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UV-induced cell pigmentation represents an important mechanism
against skin cancers. Sun-exposed skin secretes a-MSH, which in-
duces the lineage-specific transcriptional factor MITF and activates
melanogenesis in melanocytes. Here, we show that the autophagic
tumor suppressor UVRAG plays an integral role in melanogenesis by
interaction with the biogenesis of lysosome-related organelles com-
plex 1 (BLOC-1). This interaction is required for BLOC-1 stability and
for BLOC-1-mediated cargo sorting and delivery to melanosomes.
Absence of UVRAG dispersed BLOC-1 distribution and activity,
resulting in impaired melanogenesis in vitro and defective melano-
cyte development in zebrafish in vivo. Furthermore, our results es-
tablish UVRAG as an important effector for melanocytes’ response
to a-MSH signaling as a direct target of MITF and reveal the molec-
ular basis underlying the association between oncogenic BRAF and
compromised UV protection in melanoma.
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V radiation (UVR) from sunlight has been epidemiologi-

cally identified as a leading risk factor for melanoma and other
skin cancers (1). Skin pigmentation serves as the main UV-protective
mechanism afforded by pigment-producing cells called melanocytes
(2). UV-exposed keratinocytes produce and secrete a-melanocyte-
stimulating hormone («x-MSH), which binds to the melanocortin
1 receptor (MCIR) on the surface of melanocytes to activate cCAMP
cascades and induces lineage-restricted microphthalmia-associated
transcription factor (MITF) expression (2). Consequently, UV-
blocking melanin production is ramped up in lysosome-related
organelle known as melanosomes. The melanosomes are trans-
ported to neighboring keratinocytes, where they form a cap over
the sun-exposed side of the nuclei for protection against UVR.
Impaired melanosome function and melanin production allow
rampant UVR penetration, leading to accrual of DNA mutagenesis
and cancer predisposition (2). Understanding how cell pigmenta-
tion is regulated in melanocytes and its environmental adaptation
to UV-induced cutaneous a-MSH (the suntan response) is critical
not only for melanocyte biology but also for its role in skin cancer,
including life-threatening melanoma.

The genetic program of pigmentation and suntan response is
centrally controlled by MITF, which belongs to a family of basic
helix-loop-helix zipper (bHLH-Zip) transcription factors and
regulates the expression of many genes involved in melanocyte
differentiation and function (3). This includes but is not limited
to the core enzymes for melanin biosynthesis such as tyrosinase
(TYR), tyrosinase-related protein 1 (TYRP1), and dopachrome
tautomerase (DCT), as well as melanosome structural proteins
such as amyloid protein PMEL (4). Melanin is synthesized ex-
clusively within the melanosomes. Melanosome biogenesis/mat-
uration is regulated by specific transport machinery and
accompanied by selective cargo delivery (5). Notably, the early
step of cargo delivery to melanosomes has been shown to require
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the biogenesis of lysosome-related organelles complex 1 (BLOC-
1), which consists of eight subunits named BLOS1, BLOS2,
BLOS3, Pallidin, Snapin, Muted, Cappuccino, and Dysbindin
(6), and is found to be associated with tubular endosomes (7, 8).
Although the specific function of each individual subunit re-
mains to be established, dysfunction of BLOC-1 has been shown
to confer the Hermansky-Pudlak syndrome (HPS) phenotype in
humans and pigmentation abnormalities in mice (9). However,
how BLOC-1 is recruited to endosomes and eventually medi-
ates cargo delivery during melanosome biogenesis remains largely
unknown.

The tumor suppressor protein UV-radiation resistance associated
gene (UVRAG) was initially identified as a promoter of Beclinl-
PI3KC3-mediated autophagy (10) and later found to be a multi-
valent trafficking adaptor that plays a prominent role in maintaining
energy homeostasis (11-13). UVRAG also patrols genetic integrity
in response to different types of DNA damage (14, 15). A dominant
negative mutation in UVRAG is a natural cause of increased
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growth rate and tumor metastasis in some human cancers (16).
Importantly, all of the different activities of UVRAG are function-
ally independent, suggesting a biological connection and coordinated
regulation of UVRAG in different processes. Interestingly, a pre-
vious report (17) had linked UVRAG polymorphisms to suscepti-
bility to vitiligo, a skin pigmentary disorder that is characterized by

aberrant melanogenesis. However, little is known about UVRAG in
cell pigmentation and melanocyte biology. In our continuing effort
to characterize the function of UVRAG, we report here that
UVRAG plays a crucial role in melanocyte function by targeting
BLOC-1. Loss of UVRAG destabilizes BLOC-1 and disrupts
BLOC-1 function in cargo sorting and delivery for melanin
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Fig. 1. UVRAG is required for melanogenesis. (A) Effect of UVRAG on the pigmentation of B16 melanoma cells. Equal number of UVRAG wild-type (WT) and
knockout (KO) cells were pelleted by centrifugation after a 6-d culture. (B) Photographs of UVRAG WT and KO B16 cell culture media. (C) Relative melanin
contents of the cell lysates of UVRAG WT and KO B16 cells (6-d culture), measured as optical density (OD) at 405 nm. Data are mean + SD from three in-
dependent experiments. (D) Tyrosinase activity in extracts from cells in A, measured by in vitro .-DOPA assay. Data are mean =+ SD from three independent
experiments. (E) Quantitative RT-PCR showing the relative levels of mRNA expression for TYR, TYRP1, and DCT in UVRAG WT and KO cells in A. Data are
mean + SD from three independent experiments. (F) Western blot analysis of the relative expression of the indicated proteins in cells in A. Actin serves as a
loading control. (G and H) Melanosome morphology upon UVRAG deletion. UVRAG WT and KO B16 melanoma cells were subjected to electron microscopy
analysis (G). Compared with UVRAG WT cells, the darkly pigmented melanosomes were barely detected in cells lacking UVRAG. The number of pigmented
melanosomes per cell was quantified in UVRAG KO melanocytes and normalized to that of WT control (H). Data represent mean + SD (n = 30-40 cells
obtained by gathering data from three independent experiments). (I-K) UVRAG deficiency leads to redistribution of melanosome markers. UVRAG WT (first
column), UVRAG KO B16 cells complemented with empty vector (second column) or UVRAG (third column), and B16 cells stably expressing Flag-UVRAG
(fourth column) were stained for PMEL, TYRP1, and DCT (/). Nuclei were stained with DAPI (blue). The percentage of cells with redistribution of the indicated
proteins was quantified in J. Data represent mean + SD (n = 200 cells obtained from three independent experiments). The expression of UVRAG in these cells
is shown in K. o.e., overexpression. (Scale bars, 20 um.) n.s., not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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production, leading to defective melanogenesis and impaired
pigmentation. Furthermore, expression of UVRAG is specifically
activated by MITF in melanocytes in response to a-MSH signal-
ing, which is suppressed by oncogenic BRAF. Thus, our study
reveals a mechanism for UVRAG in melanogenesis and its sig-
nificance in UV-induced adaptive skin pigmentation.

Results

UVRAG Is Required for Cell Pigmentation. To examine the function
of UVRAG in melanocytes, we used CRISPR-Cas9 genome
editing (18) to specifically knock out (KO) the UVRAG gene in
B16 melanoma cells (SI Appendix, Fig. S14). Compared with
control cells expressing wild-type (WT) UVRAG, we observed
significant whitening of UVRAG KO cells (Fig. 14). Both the
pellet and the culture medium of UVRAG KO cells were hypo-
pigmented with reduced melanin contents (OD at 405 nm) in the
lysate (Fig. 1 A-C). To validate that the observed cell whitening
was due to UVRAG deletion introduced by CRISPR-Cas9, we
used lentiviruses encoding shRNA to knock down (KD) UVRAG
in B16 cells and observed a similar whitening phenotype (S/
Appendix, Fig. S1B). Conversely, cells with stable overexpression
of Flag-UVRAG were visibly hyperpigmented (SI Appendix, Fig.
S1 E and F). Of note, the darkness of melanocytes results from
the synthesis of melanin by TYR (3). Interestingly, gain- and loss
of function of UVRAG did not readily affect tyrosinase activity in
these cells (Fig. 1D and SI Appendix, Fig. S1G). Nor did they affect
mRNA (Fig. 1E and SI Appendix, Fig. S1 C and H) and protein
levels (Fig. 1F and SI Appendix, Fig. S1 D and I) of melanogenic
genes, including TYR, TYRPI, and DCT. To understand how
UVRAG regulates cell pigmentation, we investigated the conse-
quence of UVRAG suppression to the melanosomes, the cellular
sites for melanin synthesis (5), by electron microscopy. As shown
in Fig. 1G, UVRAG KO melanocytes had much fewer melano-
somes in the cytoplasm compared with the control (Fig. 1 G and
H). Additionally, UVRAG deficiency resulted in a redistribution
of the melanosome precursor marker protein PMEL and the en-
zymatic machinery TYRP1 and DCT from a juxtanuclear punctate
staining to a more diffuse pattern in the melanocyte cytoplasm
(Fig. 1I). Such mislocalization of melanosome markers was re-
versed by reexpression of WT UVRAG in UVRAG KO cells (Fig.
1 I-K). Consistently, ectopic expression of UVRAG markedly
increased the perinuclear puncta staining of melanosomes (Fig. 1
I-K). These results indicate that UVRAG is required for the dy-
namic integrity and pigmentation of melanosomes.

UVRAG Interacts with BLOC-1 to Regulate Melanosomal Cargo Sorting.
To understand the mechanism by which UVRAG regulates me-
lanogenesis, we conducted a yeast two-hybrid screen to identify
melanosome-related UVRAG-interacting proteins by using the
full-length UVRAG as bait. The results of the screen are sum-
marized in SI Appendix, Table S1 and can be seen to include a
number of known UVRAG-interacting proteins such as BECN1
and CEP63 (10, 15). In addition, five independent isolates of a
clone encoding the BLOSI protein were identified. BLOS1 was
previously identified as a key subunit of the BLOC-1 complex,
which also includes BLOS2, Snapin, BLOS3, Pallidin, Dysbindin,
Cappucino, and Muted (6). Indeed, Snapin was another candidate
in our screening (SI Appendix, Table S1). Given previous studies
showing the activity of BLOC-1 in melanosomal cargo sorting (8,
19), we chose to investigate the role of BLOS1 and by extension
the BLOC-1 complex in UVRAG-mediated melanogenesis. An
interaction between recombinant UVRAG and BLOSI1 was de-
tected in vitro, supporting their direct interaction (SI Appendix,
Fig. S24). Endogenous UVRAG readily coimmunoprecipitated
with BLOS1 and other components of BLOC-1, while no in-
teraction was detected in UVRAG KO cells (Fig. 24). Consis-
tently, we observed that a portion of endogenous UVRAG
colocalized with BLOC-1 proteins in the perinuclear region and
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the cytoplasmic puncta that were costained with the recycling
endosomal marker STX13 (SI Appendix, Fig. S2B). This was in
agreement with the previous observations demonstrating the func-
tion of BLOC-1 on tubular endosomes in melanogenesis (7, 8).
Interestingly, significant costaining was also detected for UVRAG
and BLOC-1 with the premelanosome marker PMEL (SI Appendix,
Fig. S2C). Of note, the BLOC-1 subunits BLOS1, BLOS2, and
Snapin are also part of BLOC-one related complex (BORC), which
consists of eight small proteins but plays a distinct role in lysosome
positioning and cell migration (Fig. 24) (20). However, little, if any,
UVRAG interacted with the BORC-specific subunit Myrlysin (Fig.
24). Moreover, depletion of BLOSI1 or Pallidin abolished the ability
of UVRAG in promoting the punctate accumulation of TYRP1
and cell pigmentation (Fig. 2B). By contrast, abrogation of auto-
phagy by depletion of the autophagy-essential genes Atgl6, AtgS, or
Beclinl or by treatment of cells with the autophagy inhibitors
bafilomycin Al (Baf Al) or 3-methyladenenine (3-MA) did not
readily alter the effect of UVRAG on the redistribution of mela-
nosome marker protein and melanization (SI Appendix, Fig. S2 D-
F). A previous study showed that mTORCI signaling is involved in
regulation of melanogenesis (21) and that UVRAG is phosphory-
lated by mTORCT1 at Ser498, which inhibits the autophagy function
of UVRAG (22). In agreement, treatment of cells with the mTOR
inhibitor Torinl suppressed the phosphorylation of UVRAG at
$497, the mouse equivalent of human UVRAG S498 (22). How-
ever, it did not affect its interaction with BLOC-1 (SI Appendix, Fig.
S2G). Similar results were also obtained when cells were treated
with 3-MA (SI Appendix, Fig. S2H), which inhibits Vps34-mediated
PtdIns3P production during autophagy (23). Together, these results
indicate that BLOC-1 is required for UVRAG function in mela-
nogenesis and pigmentation, independent from the autophagy ma-
chinery and its upstream signaling.

Using several UVRAG deletion mutants, we identified residues
217-234 in the coiled-coil domain (CCD) of UVRAG as required
for BLOSI1 interaction (SI Appendix, Fig. S3 A-C). Given that
UVRAG CCD is also engaged in binding Beclin1 (10), we examined
whether the Beclinl-binding activity of UVRAG is affected by the
A217-234 (referred to as ACCD2) mutation. Both UVRAG WT
and ACCD2, but not ACCD, coimmunoprecipitated with Beclinl
(SI Appendix, Fig. S3C). Furthermore, UVRAG ACCD2 enhanced
Torinl-induced autophagy to a similar extent as WT, as judged
by increased levels of the autophagosome-associated lipidated
LC3 (LC3-II) and the levels of p62 (an autophagic substrate) (24)
degradation (SI Appendix, Fig. S3D). These results indicate that
the ACCD2 mutant, albeit defective in BLOSI interaction, re-
mains competent for autophagy and that UVRAG-BLOC-1 me-
diated melanogenesis is distinguished from its previously defined
autophagy activity.

To examine how UVRAG regulates BLOC-1 in melanosome
biogenesis, we found that deletion of UVRAG resulted in relocation
of the BLOC-1 proteins from juxtanuclear to a more diffuse cyto-
plasmic punta pattern, whereas the BORC-specific protein, Myrlysin,
remained unaffected (Fig. 2C and SI Appendix, Fig. S44).
Reintroducing UVRAG, but not the ACCD2 mutant defective in
BLOS1 binding, clearly suppressed the aberrant distribution of
BLOC-1 proteins in UVRAG KO cells, indicating the specific effect
of UVRAG in regulating subcellular localization of BLOC-1 (Fig.
2C and SI Appendix, Fig. S44). As seen with BLOC-1 deficiency
(7, 8), UVRAG knockout caused missorting and aberrant accu-
mulation of melanogenic cargoes TYRP1 and DCT to the early/
recycling endosomes, which was subsequently rescued by reex-
pression of UVRAG but not ACCD2 (Fig. 2D and SI Appendix,
Fig. S4B). This is consistent with the notion that BLOC-1 is re-
quired for melanosome-directed cargo sorting from early tubular
carriers to melanosomes (7, 8). Furthermore, UVRAG deficiency
caused a marked decrease in overall protein levels of BLOC-
1 subunits, but not BORC-related Myrlysin (Fig. 2 E and F). Of
note, BLOC-1 protein mRNA levels were not altered by UVRAG

Yang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1803303115

L T

/.

—wWT Ko BETY: T UVRAG overexpression

(Y] (Y] ] ] BLOS1 sh Pallidin sh
o & o & o & o & BLOC-1 z y
Input & S RSN © S S S
17 - BLOS1 31
17  — — BLOS2
21— — BLOS3 Cappucino, Muted] g
25 — Pallidin o0 BLOST o ) S
L BLOS2 Snapjy + ~
48 — Dysbindin Dysbindin N Y
. . sLyspersin - KXD1 5 @
2 { ] Cappucino Cappucino s
. . Diaskedin MEF2BNB =
15 - _— - Snapin Snapin . .
— *« . Myrlysin, +*
22 8 - Muted Muted Taamr W
22 {— Myrlysin Myrlysin BORC @ ]
100 — UVRAG 'oo-[ il ™8 T |UVRAG
100
C 80 P
ok ——— 80
60 10

60

40
20

IS
o

0.5

N
=]

% of cells with
BLOS1 mislocalization
% of cells with
TYRP1 redistribution

0
WT Vec WT ACCD2
KO

0 0.0
shRNA: Ctrl BLOS1 Pallidin  shRNA: Ctrl BLOS1 Pallidin

shRNA: Ctrl BLOS1 shRNA: Ctrl Pallidin

Relative melanin content
(OD 405 nm)

BLOS1

TYRP1 EEA1 Merge

TYRP1 STX13 E

WT

15 8% = snapin
= - [ B 053
25 IPallidin

Vec
Vec

= =
ok E 2 o = |yriysin
100 UVRAG
8 8 o[BS actin
Q (@]
(@] O F
< < 1.5, @@ UVRAG WT
- O UVRAG KO ns.
TYRP1 vs STX13 £ e
S 0.8 o
_g ok *k Kk g *k *k ke x
S =06 T _o0s 2
58 £5 3
o & 04 8204 e
.g g » %
o O 0.2 c o 0.2
s 8 ° o PUBNECIP IR SIS
3 ] SRR I NN
& 0 c 0 ¥ S W
WT __ Vec WT ACCD2 WT _ Vec WT ACCD2
KO KO

Fig. 2. UVRAG interacts with BLOC-1 and regulates BLOC-1 complex stability, distribution, and cargo-sorting activity in melanosome biogenesis. (A) In-
teraction between UVRAG and the BLOC-1 complex proteins. Whole cell lysates (WCLs) of UVRAG WT and KO B16 melanocytes were used for immuno-
precipitation (IP) with control IgG or anti-UVRAG antibody, followed by immunoblotting (IB) with the indicated antibodies. Right shows endogenous protein
expression. As input, 5% of the WCLs was used. Note that UVRAG does not interact with the BORC-specific protein Myrlysin. The protein composition of
BLOC-1 and BORC is also shown at Right. (B) BLOC-1 is required for UVRAG-mediated cell pigmentation. B16 melanoma cell stably expressing UVRAG was
transfected with control shRNA or shRNA against BLOS1 or Pallidin, and then immunostained with anti-TYRP1 for bright-field (BF) and confocal microscopy
(Top). Nuclei were stained with DAPI (blue). The redistribution of TYRP1 (Middle Left) and the relative melanin contents (Middle Right) in the cell lysates in
shRNA-transfected cells was quantified. Endogenous protein expression is also shown (Bottom). Means were calculated from the data collected from three
independent experiments (n = 200). (Scale bar, 10 pm.) (C) Cytoplasmic dispersion of BLOS1 in UVRAG KO and mutant cells. Representative images of
BLOS1 staining in UVRAG WT, KO, and UVRAG KO B16 cells complemented with UVRAG WT or ACCD2 are shown (Left). The percentage of cells with
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expression is also shown. (Scale bar, 10 pm.) (D) Deletion of UVRAG caused aberrant accumulation of TYRP1 in EEA1- and STX13-positive endosomes. UVRAG
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Yang et al. PNAS | vol. 115 | no.33 | E7731

CELL BIOLOGY



L T

/

1\

=y

deletion (SI Appendix, Fig. S4C). Indeed, cycloheximide (CHX)
treatment studies revealed that UVRAG KO accelerated BLOC-1
protein turnover in melanocytes, while the BORC-related Myrlysin
remains unaffected (SI Appendix, Fig. S4 D-G). BLOC-1 protein
stability is regulated by its complex formation (25, 26). We asked
whether UVRAG coordinates the complex assembly of BLOC-1.
We found that UVRAG expression resulted in increased coim-
munoprecipitation of BLOC-1 proteins both in vivo (SI Appendix,
Fig. S4H) and in vitro using recombinant proteins (SI Appendix,
Fig. S24). Together, these results indicate that UVRAG interac-
tion is required for the early stage of melanosome formation by
regulating BLOC-1 complex stability, subcellular distribution, and
cargo-sorting function.

UVRAG Is Essential for Melanocyte Development in Vivo. To determine
whether the observed melanogenic activity of UVRAG is con-
served in vivo, we knocked down uvrag by using specific antisense
morpholino (MO) oligonucleotide targeting the uvrag transcript in
zebrafish, an ideal model for studying melanocyte differentiation
(27) (SI Appendix, Fig. S5). Relative to fish embryos injected with
a nontargeting MO, embryos injected with the uvrag-specific MO
showed a significant decrease in the formation of pigmented
melanocytes (Fig. 3). A similar reduction was also observed in
pmel- and tyr-knockdown fish, although the latter showed a more
severe phenotype (Fig. 3). The specificity of the MOs was dem-
onstrated by the inhibition of a GFP reporter plasmid containing
the target sequence (SI Appendix, Fig. S5B), and by the rescue of
pigmentation phenotype by coinjection of human uvrag mRNA
lacking the morpholino target sequences into the uvrag-knockdown
fish (Fig. 3). Notably, the effect of uvrag and pmel silencing on
melanocyte pigmentation was very similar to the pmel-mutant
zebrafish with fading vision and defective melanosome biogenesis
(28). These results indicate that UVRAG plays an important role
in melanocyte development in zebrafish in vivo.

UVRAG Is a Direct Transcriptional Target of MITF. Melanocyte pig-
mentation is primarily controlled by MITF (29). Overexpression
of MITF induced the expression of UVRAG at both mRNA and
protein levels (SI Appendix, Fig. S6 A and B), whereas MITF
knockdown by two distinct shRNA targeting two different sites
of the MITF transcript reduced UVRAG expression in human
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melanocytes (SI Appendix, Fig. S6 C and D). To test whether
UVRAG is a MITF-responsive gene, we analyzed the chromatin
immunoprecipitation-sequencing (ChIP-seq) dataset of MITF in
melanocytes (30) and found that the proximal 1-kb promoter re-
gion of the UVRAG gene contains consensus and transcriptionally
active MITF-binding elements in human melanocytes (Fig. 44).
MITF regulates gene transcription by binding to the E-box
(CANNTG) element in MITF-responsive genes (31). We identi-
fied three distinct E boxes on the UVRAG promoter, located at
—585, =563, and +94 from the transcriptional start site, respectively
(Fig. 4B and SI Appendix, Fig. S6E). ChIP analysis using an anti-
MITF antibody revealed high MITF occupancy at the UVRAG
promoter in melanocytes, as seen with its association with the TYR
promoter, a known target of MITF (Fig. 4C). Furthermore, elec-
trophoretic mobility shift assay (EMSA) demonstrated a supershift
of the UVRAG promoter probes by purified recombinant MITF
proteins (SI Appendix, Fig. S6F), which had sequence specificity for
each individual E-box consensus probe (Fig. 4D). Mutations in
both E-box 1 and adjacent E-box 2 probes or E-box 3 probe pre-
vented MITF binding (Fig. 4D). These results confirmed direct
MITF binding to all three of the E boxes of the UVRAG promoter.

To determine whether MITF binding regulates the activity of
the UVRAG promoter, we performed luciferase reporter assays
using the UVRAG promoter carrying all three E boxes. As shown
in Fig. 4E, ectopic expression of MITF drastically induced activity
of the UVRAG promoter by more than fourfold. Conversely, de-
pletion of endogenous MITF in melanocytes by two distinct
shRNAs abolished the basal transcriptional activity of the UVRAG
promoter (Fig. 4F). To examine which of the consensus elements
was mainly responsible for transcription activation of UVRAG by
MITF, a series of luciferase reporters were tested for MITF re-
sponsiveness with different combinations of mutations at each
individual E box (SI Appendix, Fig. S6G). We found that mutation
of any of the three E boxes led to a 30% reduction of MITF re-
sponsiveness of the UVRAG promoter, while mutations of two or
all three E boxes could repress transactivation to as little as 5-15%
of the normal level (SI Appendix, Fig. S6G). These results indicate
that all three E-box sites act cumulatively to allow UVRAG ex-
pression at the highest levels and that UVRAG is a bona fide target
gene of MITF.
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Fig. 3. UVRAG is required for melanocyte development in zebrafish in vivo. (A) Representative images of 48 h postfertilization (hpf) zebrafish embryos injected
with control morpholino (MO) or MO targeting uvrag, pmel, or tyr. Rescue of uvrag MO-mediated depigmentation is shown by coinjection of human uvrag
mRNA. Box highlights area of enlargement visualized in Insets. Numbers on each panel indicate the number of embryos showing the representative phenotype
per total number of embryos examined. (B) Quantitative measurement shows significantly decreased pigmentation in uvrag MO and pmel/ MO group compared
with the control group. Means were calculated from the data collected from three independent experiments (n = 50). ***P < 0.001; ****P < 0.0001.
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Fig. 4. UVRAG is a transcriptional target of MITF. (A) University of California Santa Cruz genome browser view shows the 10-kb region around the UVRAG
promoter. The ChiIP-seq signals for MITF (30), and peaks of H3K4Me1, H3K4Me3, H3K27Ac, and DNase | hypersensitivity (HS) density in human melanocytes
are extracted from the ENCODE dataset and annotated. (B) Structure of UVRAG promoter showing the location of exon 1 and the three E boxes of the MITF-
binding sites (E-box 1, E-box 2, and E-box 3; in red) highly conserved through different species as indicated. (C) ChIP analysis shows MITF occupancy on the
UVRAG promoter in human melanocytes. The TYR and GAPDH promoters were used as the positive and negative control, respectively. ***P < 0.001. (D)
Electrophoretic mobility shift assay (EMSA) shows the direct association of purified recombinant MITF protein with three E-box sequences in the UVRAG
promoter, but not with the E-box mutated sequences. EMSA probes containing either the WT or the mutant E-box sequence are indicated. (E) Dual luciferase
reporter assay showing the activity of the UVRAG promoter in response to transfection of MITF in 293T cells. Red boxes indicate the location of three E boxes.
Data are mean =+ SD from three independent experiments. (F) Knockdown of MITF strongly suppresses UVRAG promoter activity in melanocytes. The UVRAG
promoter-reporter was transfected into human melanocytes expressing MITF-specific sShRNA and luciferase activity was measured 48 h posttransfection.
Results are expressed as mean + SD from three independent experiments. ****P < 0.0001.

MITF Induction of UVRAG Is Required for UV-Induced Tanning. MITF-
mediated melanogenesis is induced in UV-tanning response (32).
UV exposure triggers keratinocytes to secrete o-MSH, which en-
gages the MC1R on melanocytes and activates cCAMP signaling and
MITF expression (2). To investigate the role of UVRAG in this
pathway, we examined the response of UVRAG to o-MSH sig-
naling. Human melanocytes were treated with a-MSH or cAMP
agonists forskolin and IBMX. As shown in Fig. 5 4A-D, a-MSH and
cAMP signaling dramatically induced UVRAG expression in me-
lanocytes within 2 h of treatment, concomitant with the up-
regulation of MITF as previously reported (33). Depletion of
MITF almost completely abrogated the induction of UVRAG in
a-MSH-stimulated and forskolin + IBMX-stimulated cells (Fig. 5
A-D). Similar results were also achieved in B16 melanoma cells,
whereby o-MSH drastically increased both mRNA and protein
levels of UVRAG in a MITF-dependent manner (SI Appendix, Fig.
S7 A and B). Unlike MITF, knockdown of TFEB and TFE3 had
minimal effect on a-MSH-induced UVRAG expression (SI Ap-
pendix, Fig. S7 C-F). Indeed, expression of TFEB and TFE3 was
not altered by a-MSH signaling either (SI Appendix, Fig. S7 C-F).
These data indicate that MITF is selectively required for the in-
duction of UVRAG in response to a-MSH/cAMP signaling.

Yang et al.

To directly test the effect of UV-induced factors secreted from
keratinocytes, human keratinocytes were subjected to UVB
(10 mJ/ecm?), and the culture media from these cells was collected
and incubated with human melanocytes (Fig. SE). As seen with
treatment of a-MSH, the conditioned media induced the expression
of MITF threefold and UVRAG more than twofold (Fig. 5E). Again,
no change was detected for the expression of MITF-related family
member TFEB and TFE3 (Fig. SE). Notably, depletion of UVRAG
abolished the effect of a-MSH and cAMP agonists (forskolin +
IBMX) in promoting melanosome biogenesis (Fig. SF and SI Ap-
pendix, Fig. S7G), as illustrated by the fluorescent melanosomal
marker ocular albinism 1 (OA1)-GFP (34). Likewise, the melano-
genic effect of MITF was strongly abrogated in UVRAG-deficient
melanocytes, as exemplified by the mislocalization of TYRP1 and
cell hypopigmentation (SI Appendix, Fig. S7 H-J). Hence, UVRAG
represents an integral molecule in UV-induced melanogenesis.

Oncogenic BRAF Inhibits UVRAG Expression and Melanogenesis in
Melanoma. UV-induced melanogenesis is strongly associated with
the risk of melanoma (35, 36). Given that the oncogenic BRAF(V600E)
is most prevalent in melanoma and is considered a driving force
for melanoma development (37, 38), we attempted to further in-
vestigate the potential role of BRAF(V600E) in UVRAG-mediated

PNAS | vol. 115 | no.33 | E7733

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803303115/-/DCSupplemental

A Human Melanocyte B E no UV uv
61 m DMSO l l
m o-MSH / Ctrl sh -
< m 0-MSH / MITF sh 1 o-MSH | Human Keratinocytes |
Z m a-MSH / MITF sh 2 - N
z O s (S | |
2 _ 9 SIRNIRN Collect Collect
& (= - |MITF Conditioned medium Conditioned medium
i 100- [SEES —F|UVRAG l incubate l
40— |- — —aa| ACtiN
| Human Melanocytes |
MITF UVRAG l l
5-
C A Human Melanocyte D 3 No UV .
b m DMSO .
m Fsk+IBMX / Control sh < 1w - U
< m Fsk+IBMX /MITF sh 1 Fsk+IBMX P
é = Fsk+IBMX/MITF sh 2 T‘(\\ a2 % 34
E S 2
2 NS 2 2
s 7°'$ MITF o
& 100 — |t . | UJ\/RAG 14
40— — —— | A\ Ctin . i
N r‘1 r’1 al Wl
MITF UVRAG MITF TFEB TFE3 UVRAG TYR TYRP1
F DMSO 1000 a-MSH a-MSH / UVRAG sh
10003 OA1-GFP, goo] OAT-GFP 41 10004 OAT-GFP p i
= 800 ' 20.3% - 600: 46.6% _,800— ; 26.3%
2 600 3 ] 56004
© 400 P1 © 4004 P1 34004 P1
200 2004 2004
0 - v . 0 _ . - 0 . v .
0 103 10% 10° 0 103 104 10° 0 103 104 10%

Fig. 5. MITF induces UVRAG expression in response to a-MSH. (A and B) UVRAG mRNA expression in human melanocytes expressing MITF-specific sShRNA and
treated with a-MSH for 2 h (A). The relative expression of MITF and UVRAG in cells in A after a-MSH treatment is shown in B. Data are mean + SD from three
independent experiments. (C and D) UVRAG mRNA expression in human melanocytes expressing MITF-specific shRNA and treated with forskolin (FSK) + IBMX
for 2 h (C). The relative expression of MITF and UVRAG in cells in C after FSK + IBMX treatment is shown in D. Data are mean + SD from three independent
experiments. (E) Melanogenic gene expression in human melanocytes induced by conditioned media collected from UV-irradiated human keratinocytes.
Keratinocytes were UVB (10 mJ/cm?) irradiated for 16 h and medium was collected. Naive human melanocytes were then incubated for 5 h with the collected
medium from mock- and UV-treated cells and then evaluated for gene expression as indicated. (F) B16 cells stably expressing melanosome marker OA1-GFP
were transfected with control shRNA or UVRAG-specific ShRNA and treated with a-MSH. The resulted cells were subjected to flow cytometry analysis. The
portion of cells with the fluorescence intensity greater than the indicated threshold (P1 gate) are indicated. n.s., not significant; **P < 0.01; ***P < 0.001.

melanogenesis and protective tanning response. As shown in
Fig. 64, ectopic expression of BRAF(V600E) in human mela-
nocytes resulted in more than 50% reduction of UVRAG mRNA
and other melanogenic genes TYR and DCT. Correspondingly,
a-MSH-stimulated accrual of melanosomes and melanin pro-
duction as observed in normal melanocytes was drastically sup-
pressed by BRAF(V600E) expression (Fig. 6 B-D). These results
suggest that oncogenic BRAF negatively regulates UV-induced
melanogenesis. Indeed, a-MSH-induced melanosome accumula-
tion was compromised in BRAF(V600E)-positive melanoma cell
lines compared with that in the MeWo cell line that is BRAF WT
(SI Appendix, Fig. S84). Moreover, analysis of the TCGA pro-
visional melanoma patient datasets (39—42) also revealed that
BRAF(V600E) melanomas had significantly reduced expression
of melanogenic genes including UVRAG (¢ test, P = 0.0006),
PMEL (¢ test, P = 0.0053), and DCT (¢ test, P = 0.0011) (SI Ap-
pendix, Fig. S8 B-D). To examine whether impaired melanogen-
esis is BRAF mediated, A375 melanoma cells were treated with
PLX4720, a selective BRAF(V600E) inhibitor (43). As expected,
PLX4720 reverted the effect of BRAF(V600E) and induced both
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mRNA and protein expression of melanogenic genes, including
UVRAG (Fig. 6 E and F). Analogous results were also obtained in
other BRAF(V600E) melanoma cell lines, but not in MeWo (SI
Appendix, Fig. S8E). Removing MITF abolished the ability of
PLX4720 to up-regulate UVRAG and OA1-GFP-labeled mela-
nosomes, suggesting that the up-regulation is MITF dependent
(Fig. 6G and SI Appendix, Fig. S8F). Removing UVRAG resulted
in similar effect in PLX4720-treated cells (SI Appendix, Fig. S8G).
In fact, PLX4720 treatment enhanced MITF expression (Fig. 6 E
and F), an observation consistent with the previous report (37). To
further validate that oncogenic BRAF regulates melanogenesis in
a MITF-dependent manner, we analyzed the MITF ChIP-seq
dataset in human melanocytes stably expressing BRAF(V600E)
and in COLOS829 melanoma cells positive for BRAF(V600E)
(30). As shown in Fig. 6H, expression of BRAF(V600E) in me-
lanocytes drastically reduced the binding of MITF at the UVRAG
sites, whereas BRAF inhibition by PLX4032, another BRAF-
specific inhibitor (44), led to a marked enrichment of MITF at
these sites. Similar observations were detected for other melano-
genic machinery such as PMEL, TYR, and DCT (SI Appendix, Fig.
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Fig. 6. Oncogenic BRAF(V600E) inhibits UVRAG expression and attenuates the tanning ability of melanocytes. (A) Quantitative RT-PCR showing the relative
level of mRNA expression for UVRAG, TYR, and DCT in human melanocytes expressing empty vector or BRAF(V600E). Data are mean + SD from three in-
dependent experiments. (B-D) BRAF(V600E) inhibits a-MSH-induced melanogenesis. Confocal microscopy of the distribution pattern of PMEL in human
melanocytes expressing vector or BRAF(V600E) upon o-MSH treatment (B). The relative intensity of PMEL was quantified (C). The melanin contents of the
lysates of cells in B were measured OD at 405 nm (D). Data are mean + SD from three independent experiments. (E and F) Quantitative RT-PCR showing the
relative mRNA expression for MITF, UVRAG, TYR, and DCT in A375 cells treated with PLX4720 (1 pM) for 48 h (E). Western blot analysis of the indicated
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DMSO (third panel) or PLX4032 (fourth panel). The ChIP-seq original data are from a previous report (30). **P < 0.01; ***P < 0.001; ****P < 0.0001.

S8 H-J). These findings suggest that individuals harboring
BRAF(V600E) mutations might be less competent in UV-induced
melanogenesis and therefore more susceptible to UV-induced
skin damage than individuals with WT BRAF, which may con-
tribute to its oncogenic potential in skin cancer.

Discussion

UV-induced melanogenesis and pigmentation is the first line
of defense against environmental UVR that increases the risk of
developing skin cancers (2). We have identified the pivotal role of
autophagic tumor suppressor, UVRAG, in the tanning response
to UV light as a downstream effector of the a-MSH/cAMP sig-
naling pathway and as a major transcriptional target of MITF.
UVRAG mediates melanosome biogenesis by interaction with
BLOC-1. Removal of UVRAG resulted in destabilization and
mislocalization of BLOC-1, leading to the missorting of melano-
somal cargo proteins. To the best of our knowledge, these findings
represent the description of an autophagy-related factor directly
functioning in melanogenic membrane remodeling and cell pig-
mentation, which reveals a broader functional scope for UVRAG
and also provides mechanistic insights into the role of UVRAG in
pigmentation disorder and skin cancer.

The multitasking UVRAG has been found to be associated
with different subcellular compartments to regulate cellular path-
ways in a coordinated fashion. We have previously discovered that
UVRAG associates with Bif-1 and Beclinl to promote auto-
phagy (10, 13), while endosomal UVRAG targets the tethering
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factor to facilitate endosome maturation (12). Upon DNA
damage, UVRAG can be recruited to the damaged sites and
participate in the assembly of DNA repair machineries (14, 15).
Apart from these findings, the present study provides an ad-
vancement in understanding the role of UVRAG in pigmentation
biology. Deficiency of UVRAG mislocalized melanogenic machin-
ery proteins and induced hypopigmentation even in the presence of
MITF and/or a-MSH/cAMP activation. Notably, autophagy has
been implicated in melanocyte function (45). However, we observed
that autophagy loss could not forestall cell pigmentation induced by
UVRAG expression. In line with this, a previous study also showed
that the melanocyte-specific deficiency in autophagy did not cause
major defects in melanosome biogenesis, nor did it produce visual
changes in skin pigmentation (46). While our observations do not
exclude a role for autophagy in pigmentation, such events would
appear to be downstream of a critical UVRAG-dependent step in
regulating melanogenesis. Further support for UVRAG as a mel-
anogenic molecule was demonstrated in the zebrafish study. The
development of pigmented melanocytes in zebrafish was impaired
upon UVRAG deficiency. Recovery of UVRAG in UVRAG-
deficient melanocytes and fish embryos rescued melanogenesis.
The engagement of UVRAG in melanosome pigmentation was
found to be associated with BLOC-1 by increasing the complex
stability and functionality in melanosome-related cargo sorting
and delivery. Although BLOC-1 shares the BLOS1, BLOS2, and
Snapin subunits with the BORC complex (20), UVRAG is not
associated with BORC, nor does it cause any change in BORC
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distribution and stability. Our results thus support the distinct role
of BORC and BLOC-1 in melanosome activity as previously
reported (20). Although the molecular mechanisms involved in BLOC-
1-mediated biogenesis of lysosome-related organelles (LROs) re-
main unclear, it is proposed that BLOC-1 is required for the sorting
of a subset of melanosomal cargoes such as TYRP1 into tubular
carriers (8). Consistent with this, inactivation of UVRAG results in
mislocalization of the melanogenic enzymes to the early/recycling
endosomes, leading to reduced melanosome pigmentation. In-
triguingly, in addition to the defective cargo sorting to melanosomes
as seen with BLOC-1 inactivation, the distribution pattern of the
early melanosome protein PMEL was also affected in the absence
of UVRAG. Given that the underlying mechanism of PMEL traffic
is not yet understood but is thought to be BLOC-1 independent (8,
47), we speculate that UVRAG-mediated PMEL distribution in-
volves a new mechanism that awaits further investigation. Never-
theless, our results indicate that the UVRAG-BLOC-1 interaction
is critically required for complete melanocyte function.

Consistent with its function in regulating melanogenesis, our
study demonstrated that UVRAG is transcriptionally controlled
by MITF through the three E-box elements in the UVRAG pro-
moter. Notably, in addition to the canonical E-box motif (E-box 2,
CACGTG; E-box 3, CATGTG) (48), we were able to detect
binding by MITF to the atypical E-box motif (E-box 1, CAGGTG)
present in the UVRAG promoter both in vitro and in the reporter
assay in vivo. Of course, this does not exclude a role for E-box
1 in recruiting other bHLH E-box binding transcriptional factors;
instead, it implies that regulation of gene expression by MITF
seems to be more complex and likely executed in a gene context-
dependent manner. Unlike MITF that is predominantly expressed
in neural crest-derived melanocytes, TFEB and TFE3 are more
ubiquitously expressed (49). Both TFEB and TFE3 are implicated
in transcriptional activation of autophagy and lysosome biogenesis
via binding to a 10 bp motif (GTCACGTGAC), so called the co-
ordinated lysosomal expression and regulation (CLEAR) element,
in the target gene promoters (50, 51). This motif contains the E-box
binding sequence (CANNTG) for MITF. This then raises a ques-
tion as to whether the regulation of UVRAG by MITF is equally
shared by TFEB and TFE3 in a-MSH-stimulated melanocytes.
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