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Ablation of Proton/Glucose Exporter
SLC45A2 Enhances Melanosomal Glycolysis
to Inhibit Melanin Biosynthesis and Promote
Melanoma Metastasis

Ye Liu1,7, Wenna Chi1,2,7, Lei Tao1,2, Guoqiang Wang1, R.N.V. Krishna Deepak3, Linlin Sheng1,
Taiqi Chen4, Yaqian Feng1, Xizhi Cao1, Lili Cheng1, Xinbin Zhao1, Xiaohui Liu5, Haiteng Deng5,
Hao Fan3, Peng Jiang4 and Ligong Chen1,2
Sequence variation in SLC45A2 are responsible for oculocutaneous albinism type 4 in many species and are
associated with melanoma susceptibility, but the molecular mechanism is unclear. In this study, we used
Slc45a2-deficient melanocyte and mouse models to elucidate the roles of SLC45A2 in melanogenesis and
melanoma metastasis. We found that the acidified cellular environment impairs the activity of key melanogenic
enzyme tyrosinase in Slc45a2-deficient melanocytes. SLC45A2 is identified as a proton/glucose exporter in
melanosomes, and its ablation increases the acidification of melanosomal pH through enhanced glycolysis.
Intriguingly, 13C-glucose-labeled metabolic flux and biochemical assays show that melanosomes are active
glucose-metabolizing organelles, indicating that elevated glycolysis mainly occurs in melanosomes owing to
Slc45a2 deficiency. Moreover, Slc45a2 deficiency significantly upregulates the activities of glycolytic enzymes
and phosphatidylinositol 3-kinase/protein kinase B signaling to promote glycolysis-dependent survival and
metastasis of melanoma cells. Collectively, our study reveals that the proton/glucose exporter SLC45A2 me-
diates melanin synthesis and melanoma metastasis primarily by modulating melanosomal glucose metabolism.
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INTRODUCTION
Solute carrier transporters are the second largest family of
membrane proteins responsible for the transport of various
substances such as saccharides, lipids, amino acids, and
inorganic ions across cellular membranes (Zhang et al.,
2019). One third of all solute carriers such as SLC2, SLC22,
and SLC45 subfamily belong to the major facilitator super-
family clan (Chen et al., 2014; Perland et al., 2017). The
majority of major facilitator superfamily proteins are gener-
ated from a single two-transmembrane segment hairpin
structure that triplicated to give a six two-transmembrane
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segment unit and then duplicated to a 12-two-trans-
membrane segment protein (Reddy et al., 2012). The most
widely accepted working model for transporters is the alter-
nating access mechanism with alternated facilitated access to
binding sites on either side of the membrane (Diallinas,
2014).

Multiple membrane proteins, including pumps, channels,
and transporters, are involved in melanosome biogenesis in
melanocytes. Sodium ion/potassium ion/calcium ion
exchanger SLC24A5 is specifically expressed in pigmented
tissues, and loss of SLC24A5 activity causes oculocutaneous
albinism type 6 in human (Wei et al., 2013). SLC9A3 and
SLC9A7 are sodium ion/proton (Hþ) exchangers that colo-
calized with melanosome marker TYRP1 to regulate mela-
nosome pH (Smith et al., 2004). Cystine/glutamate exchanger
SLC7A11 is essential to pheomelanin production and regu-
lates tyrosinase (TYR) transport in melanocytes (Chintala
et al., 2005). SLC7A5 has been recently reported to affect
melanogenesis in B16F10 cells (Gaudel et al., 2020).
Sequence alteration in the CTNS gene that encodes a cystine/
Hþ symporter leads to cystinosis, and in vitro studies have
shown that CTNS was located at melanosomes in pigment
cells to regulate melanogenesis (Chiaverini et al., 2012). As
an atypical solute carrier of major facilitator superfamily
type, cysteine exporter MFSD12, which is localized at me-
lanosomes or lysosomes (Adelmann et al., 2020), is associ-
ated with skin pigmentation in African populations (Crawford
et al.,). Therefore, functional disruptions of many solute car-
rier transporters are known to cause pigmentary disorders.
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SLC45A2 is the known pathogenic gene of an autosomal
recessive hypopigmentary disorder oculocutaneous albinism
type 4 (Inagaki et al., 2006) with >70 single-nucleotide
variation, or frameshifts of SLC45A2 have been recorded in
oculocutaneous albinism type 4 database. Moreover,
SLC45A2 variants show a strong association with the risk for
melanoma. Two nonpathogenic SLC45A2 variants (p. F374L
and p. E272K) are associated with dark skin color and have
strong protective effects in light-skinned population for ma-
lignant melanoma (Fernandez et al., 2008; Guedj et al.,
2008). Another study indicates that SLC45A2 could be a
promising immunotherapeutic target for melanoma with high
tumor selectivity and reduced autoimmune toxicity (Park
et al., 2017a).

The sugar transport activity of SLC45A2 in yeast cells
shows an acid-dependent sugar transport mechanism
(Bartölke et al., 2014). However, the transport mechanism of
SLC45A2 is controversial. SLC45A2 was proposed to export
Hþ and sucrose from the organelle to the cytosol (Le et al.,
2020) or import sucrose and Hþ into melanosomes for os-
motic compensation (Vitavska and Wieczorek, 2013).
Therefore, SLC45A2 substrate and mechanism causing ocu-
locutaneous albinism type 4 remain to be defined.

Sugar and sugar derivatives are shown to have anti-
melanogenic effects on melanocytes, probably through three
different mechanisms: increasing melanosomal pH, disturbing
melanosome maturation, and inhibiting TYR maturation by
blockingN-glycosylation (Bin et al., 2016). As the main source
of cellular energy, glucose is metabolized to lactate through
glycolysis, which leads to cellular acidosis and then indirectly
inhibits TYR activity (Lee et al., 2020). Therefore, glucose
metabolism may be closely involved in pigmentation.

In this study, we characterized SLC45A2 essential functions
in melanogenesis and melanoma development. SLC45A2
deficiency increased glycolysis and promoted glycolytic
enzyme activities in melanosomes. Furthermore, overactive
glycolysis in SLC45A2 knockout (KO) promoted cell survival
under glucose starvation and accelerated melanoma metas-
tasis. Therefore, our results shed light on a glucose metabolic
regulation of SLC45A2, which suggests, to our knowledge, a
previously unreported therapeutic strategy for treating
pigmentary disorders.

RESULTS
SLC45A2 mediates melanogenesis by regulating TYR activity
and physically interacting with TYRP1

Slc45a2 mRNA levels were highly enriched in the eyes and
primary melanocytes (PMCs) isolated from the murine
epidermis (Supplementary Figure S1a). To assess the role of
Slc45a2 in pigmentation, we established a Slc45a2-deficient
(KO) mouse model with CRISPR/Cas9 (Supplementary
Figure S1b and c). Compared with wild-type (WT) mice,
the Slc45a2-KO mice had clear white fur (Figure 1a) and red
and transparent eyes without melanin in the retinal pigment
epithelium and choroid (Figure 1b). Genetic KO of Slc45a2
led to nearly complete loss of melanin in both melanocytes
and culture media (Figure 1c-e and Supplementary
Figure S1d). Noting that the murine melanoma cell line
B16F10 expresses Slc45a2 at a relatively high level
(Supplementary Figure S1e), we then generated Slc45a2-KO
Journal of Investigative Dermatology (2022), Volume -
B16F10 cell line (Supplementary Figure S1f), which also
showed clear hypopigmentation phenotype (Figure 1e).

The protein level and three glycosylation peptides of TYR
were slightly decreased in KO PMC compared with those in
WT (Figure 1f and Supplementary Figure S1g and h). Mean-
while, Slc45a2 KO resulted in significant decreases in TYR
activity after 10 days of culture (Figure 1g). Pheomelanin was
measured by reductive hydrolysis assays with hydriodic acid,
and Slc45a2 deficiency reduced pheomelanin abundance in
the dorsal skin of mice aged 3 months (Figure 1h and
Supplementary Figure S2a). Abundances of levodopa and its
derivates 3-O-methyldopa were highly decreased in Slc45a2-
KO cells (Supplementary Figure S2e), which indicated that
the whole melanin biosynthesis pathway was blocked owing
to low Tyr activity.

To identify the protein-protein interactions with SLC45A2,
we transfected Flag-tagged SLC45A2 fusion protein
(SLC45A2-Flag) into B16F10 cells (Supplementary Figure S2b
and c). Mass spectrometry (MS) showed TYRP1 as a putative
interacting protein with SLC45A2 (Supplementary
Figure S2d). Coimmunoprecipitation from human embry-
onic kidney 293T cells confirmed direct protein-protein
interaction between SLC45A2 and TYRP1 (Figure 1i). How-
ever, SLC45A2 was incapable of interacting with Tyr
(Supplementary Figure S2f). Heterologous overexpression of
SLC45A2-Flag pulled down endogenous TYRP1 in B16F10
cells (Figure 1j), and immunofluorescent staining showed a
high level of colocalization between SLC45A2 and TYRP1
(Figure 1k). Knockdown of Slc45a2 reduced the transcrip-
tional level of Tyrp1 and vice versa (Figure 1l and m). These
experiments show that SLC45A2 is involved in melanogen-
esis by regulating TYR activity and physically interacting with
TYRP1.

Deletion of HD/glucose exporter SLC45A2 lowered the pH
and induced glucose accumulation in melanosomes

Melanosome pH regulates TYR activity during melanogenesis
(Ancans et al., 2001; Bellono et al., 2014). We measured
melanosomal pH using Lysosensor Green DND-189, which
specifically colocalized with the melanosome marker (Tyr-
mCherry) (Supplementary Figure S3f and g). The mean fluo-
rescence intensity of the lysosensor in KO was 10.3-fold
stronger than in the WT (Figure 2a and Supplementary
Figure S3a). A genetically encoded melanosome-localized
pH sensor was expressed, and its fluorescent intensity is
proportional to the melanosomal pH value (Ambrosio et al.,
2016). Slc45a2 KO had obviously reduced the mean fluo-
rescence intensity of the melanosome-localized pH sensor
compared with that in the WT, also supporting that KO has a
lower melanosomal pH (Figure 2b and Supplementary
Figure S3b). Treatment with 15 nM vacuolar-type ATPase
inhibitor bafilomycin A1 can partially induce melanization
and increase the number of stage III/IV mature melanosomes
in KO (Figure 2c-e). These results showed that SLC45A2
regulates melanosomal pH and proton export from
melanosomes.

We next explored the sugar transport activity of SLC45A2
by measuring the radioactive uptake of [14C(U)]-sucrose and
2-[1,2-3H(N)]-deoxy-D-glucose from isolated melanosomes.
Uptake of [14C(U)]-sucrose and 2-[1,2-3H(N)]-deoxy-D-



Figure 1. SLC45A2 regulates pigmentation by modulating Tyr activity and interacting with TYRP1. (a) Image of C57BL/6J a WT mouse (left) and a Slc45a2-KO

mouse (right). (b) Images of mouse eyes and H&E staining of vertical sections prepared from the eyes; the red arrows indicate the RPE and the Ch. Bar ¼ 40 mm.

(c) KO of Slc45a2 from PMCs and B16F10 melanoma cells resulted in clearly reduced pigment accumulation. (d) qPCR analysis of Slc45a2 in WTand KO PMCs

(n ¼ 3). (e) Quantification of melanin content in WT and Slc45a2-KO PMCs and B16F10 cells (n ¼ 3). (f) Western blotting against the TYR protein in WT and

Slc45a2-KO PMCs sampled 6 and 10 days of culture. Data represent similar results from three replicate blots. (g) TYR activity assays using total protein extracts

from WTand Slc45a2-KO PMCs and B16F10 cells (n ¼ 3). (h) Pheomelanin content in dorsal skin from WTand Slc45a2-KO mice aged 3 months, measured by

HPLC, with 4-AHP standards (n ¼ 3). (i) co-IP of overexpressed SLC45A2-6His and TYRP1-Flag fusion proteins in HEK293T cells. A total of 5% of the cell lysate

was used as the input. Data are representative of three experiments. (j) Detection of SLC45A2 interactions with endogenous TYRP1 by immunoprecipitation

expressed in B16F10 cells (repeated three times). (k) Immunofluorescence localization of SLC45A2 and TYRP1 in HEK293T cells coexpressing both SLC45A2

and TYRP1 (repeated three times). The merged image shows the extent of colocalization. Bar ¼ 5 mm. (l) Knockdown of Tyrp1 in B16F10 cells; mRNA

expression levels of Tyrp1 and Slc45a2 were detected by qPCR (n ¼ 3). (m) Knockdown of Slc45a2 in B16F10 cells; mRNA expression levels of Tyrp1 and

Slc45a2 were detected by qPCR (n ¼ 3). For d, e, g, h, l, and m, data are shown as mean � SD; Student’s t-tests were used for the indicated comparisons.

*P < 0.05, **P < 0.01, and ***P < 0.001. 4-AHP, 4-amino-3-hydroxyphenylalanine; 6His, six histidine tag; Ch, choroid; co-IP, coimmunoprecipitation;

HEK293T, human embryonic kidney 293T; HPLC, high-performance liquid chromatography; IB, immunoblotting; IP, immunoprecipitation; KO, knockout; PMC,

primary melanocyte; RPE, retinal pigment epithelium; shControl, control short-hairpin RNA; shSlc45a2, short-hairpin RNA targeting Slc45a2; shTyp1, short-

hairpin RNA targeting Typ1; TYR, tyrosinase; WT, wild type.
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glucose was increased by w2.5-fold and w1.9-fold,
respectively, 15 minutes after treatment in KO melanosomes
compared with that in WT ones (Figure 2f). In addition,
glucose uptake signal of 2-deoxy-2-[(7-nitro-2,1,3-
benzoxadiazol-4-yl) amino]-D-glucose was relatively weak
and uniformly distributed in the cytoplasm of WT cells,
whereas it showed a punctate and stronger melanosomal
accumulation in Slc45a2-KO cells. Colocalization analyses
in KO cells showed about twice higher Pearson’s correlation
coefficient than in WT cells (Figure 2g) (0.42 for WT cells,
0.81 for KO cells). Collectively, Slc45a2 deficiency led to the
accumulation of glucose within melanosomes, indicating
that SLC45A2 functions as the glucose/Hþ exporter of me-
lanosomes into the cytosol.

We next modeled a predicted three-dimensional structure
of both mouse and human SLC45A2 using Robetta and car-
ried out a docking of various sugar molecules to both models
(Supplementary Figure S3c). The predicted binding pocket for
D-glucose in mouse SLC45A2 along with interacting residues
is illustrated in Figure 2h. In addition, we compared the
www.jidonline.org 3
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Figure 2. SLC45A2 exports protons and glucose from the melanosome into the cytosol. (a)MFI of WTand Slc45a2-KO melanocytes stained with the lysosensor

DND-189 pH indicator (1 mM, 37 �C prewarmed) for 40 min (n ¼ 4). (b) MFI of WT and Slc45a2-KO B16F10 cells expressing the MELOPS plasmid (n ¼ 3). (c)

Rescue of melanocyte melanization by treatment with the V-ATPase inhibitor BafA1 (15 nM, 9 hours). (d)Melanin content of PMCs treated with 15 nM BafA1 for

9 hours (n ¼ 3). (e) TEM images of Slc45a2-KO PMCs treated with BafA1 (or DMSO control) at �50,000 magnification; the red roman numerals represent

different stages of melanosomes (premature melanosomes: stages I and II, mature melanosomes: stages III and IV). Bar ¼ 500 nm. (f) Uptake of the radioactive
14C-sucrose and glucose analog 3H-DOG of isolated melanosomes from WTand Slc45a2-KO B16F10 cells (n ¼ 3). (g) Colocalization of lysotracker (red) and a

fluorescent glucose analog (2-NBDG) in WTand Slc45a2-KO B16F10 cells. Pearson’s correlation of lysotracker (red) and 2-NBDG (green) signal intensity (pixel)

is shown below. Bar ¼ 20 mm. (h) Homology-based 3D structural model of mouse SLC45A2 based on E. coli proton/xylose symporter XylE [PDB ID: 4GBY] as

the template, shown in ribbon representation. Analysis of residue conservation carried out using ConSurf (Ashkenazy et al., 2016) further revealed that the

binding pocket containing polar residues such as Thr187, Asn377, Ser381, Ser435, and Ser436 could form favorable hydrogen bonds with the oxygen atoms of

glucose and other similar sugar molecules. (i) Immunoprecipitation with SLC45A2-6His and TYRP1-Flag, performed in HEK293T cells treated with 0, 10, or 20

mM HMA, an inhibitor of the NHE, for 24 hours. (j) Immunoprecipitation with SLC45A2-6His and TYRP1-Flag, performed in HEK293T cells treated with 1 mM

L-lactate, 5 mM L-lactate, 10 mM sodium lactate, or 20 mM sodium lactate for 24 hours. For a, b, and d, data are shown as mean � SEM; Student’s t-tests were

used for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. 14C-sucrose, [14C(U)]-sucrose; 2-NBDG, 2-deoxy-2-[(7-nitro-2,1,3-

benzoxadiazol-4-yl) amino]-D-glucose; 3D, three-dimensional; 3H-DOG, 2-[1,2-3H(N)]-deoxy-D-glucose; 6His, six histidine tag; BafA1, bafilomycin A1;

HEK293T, human embryonic kidney 293T; HMA, 5-N, N-hexamethylene amiloride; IB, immunoblotting; IP, immunoprecipitation; KO, knockout; MELOPS,

melanosome-localized pH sensor; min, minute; MFI, mean fluorescence intensity; NHE, sodium ion/proton exchanger; n.s., not significant; PMC, primary

melanocyte; TEM, transmission electron microscopy; V-ATPase, vacuolar-type ATPase; WT, wild type.
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structure predicted by Robetta with the one predicted by
AlphaFold (Jumper et al., 2021) and found that both predicted
structures largely agreed with respect to the 12-
transmembrane helices and the organization of the binding
pocket (Supplementary Figure S3d).

SLC45A2 localizes to lysosomes when ectopically
expressed in nonmelanocytic cells (Le et al., 2020). Immu-
noprecipitation results showed that sodium ion/Hþ

exchanger inhibitor 5-N, N-hexamethylene amiloride
decreased lysosomal pH to weaken the interaction between
SLC45A2 and TYRP1 in a dose-dependent manner (Figure 2i
and Supplementary Figure S2g and h). In addition, this
interaction was also impaired when treated with 1 or 5 mM
lactate, whereas the addition of sodium lactate had no effect
(Figure 2j). These results suggested that the pH also influences
the interaction between SLC45A2 and TYRP1.
Deficiency of Slc45a2 significantly upregulated glycolytic
enzymes and enhanced glycolysis

RNA-sequencing transcriptomics analysis (Supplementary
Table S1) showed significantly higher mRNA expression
levels of glycolytic enzymes in Slc45a2-KO than in WT cells
(Figure 3a and b). Consistently, the protein levels of SLC2A1,
HK1, and LDHA in glycolytic pathway were clearly
increased, whereas phosphorylated AMPKa (Thr172) was
suppressed after Slc45a2 deletion (Figure 3c). Slc2a1 and
Slc2a8 had higher expression levels than others, which might
be the predominant transporters for glucose uptake in mela-
nocytes (Supplementary Figure S4a). We applied liquid
chromatography-MS-based glycolytic flux with U-13C6

glucose-treated melanocytes to measure the glycolytic me-
tabolites (Supplementary Table S2). Larger fractions of 13C-
labeled pyruvate and 13C-labeled lactate in the mþ3 iso-
topomer forms were detected in KO cells than in WT cells for
both PMCs and B16F10 cells (Figure 3d and e). Moreover,
lactate excretion of KO cells is significantly higher than that
of WT cells when mþ3 lactate levels from the culture media
were detected using liquid chromatography-MS (Figure 3f).
Global chromatin accessibility status was analyzed using the
assay for transposase-accessible chromatin using sequencing
(Supplementary Figure S3e). Accordingly, Slc45a2 deficiency
increased the accessibility to the promoter regions of Slc2a1,
Hk1, and Pgam1 (Figure 3g-i), showing a more active status
of these glycolysis gene transcriptions.

Metabolomic analysis of Flp-In human embryonic kidney
293 cells (human embryonic kidney 293F) stably over-
expressing mouse Slc45a2 (Slc45a2), human SLC45A2
(SLC45A2) cells, or empty vector-transfected control
(Supplementary Figure S4b and Supplementary Table S3)
showed that multiple metabolites of glycolysis such as
glucose/fructose/mannose-6-phosphate, fructose 1,6-
bisphosphate, pyruvic acid, and L-lactic acid were signifi-
cantly reduced in both Slc45a2- and SLC45A2-overexpressed
human embryonic kidney 293F cells (Figure 3j and
Supplementary S4c). Gene Expression Omnibus expression
data (GSE21565) showed that glycolytic genes were signifi-
cantly elevated in the light human melanocytes harboring the
374F allele of SLC45A2 gene compared with those in the
dark ones (Supplementary Figure S4d). Collectively, these
results show that Slc45a2 deficiency enhances glycolysis in
the melanocytes.

Melanosome is an active glucose-metabolizing organelle
during a loss of Slc45a2

Intriguingly, many glycolytic proteins were detected with
liquid chromatography-tandem MS-based proteomics in the
purified melanosomes (Supplementary Table S4 and
Supplementary Figure S4e). The abundance of HK1, PKM2,
LDHA, and other glycolytic proteins was significantly
higher in Slc45a2-KO melanosomes than in WT ones
(Figure 4a). We next characterized the protein abundances
from whole-cell lysates, mitochondria, the cytosolic frac-
tion, and purified melanosome components. HK1, PKM2,
and LDHA had much higher levels in isolated melanosomes
after Slc45a2 deletion (Figure 4b), which indicates that
glycolytic enzymes potentially perform glycolysis in mela-
nosomes independent of cytosol. Therefore, we incubated
13C-labeled glucose (i.e., [U-13C6] glucose) with WT and
Slc45a2-KO cells and isolated melanosomes. KO melano-
somes contained more 13C-labeled pyruvate and 13C-
labeled lactate in the mþ3 isotopomer forms than WT
melanosomes (Figure 4c and Supplementary Table S5).
Moreover, we isolated melanosomes firstly, followed by
[U-13C6] glucose labeling, and found that glycolytic inter-
mediate mþ6 isotopomer of G6P, mþ3 isotopomer of
DHAP, and lactate products remained produced signifi-
cantly higher in KO melanosomes than in WT melano-
somes (Figure 4d and Supplementary Table S5).

Next, we measured the enzymatic activities of glycolytic
enzymes. HK, PKM, and LDHA activities were about 2.8-,
3.0-, and 2.0-fold higher in KO melanosomes than in WT
melanosomes, respectively (Figure 4e). Immunofluorescent
staining of HK1 and LDHA with late melanosomal marker
TYRP1 also revealed a high level of colocalization extent in
KO cells, which is represented by Pearson’s correlation
(Figure 4f and Supplementary Figure S4f-h). In summary,
these data showed that melanosomes might be a glycosome-
like organelle and that Slc45a2 deficiency enhanced glycol-
ysis activity in melanosomes.

Enhanced glycolysis attenuated melanogenesis by acidifying
melanosomal pH in Slc45a2-KO cells

Pyruvate and lactate are products of anaerobic glycolysis that
contribute to cell acidification (Ganapathy et al., 2009).
Slc45a2 deficiency increased glucose consumption and
lactate excretion in both PMC and B16F10 cells under high
glucose (HG) (4.5 g/l) or low glucose (LG) (1.0 g/l) media
(Figure 5a and b). Glycolysis and glycolytic capacity were
significantly increased under HG and LG media in KO
compared with those in WT when measured by the extra-
cellular acidification rate (Figure 5c and d). As expected, the
mean fluorescence intensity of lysosensor significantly
weakened under LG media compared with that under HG
condition in KO cells (Figure 5e and Supplementary S5a),
and the addition of glycolytic inhibitor 2-deoxy-D-glucose
could also increase melanogenesis by alkalinizing melano-
somal pH as effectively as LG media (Figure 5f and
Supplementary S5b).

Short-hairpin RNA-mediated knockdown of Slc2a1 and
Ldha was used in both WT and KO B16F10 cells
www.jidonline.org 5
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Figure 3. Characterization of SLC45A2 in the regulation of glycolytic states. (a) Mean FPKM from RNA-seq data of glycolysis and PPP genes in WT and

Slc45a2-KO primary melanocytes in duplicates. (b) Heatmap of RNA-seq data showing the expression levels of genes encoding enzymes for glycolysis and PPP

in WT and Slc45a2-KO PMCs. (c) Western blotting of glycolytic proteins in WT and Slc45a2-KO PMCs and B16F10 cells. (d, e) LC‒MS‒based analysis of

[U-13C6] glucose in WT and Slc45a2-KO PMCs (n ¼ 3) and B16F10 cells (n ¼ 4); shown is the percentage of isotopically labeled molecules of the indicated

metabolites (m represents the number of isotopes per molecule). (f) Measurement of mþ3 isotopomer lactate excretion in cell culture medium collected from

PMC (n ¼ 3) and B16F10 (n ¼ 4) cells. (g‒‒i) The ATAC-seq signals of glucose metabolism genes, including Slc2a1, Hk1, and Pgm1. The rectangles indicate

promoter regions. (j) LCeMSebased untargeted metabolomics analysis showing that four glycolytic intermediates—G6P/F6P/M6P, F-1,6-BP, pyruvic acid, and

L-lactic acid—were significantly decreased in HEK293 SLC45A2 cells compared with those in the control group (n ¼ 4). For d, e, f, and j, data are shown as the

mean � SEM. Student’s t-tests were used for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. ATAC-seq, assay for transposase-accessible

chromatin using sequencing; F-1,6-BP, fructose 1,6-bisphosphate; FPKM, fragments per kilobase per million mapped reads; G6P/F6P/M6P, glucose/fructose/

mannose-6-phosphate; HEK293, human embryonic kidney 293; HK1, Hexokinase 1; KO, knockout; LC‒MS, liquid chromatography‒mass spectrometry;

LDHA, lactate dehydrogenase A; p-AMPKa, phosphorylated AMPKa; PDH, pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PKM, pyruvate kinase; PMC,

primary melanocyte; PPP, pentose phosphate pathway; RNA-seq, RNA-sequencing; WT, wild type.
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(Supplementary Figure S5c and d). Short-hairpin RNA tar-
geting Slc2a1 and short-hairpin RNA targeting Ldha signifi-
cantly increased melanogenesis in KO cells, suggesting that
the glycolysis pathway plays an inhibitory role during mela-
nogenesis (Supplementary Figure S5e and f). We treated WT
Journal of Investigative Dermatology (2022), Volume -
PMCs with mitochondrial pyruvate transporter inhibitor
UK5099, which can block oxidative phosphorylation and
elevate lactate levels (Davies et al., 2017). UK5099 (50 mM,
48 hours) decreased melanogenesis and TYR activity in WT
cells (Figure 5g and Supplementary Figure S5g). LDHA-



Figure 4. Melanosomes are active glucose-metabolizing organelles. (a) Heatmap of LC-MS/MS‒based proteomics showing the SLC45A2 and glycolytic protein

abundances represented by peak areas in isolated WTand KO melanosomes in duplicates. (b) Immunoblotting of extracted glycolytic proteins from subcellular

compartments. Examined samples included WCE, Mito, the cytosol, and melanosomes of WT and Slc45a2-KO B16F10 cells. TYRP1 was the protein marker for

melanosomes, TOMM20 was the marker for mitochondria, and b-actin was the marker for both WCE and the cytosol. (c) WT and Slc45a2-KO B16F10 cells

were first labeled with [U-13C6] glucose in culture medium at 37 �C for 6 hours, then melanosomes were isolated and subjected to an 80% methanol extraction.

The extracts were then measured by LC‒MS‒based 13C-labeled metabolic flux analysis (F6P, F-1,6-BP, GAP, 3PG/2PG, PEP) (n ¼ 3). (d) WT and Slc45a2-KO

melanosomes were first isolated and then labeled with [U-13C6] glucose at 37
�C for 1 hour. Metabolites were extracted by 80% methanol and measured by LC‒

MS‒based 13C-labeled metabolic flux analysis (G6P, DHAP, G3P) (n ¼ 3). (e) Enzymatic activities of HK (n ¼ 4), PKM (n ¼ 3), and LDH (n ¼ 3) were measured

in extracts from WTand Slc45a2-KO melanosomes. (f) Confocal immunofluorescence microscopy of B16F10 cells immunolabeled with antibodies against HK1

(or LDHA) (green) or TYRP1 (red); nuclei were stained with DAPI (blue). Bar ¼ 10 mm. For c, d, and e, data are shown as mean � SEM. Student’s t-tests were used

for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P< 0.001. 3PG/2PG, 3-phosphoglycerate/2-phosphoglycerate; DHAP, dihydroxyacetone

phosphate; F-1,6-BP, fructose 1,6-bisphosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; GAP, glyceraldehyde 3-phosphate; HK, hexokinase; KO,

knockout; LC‒MS, liquid chromatography‒mass spectrometry; LC-MS/MS, liquid chromatography with tandem mass spectrometry; LDH, lactate

dehydrogenase; Mito, mitochondria; PEP, phosphoenolpyruvate; PKM, pyruvate kinase; WCE, whole-cell lysate; WT, wild type.
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specific inhibitor, GSK2837808A (10 mM, 48 hours), was
utilized on KO PMCs, showing that melanin production and
TYR activity were significantly elevated after treatment
(Figure 5h and Supplementary S5h). Overall, these results
showed that pharmacologically or genetically inhibition of
glycolysis could promote melanogenesis by alkalinizing
melanosomal pH.
Slc45a2 deficiency promoted melanoma cell survival during
glucose starvation

Next, we investigated whether Slc45a2 deficiency would
trigger differential cellular responses to glucose starvation.
We exposed WT and Slc45a2-KO cells to HG, LG, or
glucose-free (0 g/l) media for 48 hours and measured cell
viability and apoptosis (Figure 5i). There were no significant
www.jidonline.org 7
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Figure 5. Slc45a2 KO promotes cell survival during glucose starvation and attenuates pigmentation by enhanced glycolysis. (a) Glucose consumption was

examined (using a glucose assay kit) in PMC (n ¼ 10) and in B16F10 cells cultured in HG (4.5 g/l, n ¼ 14) or LG (1.0 g/l, n ¼ 10) media for 24 hours. (b) Lactate

excretion was examined using an L-lactate assay kit in PMCs (n ¼ 3) and in B16F10 cells cultured in HG (n ¼ 4) or LG (n ¼ 4) media for 24 hours. (c, d) ECAR

was examined using Seahorse XFe96 analyzer under HG or LG media for 24 hours. Relative glycolysis levels and glycolytic capacity are normalized to cell

numbers (n ¼ 10). (e) Measurement of melanosomal pH and melanin content of WT and Slc45a2-KO B16F10 cells cultured in HG or LG media for 24 hours

(n¼3). (f) Measurement of melanosomal pH and melanin content of WT and Slc45a2-KO B16F10 cells treated with 10 mM glycolysis inhibitor 2-DG for 12

hours (n ¼ 3). (g)Melanin content in WT PMCs treated with DMSO or the mitochondrial pyruvate transporter inhibitor UK5099 (50 mM) for 48 hours (n ¼ 3). (h)

Melanin content in Slc45a2-KO primary melanocytes treated with DMSO or the LDHA-specific inhibitor GSK2837808A (10 mM) for 48 hours (n ¼ 3). (i) Bright-

field cellular morphology of WT and Slc45a2-KO B16F10 cells cultured in HG, LG, or NG (0 g/l) media for 48 hours. Bar ¼ 50 mm. (j, k) Annexin V-FITC/PI

staining was used to determine the percentage of apoptotic cells in WT and Slc45a2-KO B16F10 cells after 48 hours of culture in LG and NG media (n ¼ 3).

Annexin V and PI negative indicate viable cells, Annexin V positive and PI negative indicate early apoptosis, Annexin V and PI positive indicate late apoptosis,

and Annexin V negative and PI positive indicate death. (l) Western blotting showing the protein level of HK1, HK2, c-MYC, p-AKT (S473), cleaved caspase 9,

and cleaved caspase 3 in WT and KO cells cultured in HG, LG, or NG media. For a‒‒d, g, h, j, and k, Student’s t-tests were used for the indicated comparisons.

Two-way ANOVA followed by Tukey’s multiple comparison test was used for e and f. *P < 0.05, **P < 0.01, and ***P < 0.001). 2-DG, 2-deoxy-D-glucose;

ECAR, extracellular acidification rate; GSK, GSK2837808A; HG, high glucose; HK, hexokinase; KO, knockout; LDHA, lactate dehydrogenase A; LG, low

glucose; MFI, mean fluorescence intensity; min, minute; NG, glucose-free; n.s., not significant; p-AKT, phosphorylated protein kinase B; PI, propidium iodide;

PMC, primary melanocyte; UK, UK5099; WT, wild type.
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Figure 6. Slc45a2 deficiency accelerates melanoma metastasis in both cell model and Braf/Pten/TyrCre melanoma model. (a) Analysis of cell migration in a

time-lapse wound healing assay; the wound width was used to represent the migration capacity of cells (n ¼ 3). (b) mRNA expression of Furin, Mmp2, and

Mmp14, assessed by qPCR (n ¼ 3). (c) Analysis of cell migration in a time-lapse wound healing assay; the wound width was measured in WT control (WT NC),

Slc45a2-KO control (KO NC), Slc45a2 KO with Slc2a1 knockdown (KO shSlc2a1), and Slc45a2 KO with Ldha knockdown (KO shLdha) at 0, 12, or 26 hours

(n ¼ 4 samples per group, with the experiments repeated three times). (d) Images of mouse lungs 14 days after tail vein injection of 300,000 WTor Slc45a2-KO

B16F10 cells in nude mice. (e, f) Lung weight (n ¼ 9) and percentage of lung area covered by metastatic tumor areas (n ¼ 8). (g) The protein abundance of

PI3K‒Akt signaling pathway components in WT and Slc45a2-KO B16F10 cells, analyzed by western blotting. (h) Representative images of BrafV600E/

þPtenfl/flTyrCreSlc45a2WT and BrafV600E/þPtenfl/flTyrCreSlc45a2KO mice. Adult mice aged 4 weeks were shaved and treated topically with 10 ml of 1.55 mg/ml of

4-OHT for 3 consecutive days. Application of 4-OHT onto the skin of these mice activates TyrCre selectively in melanocytes, inducing the expression of

oncogenic BrafV600E and knocking out the Pten gene. (i) Tumor weights for BrafV600E/þPtenfl/flTyrCre Slc45a2WT (n ¼ 4) and BrafV600E/þPtenfl/flTyrCre Slc45a2KO

(n ¼ 6) mice. (j) The protein abundance of HK1, c-MYC, and PI3K‒AKT signaling pathway components in dorsal tumor tissue isolated from WTor Slc45a2-KO

genotypes under the genetic background of BrafV600E Ptenfl/fl Tyrcre, analyzed by western blotting. (k) KaplaneMeier survival curve of mice with the indicated

WT (n ¼ 6) and Slc45a2-KO (n ¼ 6) genotypes under the genetic background of BrafV600E Ptenfl/fl Tyrcre, following intraperitoneal administration of 150 ml 10
mg/ml tamoxifen suspension in corn oil on 3 consecutive days. Log-rank (ManteleCox) test of survival plots, indicating a statistically significant difference

between the WT and KO genotypes (P ¼ 0.02) was performed. For a‒‒c, e, f, and i, data are shown as mean � SEM; Student’s t-tests were used for the indicated

comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. 4-OHT, 4-hydroxytamoxifen; AKT, protein kinase B; d, day; h, hour; KO, knockout; MMP, matrix

metalloproteinase; NC, nontargeting control; p-AKT, phosphorylated protein kinase B; p-PI3K, phosphorylated phosphatidylinositol 3-kinase; PI3K,

phosphatidylinositol 3-kinase; shLdha, short-hairpin RNA targeting Ldha; shSlc2a1, short-hairpin RNA targeting Slc2a1; WT, wild type.
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differences in viable and apoptotic cells between WTand KO
under HG media, but the viable cell numbers in KO were
significantly higher under LG and glucose-free media
(Figure 5j and k). HK1 and phosphorylated protein kinase B
(AKT) (S473) were increased in KO under all the three con-
ditions, whereas c-MYC was higher in KO than in WT under
LG and glucose-free conditions (Figure 5l). These results
collectively indicate that Slc45a2-deficient cells are more
resistant to glucose starvation-induced apoptosis than WT
cells.

Slc45a2 deficiency accelerates melanoma metastasis and
progression by activating phosphatidylinositol 3-kinase/Akt
signaling pathway

On the basis of elevated glycolysis and increased resistance
to glucose starvation in KO cells, we characterized the role of
www.jidonline.org 9
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SLC45A2 in melanoma progression. Wound healing assay
indicated a significant reduction in cell-free gaps with
Slc45a2 deficiency (Supplementary Figure S6a and
Figure 6a). mRNA expression of Furin and matrix metal-
loproteinase (MMP) genes Mmp2 and Mmp14, which facili-
tate cancer migration and invasion, were significantly
increased in KO cells (Figure 6b). Slc45a2 KO with short-
hairpin RNA targeting Slc2a1 or short-hairpin RNA target-
ing Ldha displayed attenuated cell migration compared with
vehicle control (Figure 6c). Taken together, these results
indicated that Slc45a2 deficiency promoted melanoma
metastasis in vitro.

We next investigated the effect of SLC45A2 on tumor
growth and distant metastasis in vivo. Slc45a2 deficiency did
not alter melanoma growth (Supplementary Figure S6b and c)
but largely promoted lung metastasis by measuring lung
weight (Figure 6d and e) and lung metastatic lesion area
(Figure 6f). Phosphatidylinositol 3-kinase (PI3K)/AKT pathway
is frequently activated in melanoma and is proposed as an
attractive drug target to improve clinical outcomes (Kwong
and Davies, 2013). KO cells showed markedly increased
phosphorylation of PI3K (phosphorylated PI3K, Tyr458),
phosphorylated AKT (Ser473), glycogen synthase kinase 3b,
phosphorylated glycogen synthase kinase 3b (Ser9), and b-
catenin expression (Figure 6g), showing that AKT signaling is
remarkably elevated to accelerate melanoma metastasis in
Slc45a2 deficiency.

Slc45a2-KO mice were crossed with the melanoma mice
harboring BrafV600E/Ptenflox/TyrCre transgene (Dankort et al.,
2009) to study metastasis in melanoma mice model.
Slc45a2 deficiency in BrafV600E/þPtenfl/flTyrCre mice resulted
in faster and more aggressive growing melanoma than in WT
(Figure 6h and i). Histological analysis of melanoma sections
revealed increased tumor number (Supplementary
Figure S6d) and marked splenomegaly in BrafV600E/
þPtenfl/flTyrCre Slc45a2-KO mice (Supplementary Figure S6e).
HK1, AKT, phosphorylated AKT (S473), and c-MYC were also
increased in KO abdominal skin tumors from BrafV600EPtenfl/
flTyrCre metastatic melanoma mice (Figure 6j). Overall sur-
vival was shortened by Slc45a2 deletion for the BrafV600EP-
tenfl/flTyrCre mice (Figure 6k), and the skin specimen from KO
mice had more metastatic sites (Supplementary Figure S6f).
Collectively, these data suggest that Slc45a2 KO accelerates
melanoma metastasis and progression in vivo and in vitro by
reprogramming glucose metabolism.

DISCUSSION
SLC45A2 is proposed as a putative sugar transporter, mainly
transporting disaccharide sucrose (Reinders and Ward, 2015;
Vitavska and Wieczorek, 2017). Hyperosmotic stress result-
ing from sucrose imbalance disrupts vesicle trafficking and
inhibits mature melanosome formation (Meyer et al., 2011).
However, no obvious morphological changes happened in
Slc45a2-KO melanosomes, such as size, shrinking, or
swelling caused by osmotic pressure alternation (Figure 2e).
Meanwhile, when sucrose enters mammalian cells, it breaks
down to fructose and glucose quickly, rarely in disaccharide
form (Park et al., 2017b). We did not detect any free sucrose
in our metabolomic data (Supplementary Tables S2 and S3),
Journal of Investigative Dermatology (2022), Volume -
and melanocytic cells can still synthesize melanin in the
medium without a sucrose supplement. Therefore, we
concluded that SLC45A2 was an Hþ-coupled glucose
exporter in melanosomes.

Intriguingly, glycolytic enzymes and metabolites were
detected in relatively high abundance in KO melanosomes
(Supplementary Table S4), which raised the possibility that
melanosomes may be an active glucose-metabolizing organ-
elle. When isolated melanosomes were incubated with
13C-labeled glucose, many labeled glycolytic metabolites
were detected inside them, and enzymatic activities of HK1,
PKM2, and LDHA were significantly increased from KO me-
lanosomes (Figure 4c-e). Notably, peroxisomes of the protist
trypanosomatid parasites seclude the majority of glycolytic
enzymes and hence are called glycosomes (Haanstra et al.,
2016). A previous study also reported that all essential glyco-
lytic enzymes moonlight in the nucleus to perform the ca-
nonical and noncanonical functions (Boukouris et al., 2016).
However, the functions of glycolysis that occurred in mela-
nosomes need to be further investigated.

Deleting Slc45a2 made melanoma cells more resistant to
apoptosis and accelerated melanoma progression by upre-
gulating PI3K/AKT pathway. PI3K/AKTt signaling has diverse
downstream effects on glucose metabolism through either
direct regulation of glycolytic enzymes or the control of
transcription factors (Hoxhaj and Manning, 2020). Consti-
tutively active AKT has been shown to promote HK2 activity
and indirectly stimulate phosphofructokinase 1 activity
(Roberts et al., 2013). AKT phosphorylates and increases the
activity of pyruvate dehydrogenase kinase 1 (Chae et al.,
2016). PI3K/AKT signaling also mediates hypoxia-inducible
factor 1 (Arsham et al., 2004), a key transcription factor in
glycolysis. In addition, Furin and MMPs expressions are
increased in Slc45a2-deficient cells, which promotes mel-
anoma metastasis (Figure 6b). Furin is a multifunctional
protease that has a conserved His69 site to sense an acidic
pH environment for function (Feliciangeli et al., 2006).
Acidified intracellular pH might elucidate the reason why
furin expression is upregulated in Slc45a2-deficient cells
(Figure 2a). MMPs are responsible for the remodeling of the
extracellular matrix, which leads to melanoma invasion and
metastasis (Bartolomé et al., 2009). Acidic extracellular pH
induces cellular expression of MMPs and induces epithelial-
mesenchymal transition changes in melanoma (Thakur and
Bedogni, 2016). Because extracellular acidification is pri-
marily considered to be caused by lactate secretion from
anaerobic glycolysis, we found that the mþ3 isotopologue
of lactate from KO culture medium is significantly higher
than that from WT medium (Figure 3f), which supports the
proposed mechanism that Slc45a2 deficiency will lead to
more acidic intracellular pH to promote furin activity and
further exacerbate extracellular pH by secreting lactate to
activate MMP expressions.

In summary, our study sheds light on how SLC45A2 regu-
lates glucose metabolism to influence melanin synthesis and
melanoma metastasis, particularly discovering the glycolytic
function of melanosomes. Selective restoration of Slc45a2
function could rescue the symptom of albinism and serve as
an effective strategy for melanoma therapy.
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MATERIALS AND METHODS
Mice

WT and Slc45a2-KO mice were generated using CRISPR/Cas9

technology in C57BL/6J genetic background, as described in

Supplementary Materials and Methods. All animal protocols were

approved by the Institutional Animal Care and Use Committee of

Tsinghua University (Beijing, China) and the Laboratory Animal

Research Center of Tsinghua University.

Cell culture and murine PMC isolation

Melanoma cell line B16F10 was purchased from ATCC (Manassas,

VA) and cultured in DMEM. WT and Slc45a2-KO PMCs were

cultured in modified Ham’s F12 medium. Detailed methods are

described in Supplementary Materials and Methods.

Gene KO of Slc45a2 in the B16F10 cell line

Two single-guide RNA sequences targeting were constructed with

PX458-pSpCas9 (BB)-2A-GFP-MCS plasmid (a gift of Wei Guo); the

procedures were based on the protocol from Zhang Feng’s labora-

tory, as described in Supplementary Materials and Methods.

RNA extraction and RT-qPCR analysis

Total RNAwas extracted from cells with HiPure Total RNA Plus Mini

Kit (Magen Biotechnology, Guangzhou, China), and cDNA was

reverse transcribed with FastQuant RT kit (Tiangen Biotech, Beijing,

China). RT-qPCR was performed with TransStart Green qPCR

SuperMix (TransGen Biotech, Beijing, China) and the gene primers

(Supplementary Table S6) in 7500 Real-Time PCR Systems (Applied

Biosystems, Waltham, MA).

Melanosome isolation

The detailed isolation method for functional melanosomes was

modified as previously described (Pelkonen et al., 2016; Watabe

et al., 2005). Detailed methods are provided in Supplementary

Materials and Methods.

[U-13C6] glucose metabolic flux analysis

Briefly, cells were grown in a medium with or without [U-13C6]

glucose for 12 hours, and the metabolites were extracted from media

and cells with cold 80%methanol for the liquid chromatography-MS.
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SUPPLEMENTARY MATERIALS AND METHODS
Chemicals and reagents

Bafilomycin A1 (HY-100558), 5-N, N-hexamethylene ami-
loride (HY-128067), UK5099 (HY-15475), and
GSK2837808A (HY-100681) were purchased from MedChe-
mExpress (Monmouth Junction, NJ); 2-deoxy-D-glucose was
purchased from Apexbio Technology (Houston, TX) (B1027);
[14C(U)]-sucrose (NEC100X250UC) and 2-[1,2-3H (N)]-
deoxy-D-glucose (NET328A250UC) were purchased from
PerkinElmer (Waltham, MA); L-lactate (L6402), sodium
lactate (71718), tamoxifen (T5648), and 4-hydroxytamoxifen
(H6278) were purchased from Sigma-Aldrich (St. Louis, MO);
and 4-amino-3-hydroxyphenylalanine was synthesized as
previously reported (Wakamatsu et al., 2002).

Plasmid construction

Melanosome-localized pH sensor plasmid was a gift from
Santiago Di Pietro (plasmid number 80151, Addgene,
Watertown, MA). Using human SLC45A2 and mouse
SLC45A2 cDNA as templates, genes were cloned into
pcDNA5/FRT vector (Invitrogen, Waltham, MA). Adenovirus
for overexpressing 6His-tagged SLC45A2 was packaged as
previously described (He et al., 1998). Flag-tagged SLC45A2
and TYRP1 were cloned into pCMV6-Entry construct (Ori-
Gene, Rockville, MD). All constructs used in this study were
confirmed by sequencing.

Generation of Slc45a2-deficient mice

Generation of Slc45a2-knockout mice was done using
CRISPR/Cas9 system in C57BL/6 zygotes. The candidate
chimeric single-guide RNA (sgRNA) targeting exon 1 of
Slc45a2 (National Center for Biotechnology Information
sequence NM_053077) was designed on the basis of http://
crispr.mit.edu/. sgRNA and humanized Cas9 mRNA were
transcripted respectively using the MEGAshortscript kit
(Am1354, Ambion, Austin, TX) and mMESSAGE mMACHINE
T7 Ultra Kit (Am1345, Ambion) according to the manufac-
turer’s instructions. Both the sgRNA and the Cas9 mRNA
were purified using the MEGAclear kit (AM1908, Ambion).
The sgRNA (30 ng/ml) was mixed with Cas9 mRNA (60 ng/ml),
and the mixture was microinjected into the cytoplasm of the
one-cell stage embryos. Genomic DNA was extracted from
the tail tips of the newborn pups, and the genomic sequences
around the sgRNA target sites were PCR amplified using the
following primers: forward primer 50-
AGCGTGGGCCTGCCTAAGAGC-30 and reverse primer 50-
CCACTTACCTGATACGACCGCATCTC-30.

Cell culture and murine primary melanocytes isolation

Melanoma cell line B16F10 was purchased from ATCC
(Manassas, VA) and cultured in DMEM, supplemented with
10% fetal bovine serum and 1% streptomycin and penicillin
at 37 �C with 5% carbon dioxide. Wild-type and Slc45a2-
knockout primary melanocytes were cultured in modified
Ham’s F12 medium as previously reported (Costin et al.,
2003). Briefly, the dorsal skins were derived from C57BL/6J
mice aged 1 day and were soaked with iodine solution, 75%
ethanol, and PBS for 3 minutes. Then, the dissected skins
were incubated in 0.25% trypsin at 37 �C for 3 hours. The
epidermis was separated from the dermis and removed into a
6-cm dish. We cut the epidermis into small pieces and added
2 ml of 0.25% trypsin at 37% for 2 minutes. We stopped the
digestion by adding 4 ml Ham’s F12 medium containing 10%
fetal bovine serum, 0.1 mM 3-isobutyl-1-methylxanthine
(Sigma-Aldrich), 10 mg/ml bovine pituitary extract (Sciencell
Research Laboratories, Carlsbad, CA), 48 nM 12-O-Tetrade-
canoylphorbol 13-acetate (Beyotime Biotechnology, Jiangsu,
China), 0.5 mM GlutaMax (Gibco, Waltham, MA), and 1%
streptomycin/penicillin.

Gene knockout of Slc45a2 in the B16F10 cell line

Two sgRNA sequences targeting were constructed with
PX458-pSpCas9 (BB)-2A-GFP-MCS plasmid (a gift of Wei
Guo); the procedures were based on the protocol from Zhang
Feng’s laboratory (Ran et al., 2013). Briefly, a pair of oligos
were annealed, phosphorylated, and ligated to the linearized
vector. The oligos sequences are as follows: 50-GTCGAAG-
GAGTTTTGAGCCAC-30 and 50-TCACCATTCA-
CAGGTCCGTC-30. Cells were sorted in 96-well plates using
FACS with a FACSAria II cell sorter (BD Biosciences, San Jose,
CA) after transfection. Single-cell colonies were obtained,
and we extracted the genomic DNA for further genotyping
PCR and sequencing.

Lentiviral short-hairpin RNA knockdown system

The lentiviral system was generated as previously described
(Moffat et al., 2006). The oligonucleotides (Invitrogen) were
annealed and subcloned into the lentiviral vector pLKO.1.
The lentiviruses were generated by transfecting human em-
bryonic kidney 293T cells together with the lentiviral Vesic-
ular stomatitis virus G and psPAX2 plasmids (plasmid
numbers 12259 and 12260, Addgene). The viral supernatants
were collected after 48 hours and then infected into cells.
The knockdown efficiency of the target genes was determined
by western blotting or RT-PCR. The oligonucleotide se-
quences for the pLKO.1 short-hairpin RNAs are listed in
Supplementary Table S6.

Melanin content and pheomelanin measurement

The total melanin content was measured using a reported
method modified from the study by Bellono et al. (2016).
Briefly, cells were harvested in PBS/1% Triton X-100 by
collection with a cell scraper and lysed at 4 �C for 30 mi-
nutes, and the insoluble fraction was obtained by centrifu-
gation at 12,000 r.p.m. for 15 minutes and was dissolved in 1
N sodium hydroxide for 2 hours at 85 �C to measure the
absorbance at 405 nm. The cellular melanin values were
expressed as milligram melanin per milligram protein.

The whole dorsal skin of mice aged 3 months was
collected for pheomelanin measurement. Using high-
performance liquid chromatography, pheomelanin was
analyzed on the basis of the levels of 4-amino-3-
hydroxyphenylalanine produced by hydriodic acid hydroly-
sis (Ito and Wakamatsu, 1994; Thody et al., 1991)
(Supplementary Figure S2d).

Tyrosinase activity

Tyrosinase activity was assayed using a Tyrosinase Activity
Assay Kit (catalog number K742, Biovision, Milpitas, CA)
following the instructions of the manufacturer.

Structural modeling

We constructed the structural models of the mouse and hu-
man SLC45A2 using the Robetta protein structure prediction
www.jidonline.org 12.e1
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webserver employing the comparative modeling method
(Kim et al., 2004). Both the mouse and human models were
modeled in the inward-open conformation and were struc-
turally most similar to the xylose-bound proton:xylose sym-
porter XylE from E. coli (PDB identification 4GBY) (Sun et al.,
2012).

Melanosomal pH measurement

When the cell reached 80% confluence, the medium was
removed from the dish, and we added the 1 mM prewarmed
(37 �C) probe LysoSensor Green DND-189 (Yeason,
Shanghai, China) in Hank’s balanced salt solution buffer. We
incubated the cells in the dark for 30 minutes at 37 �C. Cells
were digested with 0.25% trypsin/EDTA and resuspended in
500 ml of Hank’s balanced salt solution for flow cytometer
(BD Calibur, Sparks, NV). A total of 2 mg melanosome-
localized pH sensor plasmid was transfected in a six-well
plate. Cells were digested and collected in 500 ml of Hank’s
balanced salt solution for flow cytometer after 48 hours of
transfection or seeded in a 35-mm confocal dish.

Glycolytic enzyme activity

Hexokinase activity was measured using a hexokinase ac-
tivity assay kit (Solarbio Life Science, Beijing, China) ac-
cording to the manufacturer’s instructions. Pyruvate kinase
activity assay was measured by a lactate dehydrogenase-
coupled enzyme assay. The assay was carried out with
purified melanosome lysates with an enzyme buffer (50 mM
Tris-hydrogen chloride, 100 mM potassium chloride, 10 mM
magnesium chloride, 1 mM adenosine diphosphate, 1 mM
phosphoenolpyruvate, 1 mM nicotinamide adenine dinu-
cleotide, and 4.8 U/ml lactate dehydrogenase). The decrease
in absorbance at 340 nm from the oxidation of nicotinamide
adenine dinucleotide was measured by a microplate reader.
Lactate dehydrogenase activity assay was measured with
purified melanosomes with the enzyme buffer (50 mM Tris-
hydrogen chloride, 1 mM sodium pyruvate, 1 mM nicotin-
amide adenine dinucleotide, pH 7.6). The decrease in
absorbance at 340 nm from the oxidation of nicotinamide
adenine dinucleotide was measured by a microplate reader.

RNA-sequencing data analysis

RNA-sequencing reads were aligned to mouse transcriptome
(UCSC gene) and genome (GRCm38/mm10) references, us-
ing the HISAT and Bowtie 2 software. After the library
alignment and quality filter steps, the reads count values were
obtained and used to calculate the fragments per kilobase of
exon per million fragments mapped of the transcripts from
different groups, considering the statistical significance of the
differential gene expressions.

Western immunoblotting

Tissues and cells were rinsed with PBS and lysed in radio-
immunoprecipitation assay lysis buffer (Beyotime Biotech-
nology, Shanghai, China) with cOmplete Protease Inhibitor
Cocktail Tablets (Roche, Mannheim, Germany) and InStab
Phosphatase Inhibitor Cocktail (Yeason). The primary anti-
bodies used in this study were as followed: anti-b-actin
(30102ES40, Yeason), anti-6His (30402ES40, Yeason), and
anti-TYRP1 (NBP2-32906, Novus Biologicals, Littleton, CO).
Anti-b-catenin (sc-7963), anti- glycogen synthase kinase-3b
(sc-377213), and antiphosphorylated glycogen synthase
Journal of Investigative Dermatology (2022), Volume -
kinase-3b (S9, sc-373800) were purchased from Santa Cruz
Biotechnology (Dallas, TX). The anti-Flag (ab205606), anti-
tyrosinase (ab170905), and anti-SLC2A1 (ab115730) were
purchased from Abcam (Cambridge, United Kingdom). The
anti-hexokinase 1 (2024T), anti-hexokinase 2 (2867T), anti-
GAPDH (5174T), anti-pyruvate kinase 1/2 (3106S), anti-
pyruvate kinase M2 (4053T), anti-pyruvate dehydrogenase
(3205T), antiphosphorylated AMPKA (T172, 2535T), anti-
lactate dehydrogenase (3582T), anti-Tomm20 (42406S),
antiphosphorylated phosphatidylinositol 3-kinase (4228),
anti-protein kinase B (4691), antiphosphorylated protein ki-
nase B (S473, 4060), and c-Myc (5605) were purchased from
Cell Signaling Technology (Danvers, MA).

Coimmunoprecipitation

Cell lysates derived from human embryonic kidney 293T
transiently transfected with plasmids were prepared using a
lysis buffer containing 50 mM Tris-hydrogen chloride, pH
7.4, 150 mM sodium chloride, 0.2% NP-40, 0.1% dodecyl
maltoside, 10% glycerol, and protease inhibitor cocktail
(Roche). The anti-flag magnetic beads (B26101, Bimake.com,
Houston, TX) or the anti-His affinity gel (20589ES03, Yeason)
was incubated with cell lysates at 4 �C overnight on a rotating
wheel and subsequently washed five times with lysis buffer.
The immunoprecipitated proteins were eluted with 1� SDS
loading buffer.

Glucose consumption and lactate production

Glucose consumption was calculated by measuring the
glucose concentration in a culture medium from blank and
cell-seeded wells with a Glucose Consumption Assay Kit
(E1010, Applygen, Beijing, China). Extracellular lactate was
quantified in cell culture supernatants using the L-Lactate
Assay Kit (Eton Bioscience, San Diego, CA) according to
manufacturer’s instructions.

Assay for transposase-accessible chromatin using sequencing

Assay for transposase-accessible chromatin using sequencing
was performed as described before (Buenrostro et al., 2013).
Nuclei isolated from 50,000 counted melanocytes were
harvested at 500g for 5 minutes at 4 �C, and cell pellets were
resuspended in 100 ml lysis buffer (10 mM Tris- hydrogen
chloride, pH 7.4, 10 mM sodium chloride, 3 mM magnesium
chloride, 0.5% NP-40) and then centrifuged at 500g for 15
minutes at 4 �C. The nuclei were resuspended in the trans-
position reaction mixture with Tn5 transposase (Vazyme
Biotech, Nanjing, China) on ice and then incubated for 30
minutes at 37 �C. The transposed DNAwas purified using the
MinElute kit (Qiagen, Hilden, Germany) and amplified in 50
ml PCR reactions using primers with unique barcodes
(Vazyme Biotech) and then selected using AMPureXP beads
(Agencourt, Beckman Coulter, Brea, CA) to setup library. The
library was sequenced using Illumina HiSeq X Ten sequencer
by Novogene (Beijing, China) to obtain 150 base pair paired-
end reads.

Melanosome isolation

The detailed isolation method for functional melanosomes
was modified as previously described (Pelkonen et al., 2016;
Watabe et al., 2005). Briefly, at least 1 � 108 cells
were harvested, homogenized on ice, and centrifuged, and
the supernatant was separated by a 2.0 M sucrose
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density gradient (from top to bottom: 1.0, 1.2, 1.4, 1.5, 1.6,
1.8, and 2.0 M) in a 38.5 ml polyallomer centrifuge tube
(number 344058, Beckman Coulter, Brea, CA). Centrifuga-
tion was performed in an SW 32 Ti swinging bucket rotor in
Beckman L-100XP at 135,000g for 1 hour at 4 �C. After
centrifugation, all the upper layers were discarded, and the
purified melanosomal pellet was resuspended
in 2-morpholinoethanesulfonic acid buffer (25 mM
2-morpholinoethanesulfonic acid, 5 mM sodium chloride,
115 mM potassium chloride, 1.3 mM magnesium sulfate, pH
7.4). The remaining sucrose gradient was removed by
centrifugation at 10,000g for 5 minutes at 4 �C, and the
melanosomal pellet was kept.

In vivo tumor models

Melanoma cells (300,000 cells in 100 ml of PBS) were
injected subcutaneously into the dorsal region of nude mice,
and the metastatic model was induced by injecting 300,000
melanoma cells in 100 ml of PBS in the tail vein of nude mice.
After 14 days, the mice were euthanized, and tumors and
lungs were collected for further experiments.

Activation of Braf/Pten/TyrCre transgene melanoma mice

Topical administration of 4-hydroxytamoxifen was
performed by preparing a 25 mg/ml stock solution of
4-hydroxytamoxifen in DMSO. For localized melanoma in-
duction on the back skin, adult mice aged 4 weeks were
shaved and treated topically with 10 ml of 1.55 mg/ml of 4-
hydroxytamoxifen for 3 consecutive days. Generalized in-
duction in adult mice aged 4 weeks was conducted by
intraperitoneal injection of 150 ml of 10 mg/ml tamoxifen
suspension in corn oil on 3 consecutive days.

Statistical analysis

GraphPad Prism 6 software (GraphPad Software, San Diego,
CA) was utilized for statistical analysis. All data were
expressed as mean � SD or mean � SEM. Student’s t-tests or
two-way ANOVA followed by Tukey’s multiple comparison
tests were performed for the indicated comparisons
(*P < 0.05, **P < 0.01, and ***P < 0.001).
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Supplementary Figure S1. Generation of Slc45a2-KO models and detection of tyrosinase glycosylation by MS. (a) Expression levels of Slc45a2 in different

murine tissues and melanocytes (n ¼ 3). (b) Protein sequences of WT and Slc45a2-KO mice. TM represents the TM domain. Slc45a2-KO mice introduce a

premature stop codon in the TM3. (c) Genomic DNA sequences of WTand Slc45a2-KO mice; incorrect genomic DNA sequence in exon 1 was highlighted. (d)

Melanin content of medium pellet collected from Slc45a2-KO melanocytes was significantly reduced compared with that from WT melanocytes (n ¼ 3). (e)

Slc45a2 mRNA expression levels in different murine and human melanoma cells (n ¼ 3). (f) Graphical illustration of deleting Slc45a2 using CRISPR/Cas9

technology in B16F10 cells. sgRNA1 (50-GTCGAAGGAGTTTTGAGCCAC-30) and sgRNA2 (50-TCACCATTCACAGGTCCGTC-30) are on opposite sides of exon 2.

(g) Peak areas of deamidated tyrosinase peptide sequences detected by MS. WT or KO area represents peptide abundance, MHþ, and RT. (h) MS analysis to

identify three glycosylation sites of tyrosinase and the MS spectra of representative peptides are presented. Data are shown as mean � SEM. For d, Student’s

t-tests were used for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. EX, exon; KO, knockout; m/z, mass-to-charge ratio; MHþ, mass-to-

charge ratio; min, minute; MS, mass spectrometry; RT, retention time; sgRNA, single-guide RNA; TM, transmembrane; TM3, transmembrane domain 3; WT, wild

type.
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Supplementary Figure S2. Pheomelaninmeasurement and identification of TYRP1 as interacted protein of SLC45A2. (a) Representative HPLC chromatograms

of 4-AHP in standards and representative skin samples. (b) A representative silver staining gel of Flag Ctrl and Flag-tagged SLC45A2 (SLC45A2-Flag) samples.

SLC45A2 protein band identified by mass spectrometry around 60 kDa is indicated with the arrowhead. (c) Identification of SLC45A2-interacting proteins in

SLC45A2-Flag‒overexpressed B16F10 cells. (d) Eight peptides of TRYP1 identified by mass spectrometry. (e) The abundances of L-DOPA and 3-O-methyldopa

are measured by LC‒MS in WTand Slc45a2-KO B16F10 cells. (f) Coimmunoprecipitation of Slc45a2-6His and Tyr-Flag in HEK293T cells. (g) Western blotting

analysis of SLC45A2 protein level using Flag antibody in HEK293T cells overexpressing SLC45A2-Flag recombinant protein (up); subcellular colocalization

between SLC45A2-Flag protein and lysosome marker LAMP2 in HEK293T cells (down). Bar ¼ 10 mm. (h) Lysosomal pH was measured by MFI of Lysosensor

Green DND-189 (lysosensor) in HEK293T cells treated with 0, 5, 10, or 20 mM HMA (n ¼ 3). Data are shown as mean � SEM. For e, Student’s t-tests were used

for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. 4-AHP, 4-amino-3-hydroxyphenylalanine; Ctrl, control; EV, empty vector; HEK293T,

human embryonic kidney 293T; HMA, 5-N, N-hexamethylene amiloride; HPLC, high-performance liquid chromatography; IB, immunoblotting; IP,

immunoprecipitation; KO, knockout; LC‒MS, liquid chromatography‒mass spectrometry; L-DOPA, levodopa; MFI, mean fluorescence intensity; min, minute;

Tyr, tyrosinase; WT, wild type.

Y Liu et al.
SLC45A2 in Melanin Synthesis and Melanoma Metastasis

www.jidonline.org 12.e5

http://www.jidonline.org


Supplementary Figure S3. Melanosomal pH measurement and sugar-binding docking model of SLC45A2 protein. (a) Confocal microscopy images of WT and

Slc45a2-KO melanocytes stained with 1 mM 37 �C prewarmed lysosensor DND-189 pH indicator (lysosensor) for 40 min. Bar ¼ 10 mm. (b) Confocal

microscopy images of WT and KO B16F10 cells expressing melanosome pH sensor MELOPS plasmid. Bar ¼ 10 mm. (c) We docked the sugar molecules GLC,

FRU, SUC, MAN, GAL, G6P, F6P, M6P, and FBP to the two SLC45A2 models using GOLD 2020.3.1. The docking poses were scored on the basis of CHEMPLP

fitness scores, and the highest docking scores for the best poses are summarized. (d) Comparison of predicted structural models of mouse Slc45a2. Superposition

of mouse Slc45a2 predicted by AlphaFold (tan) and Robetta (blue) shows largely agreement between both models with respect to the arrangement of the 12-TM

helical core (left). Structure-based sequence alignment for mouse Slc45a2 models predicted by AlphaFold (tan) and Robetta (blue). Structurally equivalent

residue positions are highlighted, and the extent of deviation between the models with respect to CA atoms (RMSD) is indicated above each position. Overall

RMSD for the 12-TM helix core is 2.3 Å, with most of the differences between the two models arising near the helix termini (right). (e) Heatmap of the ATAC-seq

peak signals for 10,908 chromatin-accessible sites in WT and KO melanocytes. The average ATAC-seq peak signals are presented in the right panel. (f) mRNA

expression levels of two lysosome markers (Lamp1 and Lamp2) and three melanosome markers (Tyrp1, Dct, and Pmel) in PMC and B16F10 cells. (g) SLC45A2-

KO B16F10 cells were transfected with pCMV-C-mCherry-Tyrosinase plasmid (mCherry-Tyr) and stained with either 1 mM Lysosensor DND-189 or Lysotracker

Green DND-26 (Lysotracker Green) for 30 min. Bar ¼ 10 mm. 12-TM, 12-transmembrane; ATAC-seq, assay for transposase-accessible chromatin using

sequencing; F6P, b-D-fructose-6-phosphate; FBP, b-D-fructose-1, 6-bisphosphate; FRU, b-D-fructose; G6P, ɑ-D-glucose-6-phosphate; GAL, b-D-galactose;

GLC, ɑ-D-glucose; kb, kilobase; KO, knockout; M6P, ɑ-D-mannose-6-phosphate; MAN, ɑ-D-mannose; MELOPS, MELOPS, melanosome-localized pH sensor;

min, minute; PMC, primary melanocyte; RMSD, root mean square deviation; SUC, D-sucrose; TSS, transcription start site; WT, wild type.
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Supplementary Figure S4. Slc45a2 mediates glycolysis metabolites and enzymes. (a) Mean FPKM values from RNA-seq data of SLC2 and SLC5 families in WT

and Slc45a2-KO PMCs. (b) HEK293F cells stably overexpressing EV transfected control, mouse SLC45A2 (Slc45a2), and human SLC45A2 (SLC45A2) were

established (n ¼ 3). (c) Heatmap depicts the abundances of glycolytic intermediates of LC‒MS‒based untargeted metabolomics in HEK293 EV, HEK293

Slc45a2, and HEK293 SLC45A2 cells (n ¼ 4). (d) Analysis of GEO datasets (GSE21565) using GEO2R, showing the mRNA expression levels for SLC2A1, HK1,

PKM, PDH, and LDHA from Dark-HMCs and Light-HMCs. (e) LC‒MS/MS‒based proteomics showing the protein abundances (represented by peak areas) of

SLC45A2 and glycolysis-related proteins in isolated WT and KO melanosomes. (f, g) Immunofluorescence assay was used on WT and KO B16F10 cells; the red

signal represents melanosomal marker TYRP1, and the green signal represents HK1 and LDHA. Bar ¼ 20 mm. (h) Pearson’s correlation (Pearson’s R value) was

used to quantify the degree of colocalization between HK1 and TYRP1, LDHA, and TYRP1 from three different samples. Data are shown as mean � SEM. For b,

d, and h, Student’s t-tests were used for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. Dark-HMC, dark human melanocyte; EV, empty

vector; FPKM, fragments per kilobase of exon per million fragments mapped; GEO, Gene Expression Omnibus; HEK, human embryonic kidney; HK,

hexokinase; KO, knockout; LC‒MS, liquid chromatography‒mass spectrometry; LC‒MS/MS, liquid chromatography with tandem mass spectrometry; LDHA,

lactate dehydrogenase A; Light-HMC, light human melanocyte; PMC, primary melanocyte; RNA-seq, RNA-sequencing; WT, wild type.
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Supplementary Figure S5. The relationship between glycolysis pathway and melanogenesis. (a) Cell pellets of WT and KO B16F10 cells under HG and LG

conditions. (b) Melanin content of WT and KO cell pellets treated with different concentrations of glycolysis inhibitor 2-DG for 12 hours. (c, d) shRNA

knockdown of NC, Slc2a1 (sh1, sh2), and Ldha (sh1, sh2) in WT and KO B16F10 cells. (e) Cell pellets of shSlc2a1 and shLdha WT and KO B16F10 cells. (f)

Melanin content measurement for NC, shSlc2a1, and shLdha cells (n ¼ 3). (g) Cell pellets and tyrosinase activity of Slc45a2 WT PMC treated with DMSO and

50 mM UK for 48 hours (n ¼ 3). (h) Cell pellets and tyrosinase activity of Slc45a2 KO PMC treated with DMSO and 10 mM GSK2837808A for 48 hours (n ¼ 3).

For f, g, and h, Student’s t-tests were performed for the indicated comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001). 2-DG, 2-deoxy-D-glucose; GSK,

GSK2837808A; HG, high glucose; KO, knockout; LG, low glucose; NC, nontargeting control; PMC, primary melanocyte; sh1, shRNA1; sh2, shRNA2; shLdha,

short-hairpin RNA targeting Ldha; shRNA, short-hairpin RNA; shSlc2a1, short-hairpin RNA targeting Slc2a1; UK, UK5099; WT, wild type.
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Supplementary Figure S6. The effect of Slc45a2 deficiency on melanoma proliferation, migration, and Braf/Pten/Tyrcre melanoma model. (a) Representative

images of wound healing assay performed on WT and KO B16F10 cells at different time points (repeated three times). (b) Subcutaneous tumor separated from

nude mice injected with WT and Slc45a2-KO B16F10 cells. (c) The weight of WT and Slc45a2-KO subcutaneous tumor (n ¼ 22). (d) BrafV600E/þptenfl/flTyrCre

Slc45a2WT and BrafV600E/þPtenfl/flTyrCre Slc45a2KO mice were euthanized, and tumor specimens were prepared for staining with H&E. Bar ¼ 100 mm. (e)

Representative images of spleens from mice bearing BrafV600E/þptenfl/flTyrCre Slc45a2WT and BrafV600E/þPtenfl/flTyrCre Slc45a2KO tumors. (f) Skin specimen

separated from WTand Slc45a2-KO mice bred with BrafV600EPtenfl/flTyrCre metastatic melanoma model. For c, Student’s t-tests were performed for the indicated

comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. h, hour; KO, knockout; WT, wild type.
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