line. Histograms show a decrease in size of both ENLARGED and MACRO

melanosomes after Oal transduction. Analyses were preformed two months post-infection.

Figure 3. OA1 expression affects melanosomal proteins. (A) Blots of total protein extracts were
probed with antibodies against the melanin synthesis enzyme PEP7 (TYR) and structural protein
PEP13 (PMEL). CLN was used as loading control. While levels of TYR were not affected by Oal
absence, both Oal” and shOA1 show a sizable decrease in both the P1 and MB processed forms of
PMEL protein levels. (B) Quantification of the protein amount in A, expressed as fold change relative
to Oal*™ cells. (C) Measured mRNA levels by gPCR show 55% of reduction for Pmel and 45% for
Tyr in knock-out cells, compared to controls. Results are presented as mean = SD of 3 independent

experiments.

Figure 4. MITF protein and mRNA levels are influenced by the presence of OA1. Absence of
OA1 determines a reduction in MITF levels when analyzed by Western Blot, Immunofluorescence
and qPCR in cells knock-out and silenced for Oal, in comparison to their relative controls. (A) Both
phosphorylated, upper band, and basal MITF forms are strongly reduced in Oal” and shOAl. (B)
Nuclear staining for MITF show a decrease in cells depleted for OA1. Bars: 10 um. (C) OA1 absence
does not influence MITF protein degradation. Oal*™* versus Oal” and shCTR versus shOA1 treated
with CHX for the indicated times. Both the OA1-depleted cells, compared to proper controls, show a
comparable degradation rate and protein half-life. Densitometric analysis expressed as mean + SD,
n=3. (D) Mitf mRNA levels were measured by qPCR and show 45% (n=4) and 55% (n=3) of

reduction for knock-out and shOA1 cells, respectively. Data are represented as mean + SD.

Figure 5. Re-expression of OA1l or MITF is capable to restore PMEL. (A) OAl re-expression
restores MITF: Western Blot analysis shows a rescue quantified as about two-fold increase, for both
basal and phosphorylated MITF protein in comparison to the Oal”LSN control cells (n=4). (B) OAl
re-expression partially restores the PMEL protein levels in Oal”LOalSN cells 14 days after
transduction. Of note, the biochemical rescue of PMEL is partial, but only 50% of these cells are
effectively expressing OA1. (C) MITF re-expression efficiently restores the PMEL protein levels in
Oal”™ pBabe-Mitf after 7 days of transduction. (D) Representative immunofluorescence pictures of
OAl and PMEL stained with HMB45 antibody. On the left, Oal” cells show few and scattered
HMBA45 positive structures; on the right, double immunofluorescence assay showing OA1 and PMEL
expression in Oal”LOalSN cells. Note the increased PMEL staining in cells re-expressing OAI.
Bars: 5 pm.

This article is protected by copyright. All rights reserved.



Figure 6. OA1 sustains the MITF levels via cMSH pathway. (A-B) Oal **and Oal™ cells, and (C)
shOA1 and shCTR were treated with 1 uM oM SH for the indicated times. Total lysates were probed
for MITF. Oal™* cells and shCTR show an increase in MITF amount, maintained along the treatment,
while Oal” and shOAL1 cells are unable to sustain MITF levels beyond 3h of treatment. To note:
double amount of cell extracts have been loaded for Oal”compared to control cells, to better
visualize and quantify bands intensity. (B) Protein quantification. Oal** cells responded to oMSH
stimulus with a 2.5 times fold increase of MITF protein amount at 3h of treatment. This increase is
sustained beyond, in line with previous studies on normal human melanocytes (Newton et al, 2007). At

steady state, Oal™ differs from Oal*™*

showing a reduced amount of MITF protein quantified as
about 50% less. Despite this reduced amount, after 3h of aMSH treatment Oal " were able to reach
the same amount of MITF as wild-type cells, increasing their absolute fold increase about 5 times and
demonstrating a correct responsiveness to oMSH stimulation. Even so, Oal” showed a rapid
decrease of MITF protein levels between 3 and 6h and successive point of analysis. Values represent
the mean +SD (n=3) and are expressed as Fold Increase compared to the untreated wild-type cells. (D)
Protein degradation is not responsible for MITF decrease in Oal” melanocytes. Cells were stimulated
with 1uM oMSH for 6h. After 3h of stimulation half of the cells were treated with 100ug/ml CHX
and harvested after additional 1, 2 and 3h. Oal ** show a decrease of MITF protein levels after CHX

treatment. On the contrary MITF amount in Oal™ cells was not influenced by the presence of the

drug. Values on the chart represent the mean +SD, (n=3).

Figure 7. OA1 does not influence Mitf mRNA degradation and regulates Mitf transcription.
gPCR of Mitf mRNA in presence of MSH and/or Actinomycin D (ActD). (A) Oal*™* and Oal™ cells
were treated with oMSH 1uM in a time course of 5h, then analyzed to visualize Mitf mRNA
modulation. Note that while Mitf levels in Oal** cells increase during oMSH stimulation, in Oal™
cells decrease after 1h of treatment. Values are expressed as Mitf Fold Increase compared to the
untreated wild-type cells. (B-C) mRNA degradation is not responsible for Mitf decrease in Oal” cells.
Oal™ and Oal™ cells were stimulated with 1uM oMSH for 5h. At 2h of stimulation, half of the cells
were treated with Sug/ml ActD and harvested after additional 1, 2 and 3h. Cells were analyzed by
gPCR to visualize modulation of Mitf levels in presence of ActD in comparison to the untreated cells.
Of note, while in Oal™™ cells ActD determines a rapid decrease of Mitf mRNA (panel B), Oal” cells
(panel C) are not affected by such treatment. The kinetics are representative of n>3 experiments. (D)
Mitf mRNA is unstable in Oal*™ cells but not in Oal” cells at steady state condition. Exponentially
growing cells were treated with Sug/ml ActD, harvested and analyzed at indicated times. Mitff mRNA
is rapidly degraded in presence of OA1 and is highly stable in its absence. Values are represented as

mean +=SD (n=2).
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Figure 8. Model of macromelanosome formation in Qal depleted cells. The presence of
OAl(upper panel) sustains Mitf transcription via a signalling cascade cAMP-mediated. MITF
regulates melanosome biogenesis leading to the transcription of PMEL, and melanin synthesis
activating melanin producing enzymes, such as Tyrosinase, that will be equally distributed among the
newly formed melanosomes and produce melanin. The coordinate regulation of these processes leads
to the maturation of the melanosome (upper right electromicrograph).

The absence of OAl(lower panel) leads to a reduction of MITF protein amount, which determines a
decrease in PMEL, and in turn a reduction of stage II melanosomes, while the amount of
melanogenesis enzymes remains unaffected. Therefore, the enzymes will accumulate in the few stage
I melanosomes available, determining excess in melanin production eventually leading to
macromelanosome. The lower right micrograph shows macromelanosomes with a fibrillar central

core of the size of a normal melanosome.

SUPPLEMENTARY FIGURE LEGENDS

Figure S1. The actin cytoskeleton and Rab27a are not affected by OA1 depletion. (A)

Representative immunofluorescence pictures stained with phalloidin show the very similar actin
cytoskeleton of Oal '+ and Oal T cells (B) Rab27a mRNA levels were measured by qPCR and

results comparable in amount in Oal ¥ cells and Oal™" cells.

Figure S2. Generation of the shOA1 cell line by RNAi. Oal +/-cells were stably transfected either
with empty vector (shCTR) or expressing shRNAI1, directed against the Oal transcript (shOA1). (A)
An example of semiquantitative PCR results, obtained by simultaneously amplifying the cDNAs of
the indicated cell lines with primers for the Oal transcript or Pactin. Samples were collected at four
time points during the amplification (I-IV, see Materials and Methods). Oal amplification products
from shOA1 cells are barely visible at cycles III-IV. (B) Quantification of Oal expression in the
indicated cell lines, obtained by using Pactin expression for normalization. Results represent the mean

+ SD (n=6) and are expressed as percent of Oal amount in shCTR cells. *P <0.01, compared to

shCTR, and <0.05, compared to Oal*- (paired Student’s t-test assuming equal variances). (C)
Representative bright field optical pictures of shCTR and shOAl cell lines. In shOA1l cells,

melanosomes appear larger (see inset for 3x magnification) and peripherally distributed, similarly to

Oal™- melanocytes. Bars, 15 pm.

Figure S3. MART1 protein levels and distribution are not affected by OA1 depletion. (A) The IF

analysis in Melan Oal "~ Melan shOal and relative controls, shows that the presence of OA1 doesn’t

affect either the amount or the distribution of the protein MART1. Of note, HMB45 staining of the
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different cell lines, used as a marker for stage II melanosomes, shows a disperse and less abundant
pattern in cells depleted of OAI, in comparison to their relative controls. (B) Blots of total protein
extracts were probed with antibody against MART1. All the models of depletion and restoration of
OA1 and MITF show no changes in MART1 protein amount.
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