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Phosphorylation of ZDHHC13 by AMPK activates MCIR to prevent melanomagenesis in red-heads
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Abstract:

Inherited genetic variations in the Melanocortin-1 receptor (MCIR) responsible for human red
hair color (RHC-variants) are consequently associated with impaired DNA damage repair and
increased melanoma risk. MCI1R signaling is critically dependent on palmitoylation, primarily
mediated by the protein-acyl transferase ZDHHC13. However, how ZDHHCI3 is
physiologically activated to suppress melanomagenesis in red-heads is unknown. Here we report
that AMPK phosphorylates ZDHHC13 at S208 to strengthen the interaction between ZDHHC13
and MCIR-RHC, leading to enhanced MCIR palmitoylation in red-heads. Consequently,
phosphorylation of ZDHHC13 by AMPK at S208 rescued MC1R-RHC downstream signaling
and repressed UVB-induced melanomagenesis. The importance of AMPK to MCIR signaling
was validated in vivo in C57BL/6J-MCIR®® mice and human melanomas where AMPK
upregulation correlates with expression of factors downstream from MCIR signaling. Our
findings suggest AMPK activation as a promising strategy to reduce melanoma risk, especially

for individuals with red hair.

Significance:

This study identifies phosphorylation of ZDHHC13 by AMPK at S208 is essential for MCIR activation
and proposes AMPK activation as a strategy to reduce melanoma risk, especially for individuals

with red hair.
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Introduction

Skin cancer is the most common cancer in the United States, with about 5 million cases every year (1).
Melanoma is less common than other types of skin cancer, including basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC), but it causes the majority of skin cancer deaths (1). Melanoma risk is
associated with environmental factors, such as exposure to ultraviolet irradiation (UVR), and genetic
background. Notably, the central regulator of pigmentation, the melanocortin-1 receptor (MCI1R), is
involved in melanoma development (2). MC1R is a G protein-coupled receptor (GPCR) and has a pivotal
role in regulating hair and skin pigmentation (2). UVR stimulates the secretion of a-melanocyte-
stimulating hormone (a-MSH), and the binding between MCIR and a-MSH activates cAMP signaling,

enhances melanin synthesis, and promotes DNA repair (2).

The MCIR gene is highly polymorphic with more than 200 variants being described (3). Some of these
variants are strongly correlated with phenotypes, including red hair, fair skin, freckling, inability to tan,
and elevated risk of melanoma, which are defined as red-hair-color (RHC) variants (4). RHC variants are
relatively common in people with ancient European ancestry, and it is estimated that more than half of the
northern European population has the RHC variant (5). RHC variants have also been classified into strong
(R) and weak (r) RHC alleles. The most common R variants are R151C, R160W, and D294H, as they are
associated with more than 60% of all red hair phenotypes (6). These RHC variants impair MCIR
signaling, stimulate pheomelanin production and make red-heads more susceptible to skin cancer
(7,8). Individuals carrying one RHC variant have a nearly 40% increased risk of melanoma, while two or

more RHC variants double the risk compared to wild-type MCIR (9).

Considering the central role of MCIR in pigmentation, RHC variants may increase melanoma risk partly
through skin pigmentation as pheomelanin increases melanomagenesis through UVR-independent
oxidative damage (7). However, dark-pigmented subjects with RHC variants also present an elevated risk
of melanoma development (10). Studies show that MCIR plays additional non-pigmentary roles in

melanomagenesis. For example, MCIR promotes efficient repair of the UVB-induced DNA damage
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products cyclobutane pyrimidine dimer (CPD) and 6-4 photoproduct (6-4PP) (11). In addition, MC1R
regulates UVB-induced Gl-like cell cycle arrest and subsequent onset of premature senescence, which
when bypassed leads to the malignant transformation of melanocytes (12). Hence, we are interested in
revealing the potential intervention strategies to directly activate MCIR signaling and reduce the

melanoma incidence associated with RHC variants.

S-Palmitoylation is a reversible post-translational modification of GPCRs, in which a palmitic acid
covalently attaches to a cysteine residue of the C-terminal tail or the intracellular loops and profoundly
affects the structure, stability, subcellular localization, or protein-protein interactions. Zinc Finger DHHC-
Type Palmitoyltransferase 13 (ZDHHC13) is the major palmitoyl acyltransferase (PAT) responsible for
MCIR palmitoylation, which has been proved to be essential for activating MCIR signaling (8).
Overexpression of ZDHHCI13 or inhibition of palmitoyl-protein thioesterases (PPTs) enhances MCIR
signaling and prevents RHC variants-associated increased risk of melanoma (8,13). However, treatment
with PPT inhibitors may lead to a generic increase in palmitoylation of multiple signaling molecules and
might not therefore be desirable as an intervention in a large-scale healthy population with MCIR
variants. However, whether we can directly activate ZDHHC13 to enhance MC1R palmitoylation remains

unknown.

Here we show that 5’-adenosine monophosphate (AMP)-activated protein kinase (AMPK) directly
phosphorylates ZDHHC13 at S208 to strengthen its interaction with MC1R RHC variants and promote
MCIR palmitoylation. AMPKal expression correlates with MCIR signaling and survival in human
melanomas, and AMPK activation can rescue RHC variant-induced defects in MCI1R signaling in vitro

and in vivo to suppress UVR-induced melanomagenesis.
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Material and methods
Immunoblots and immunoassays

Western blot, IP and the ABE palmitoylation assay were performed as described previously (8,12,13).
Briefly, cells were lysed in buffer (50 mM Tris pH 7.4, 1% Triton X-100, 0.5 mM EDTA, 0.5 mM EGTA,
150 mM NacCl, 10% Glycerol) with Protease and Phosphatase Inhibitor Cocktail (Pierce #78446). The
lysate was centrifuged at 15,000g (15 min, 4 °C), and the collected supernatant was precleared by 20 pl
Protein G Agarose Beads (Thermo Scientific #20397). Samples were incubated with primary antibodies
or anti-Flag/HA beads overnight at 4 °C. Anti-ZDHHCI13 S208 phosphorylated rabbit polyclonal
antibodies (HD16MAO0305/0306) were generated by Sino Biological US Inc. Antibody used:
Streptavidin-HRP (1:2000) (Thermo Scientific #21130), ZDHHC13 (1:1000) (Abcam #ab28759,
RRID:AB_1603048), MCIR (1:1000) (Abcam #ab125031), MCIR (1:500) (Santa Cruz #sc-6875),
AMPKal1/2 (1:1000) (Santa Crus #c-74461), B-Actin-HRP (1:20000) (Sigma #A5441), Flag-HRP
(1:2000) (Sigma #A8592), HA-HRP (1:1000) (Sigma #H6533), anti-mouse secondary (1:2000) (Sigma
#A4416), anti-rabbit secondary (1:2000) (Sigma #A-4914), AMPKa (1:1000) (Cell Signaling #5831),
phospho-AMPK substrate motif (1:1000) (Cell Signaling #5759), phospho-T172-AMPKa(1:1000) (Cell
Signaling #2535). All immunoblots shown are representatives of three independent experiments. Other
related products: cAMP Direct Immunoassay Kit (Abcam #ab65355), Flag agarose beads (Sigma

#A2220), HA agarose beads (Sigma #A2095).
In vitro kinase assay

Bacterially purified GST-ZDHHCI13 protein was incubated with active recombinant full-length human
AMPK (A1/B1/G2) kinase (Promega # V4012) in kinase buffer (pH 7.5, 25 mM MOPS, 1 mM EGTA,

0.1 mM Na3;VOy,, 15 mM MgCl,) supplemented with 300 uM AMP and 100 uM ATP (or ATP mix with

y-*P-ATP) for 60 min at 30 °C. Subsequent western blot and autoradiography were performed to detect

the phosphorylation signal.
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Cell culture and UV irradiation

HPMs were isolated from normal discarded foreskins as described previously (8). Isolated HPMs were
cultured in Medium 254 with HMGS (Thermo Scientific #S0025). Cells were washed twice by PBS and
exposed to UVB in the UVP Crosslinker CL-3000M (Analytik Jena). The emittance of UVB was
confirmed by the UV photometer (UVP LLC). Cell lines, B16-F10 (CRL-6475-ATCC) and HEK293T
(CRL-3216-ATCC), are purchased from and authenticated using short tandem repeat (STR) fingerprinting
by ATCC, and tested mycoplasma negative using LookOut Mycoplasma Detection Kit (Sigma-Aldrich

#MPO0035). Cells were used for five to six passages from thawing after cryopreservation.

Recombinant DNA

MCIR and ZDHHC13 ¢cDNAs were subcloned into pQCXIP (RRID: Addgene 15714) at the Notl/EcoRI
sites as described previously (8,12). Flag-AMPKal (RC218572), Flag-AMPKa2 (RC210226) were
purchased from Origene. Mutations were generated by QuickChange II Site-Directed Mutagenesis kit
(Agilent). Human pLKO.1 lentiviral MC1R shRNA target set and Human pLKO.1 lentiviral AMPKal
shRNA target set were purchased from Open Biosystems. The most efficient knockdown of shMCIR
(RHS3979-201743320) and shAMPKal (RHS3979-201733131) were used in experiment. pLKO.1
lentiviral shRNAs were co-transfected with psPAX2 (RRID: Addgene 12260) and pMD2.G (RRID:
Addgene 12259) in HEK293T cells using Lipofectamine 3000 (Thermo Scientific). Lentiviruses were
collected after 48 h and used to infect cells for 24 h in the presence of 8 pg/mL polybrene. The infected
cells were selected by 2 pg/mL puromycine. pQCXIP retroviral vectors were co-transfected with VSV-G
and pUMVC (RRID: Addgene 8449) using Lipofectamine 3000. Retroviruses were collected after 48 h
and cells were infected with retroviruses in the presence of 8 pg/mL polybrene. After 24 h, cells were

selected by 2 pg/mL puromycine.

Melanocytes malignant transformation assay
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Melanocytes malignant transformation detected by clonogenic survival and soft agar methods were
performed as described previously (8,13,14). Briefly, for clonogenic survival assay, engineered
hTERT/p53DD/CDK4(R24C)/BRAF*"F melanocytes were pre-treated with 1 pM o-MSH and irradiated
by 20 J/m* UVB, and seeded into 6-well plate at 1,000 cells/well, crystal violet was used to stain colonies
15 days after UVB irradiation. For soft agar assay, after a-MSH and UVB treatment, 10,000 engineered
melanocytes were seeded into DMEM with 0.5% low-melting-point agarose and 10% FBS, layered onto
DMEM with 0.8% agarose and 10% FBS. After 30 days, the agar was solubilized and the cells were
quantified by CyQUANT™ Cell Proliferation Assay (Thermo Scientific), or the colonies >50 um were

counted under a light microscope.

Mouse experiment

Transgenic MCIR RHC-variant mice were generated by Boston University School of Medicine
Transgenic and Genome Engineering Core (8) and Tyr-Cre-BRAF“* mice (B6.Cg-Braf™™™™ Tg(Tyr-
cre/ERT2)Bos/BosJ) (Stock No: 017837) were purchased from The Jackson Laboratory. Animal
experiment protocols were proved by Institutional Animal Care and Use Committee (IACUC) of Boston
University School of Medicine and Cleveland Clinic. All mice were housed in pathogen-free facility of
Animal Science Center (ASC) of Boston University Medical Campus and Animal core of Lerner
Research Institute at Cleveland Clinic with a time cycle of 12 h of light and 12 h of dark and allowed free

access to sterilized diet and water. The MC1RR!31€

mice show not only a paler coat color than WT, but
also a mosaic coat color, which could arise as a consequence of the promoter used in transgene, sites of
integration, or mouse strain background. All mice are monitored daily for signs of health status and
distress and if they show any signs of distress, they will be euthanized. For the melanoma free survival
analysis, mice were administered tamoxifen in corn oil by intraperitoneal injection at 75 mg per kg body
weight for 5 consecutive days to active BRAF'*F, UVB treatment procedure was performed as described

previously (8), the mice were irradiated one day per week for 500 J/m* UVB treatment in a custom-made

lucite chamber (Plastic Design Corporation) for 12 minutes. For the tumorigenesis assay, 3x10°
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engineered hTERT/p53DD/CDK4(R24C)/BRAF*"F melanocytes were mixed with matrigel by 1:1 and
subcutaneously injected into the flanks of 8-10 weeks old female NCr nude mice (Taconic Biosciences).
Tumor sizes were measured by caliper and did not exceed 20 mm at the largest diameter. Mice were
randomly assigned to groups. Conditions that would lead to euthanasia include, but are not limited to,
inability to ambulate, weight loss exceeding 20%, inability to eat or drink, severe dyspnea, obvious signs
of discomfort, or other unexpected indications of distress upon consultation with a veterinarian. Sample
size was determined by previous model-specific experience. The investigators were blinded to allocation

during research.

Immunohistochemical staining and melanin staining

Immunohistochemical staining of mouse melanoma samples was performed as described previously
(8,14,15). Briefly, mouse melanoma samples were fixed by 10% formalin at 4°C overnight. Then the
samples were paraffin-embedded and cut into 5 pm thick sections. The tissue sections were heated in 10
mM sodium citrate buffer (pH 6.0) in the boiling water bath for 20 min for antigen retrieval and blocked
by TBS with 0.1% Tween-20 and 5% normal goat serum. Then the tissue sections were incubated with
anti-S-100 (1:200) (Dako North America, Inc.) at 4°C overnight, and followed by subsequent incubation
of secondary antibody and processed with DAB substrate kit (Thermo Scientific). Lastly coverslips were
mounted onto tissue sections by Permount. Melanin staining for mouse ears was performed using Abcam

Fontana-Masson Stain Kit (ab150669) followed by the manufacturer’s protocol.

Bioinformatics analysis

Pearson’s correlation between different mRNA expressions in TCGA SKCM were calculated by GEPIA2
(Gene Expression Profiling Interactive Analysis, RRID:SCR _018294) (16). Survival curves were
calculated by UCSC Xena platform using Kaplan-Meier method and log-rank test (17).

Quantification and statistical analysis
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Unpaired (Two Sample) t-Test was performed for all quantitative data between indicated two groups, the
statistical significance was labeled as *p<0.05, **p<0.01, ***p<0.001. The quantitative data were

presented as the Mean + SD or Mean + SEM as labeled of at least three independent experiments.

Data availability

Mass spec data are available via ProteomeXchange with identifier PXD038934. All other data are
available within the article and supplementary data files. Raw data are available upon reasonable request

from the corresponding author.
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Results

AMPK phosphorylates ZDHHC13 at Serine 208

ZDHHCI13 is the major PAT of MCIR and serves as a critical regulator for MC1R function upon UVB
irradiation (8) (Supplementary Fig. S1A). To better understand the regulatory mechanism of ZDHHC13
phosphorylation and how ZDHHC13 is controlled under different physiological conditions, we performed
mass spectrometry to identify ZDHHCI13 phosphorylation sites. The result revealed a novel
phosphorylation site of ZDHHCI3 at S208 (Supplementary Fig. S1B). By analyzing the protein
sequence of ZDHHC13, we identified that S208 is highly conserved across various species (Fig. 1A), and
is located in a potential AMPK substrate consensus motif located within the Ankyrin (ANK) domain of
ZDHHC13 (Fig. 1B; Supplementary Fig. S1C). These results indicate that AMPK might phosphorylate
ZDHHCI13 at S208. To support this hypothesis, we identified by co-immununoprecipitation that
endogenous AMPKa interacts with ZDHHC13 in Human Primary Melanocytes (HPMs) (Fig. 1C). When
ectopically expressed, ZDHHC13 specifically binds to AMPKal but not AMPKa2 (Fig. 1D-E),
indicating that the AMPKal-containing AMPK complex is potentially the major isoform that regulates
ZDHHC13 phosphorylation. To further confirm the analysis, we performed an in vitro kinase assay with
bacterially purified GST-ZDHHC13 and AMPK heterotrimeric complex. The result revealed that full-
length WT ZDHHCI13, but not an S208 A mutant, could be efficiently phosphorylated by purified AMPK
complex (Fig. 1F). To better observe the endogenous level of ZDHHC13 S208 phosphorylation, we
generated a pS208-ZDHHC13 phosphorylation-specific antibodies that recognized a ZDHHC13 peptide
containing phosphor-S208, but not a non-modified peptide (Supplementary Fig. S1D-F). Consistent
with AMPK phosphorylating S208, the S208A mutant largely impaired AMPKal-induced ZDHHC13
phosphorylation by both using the AMPK substrate motif antibody and the pS208-ZDHHCI13
phosphorylation-specific antibody (Fig. 1G). A769662 is a direct AMPK activator that mimics the effects
of AMP that at 100 pM activates AMPK in cell culture (18), and as phosphorylation at T172 of the

AMPKa subunit activates AMPK (19), AMPK pT172 is commonly used as an AMPK activation marker.
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Our results showed that A769662 activated AMPK and induced ZDHHC13 phosphorylation in HPMs
(Supplementary Fig. S1G). Using the specific pS208-ZDHHC13 antibody, we found that activation of
AMPK by the specific AMPK agonist A769662 induced ZDHHC13 pS208 phosphorylation in HPMs

(Fig. 1H-T).

Similar upregulation of ZDHHC13 pS208 phosphorylation was also observed in HPMs stimulated by the
AMPK activator metformin (Supplementary Fig. S1H-I) and 2-DG that activates AMPK by blocking
glycolysis to increase the intracellular AMP:ATP ratio (Supplementary Fig. S1J). Collectively, these

evidence suggests that AMPK is a physiological upstream kinase that phosphorylates ZDHHC13 at S208.
AMPK promotes ZDHHC13-mediated MC1R palmitoylation

Palmitoylation of GPCRs is critical for its activation (20). As a GPCR, MCIR is palmitoylated at C315 in
the C-terminus (8). As ZDHHC13 is the major PAT of MCI1R, we next investigated whether AMPK-
induced phosphorylation of ZDHHC13 affects MCIR palmitoylation. HPMs were infected with control
shRNA or AMPKal shRNA, then pre-treated with a-MSH for 30 min and subjected to 100J/m> UVB
irradiation. By using the acyl-biotin exchange (ABE) assay, we showed that knockdown of AMPKal
dramatically reduced MCIR palmitoylation (Fig. 2A; Supplementary Fig. S2A). Phosphorylation of
Acetyl-CoA Carboxylase (ACC), a well characterized AMPK substrate, at S79, was used as a control for
knockdown of AMPK activity. Consistently, treatment of Compound C, a widely used selective AMPK
inhibitor, also significantly reduced the level of MCIR palmitoylation (Fig. 2B). To further address the
role of AMPK activation in MCIR palmitoylation, we activated AMPK in HPMs with A769662,
metformin or 2-DG. Using A769662 in the presence of a-MSH and UVB stimulation, the MCIR R151C
variant exhibited an increased palmitoylation when AMPK was activated (Fig. 2C). A769662 also
induced a moderate increase in palmitoylation of WT MCIR in HPMs (Fig. 2C), but as expected, no
palmitoylation was detected in the MCIR C315S mutant. Similarly, metformin, or 2-DG, did not show
strong effects on WT MCIR but both significantly increased the palmitoylation of the MCIR R151C

variant (Supplementary Fig. S2B-C). Although WT ZDHHC13 led to an increase of the palmitoylation
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level of the MC1R R151C variant, this effect was abrogated by the ZDHHC13 S208A mutant (Fig. 2D);
remarkably, S208 phospho-mimic mutant, ZDHHCI13 S208D, further strengthened the palmitoylation
level of the MCIR R151C variant compared to WT ZDHHC13 (Supplementary Fig. S2D), indicative of

the crucial role of AMPK-mediated ZDHHC13 S208 phosphorylation in MC1R palmitoylation.

Consistent with a role of S208 phosphorylation on ZDHHCI13-mediated MCIR palmitoylation,
knockdown of AMPKal, or inhibition of AMPK by Compound C, both moderately reduced the
interaction between MCIR and ZDHHC13 (Supplementary Fig. S2E-F). By contrast, activation of
AMPK by A769662, metformin or 2-DG, all increased the interaction between ZDHHC13 and the MC1R
R151C variant (Supplementary Fig. S2G-I), whereas little effect was observed using WT MCIR.
Furthermore, S208A-ZDHHCI13 failed to efficiently interact with R151C variant (Fig. 2E). The
conserved S208 site is located in the Ankyrin (ANK) domain of ZDHHCI13 (Fig. 1A), which often
mediates protein-protein interaction (21). Taken together, these data are consistent with ZDHHC13 S208
phosphorylation enhancing MCI1R/ZDHHC13 interaction and being critical for MC1R palmitoylation

(Fig. 2F).

Phosphorylation of ZDHHC13 at S208 by AMPK enhances MC1R function

To test whether AMPK-induced phosphorylation of ZDHHC13 at S208 is essential for MC1R function,
we first measured the levels of cAMP, a direct downstream signal activated by MCIR, in HPMs
engineered to express WT, R151C variant, or C315S mutant forms of MC1R after UVB irradiation and a-
MSH stimulation (1 pM). Whereas ectopic expression of WT ZDHHC13 significantly increased cAMP
levels in HPMs bearing the RHC variant, the S208A mutation (Fig. 3A), or inhibition of AMPK by
Compound C (Supplementary Fig. S3A), disrupted the effects of ZDHHC13 on cAMP production. In
addition, the ZDHHC13 S208D mutant further increased cAMP levels in HPMs bearing the RHC variant

compared to WT ZDHHC13 (Supplementary Fig. S3B). WT ZDHHCI13 slightly increased the high
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basal level of cAMP in WT MCI1R HPMs, while S208 A ZDHHC13 showed marginal effects (Fig. 3A).
The non-palmitoylatable MCIR C315S mutant was used as a negative control. By using the similar
experimental setting, we also determined the mRNA expression of another two MCIR downstream
effectors, the microphthalmia-associated transcription factor (MITF) which is a critical coordinator of
melanocyte and melanoma biology, and its target DCT (Dopachrome Tautomerase or Tyrosine-Related
Protein 2) (Supplementary Fig. S3C-D). As expected, the ZDHHC13 S208A mutant failed to enhance
MITF or DCT expression in HPMs with the R151C variant (Supplementary Fig. S3C-D), while with
WT MCIR the S208A mutation blocked the moderate stimulation of MITF and DCT mRNA expression
mediated by WT ZDHHCI13. These results suggest that phosphorylation of S208 at ZDHHCI3 is
important for stimulating signaling downstream from MCIR in melanocytes expressing an MC1R RHC-

variant.

To examine the role of ZDHHC13 phosphorylation in a-MSH/MC1R-regulated DNA repair, cyclobutane
pyrimidine dimer (CPD), and 6-4 photoproducts (6-4 PPs) were examined following UVB irradiation of
HPMs reconstituted with different forms of MCIR (Fig. 3B; Supplementary Fig. S3E). Although WT
ZDHHC13 promoted photoproduct clearance in HPMs expressing the R151C variant, the S208 A mutant
form of ZDHHCI13 failed to increase lesion repair (Fig. 3B) whereas little effect was observed of the
S208A mutant on repair in the presence of WT MCIR or the non-palmitoylatable C315S mutant
(Supplementary Fig. S3E). Consistent with previous work (8,13), ectopic expression of WT ZDHHC13
protein augments low dose UVB-induced premature senescence in HPMs (Fig. 3C-D) and B16 melanoma
cells (Supplementary Fig. S3F) expressing an MC1R RHC-variant. However, the increase in senescence
was largely dependent on phosphorylation of S208 of ZDHHC13; when S208 was mutated to alanine,
ZDHHCI13 exhibited only a minor effect on UVB-induced premature senescence (Fig. 3C-D;
Supplementary Fig. S3F). These results suggested that phosphorylation on S208 is essential for

ZDHHC13 to enhance MC1R RHC-variant function.
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To further determine the role of AMPK activation in MCI1R function, we treated cells with A769662 and
measured cAMP levels, expression of MITF and DCT, UVB-induced photoproducts, and premature
senescence. AMPK activation by A769662 significantly stimulated cAMP production (Fig. 3E), and
MITF and DCT expression (Supplementary Fig. S3G) in HPMs expressing the MC1R R151C variant,
and showed minimum effects on HPMs expressing WT or C315S mutant form of MCIR. A769662 also
dramatically enhanced DNA damage repair and cleared UVB-induced CPD and 6-4PP photoproducts
more efficiently in HPMs with the MC1R R151C variant (Fig. 3F) while little effect was observed in
cells expressing MCIR WT or the C315S mutant (Supplementary Fig. S3H-I). In further support of the
role of AMPK activation in MC1R function, A769662 rescued the defect of the MC1R R151C variant in
bypassing UVB-induced premature senescence in both HPMs (Fig. 3G) and B16 melanoma cells

(Supplementary Fig. S3J).

AMPK-mediated phosphorylation of ZDHHC13 at S208 attenuates MCIR-RHC-induced

melanocyte malignant transformation

MCIR is a known tumor suppressor that protects melanocytes from UVB-induced cellular transformation,
and ectopic expression of BRAF " cooperates with MC1R deficiency to drive malignant transformation
in engineered human immortal melanocytes (hTERT/p53DD/CDK4(R24C)) (8,12,22). In this assay,
hTERT/p53DD/CDK4(R24C) melanocytes require TPA and a cAMP agonist for survival, which is a
hallmark of non-transformed melanocytes (22). Loss of, or deficient, MCIR cooperates with BRAF """
to transform hTERT/p53DD/CDK4(R24C) melanocytes and stimulates cell growth in the absence of TPA
and cAMP agonist (12). As such hTERT/p5S3DD/CDK4(R24C) melanocytes represent an appropriate
model to study melanocyte transformation. To ask if phosphorylation of ZDHHC13 at S208 would affect
UVB-induced melanomagenesis, we further engineered hTERT/p53DD/CDK4(R24C) immortalized

human primary melanocytes to express WT, R151C, and C315S forms of MCIR with the additional

expression of BRAFYF and pretreatment with a low dose of UVB (20 J/m?). ZDHHC13 affected the
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palmitoylation level of the engineered melanocytes similarly compared to HPMs: an increase of the
palmitoylation level of the MCIR R151C variant was induced by WT ZDHHCI3, but not by the
ZDHHCI13 S208A mutant (Supplementary Fig. S4A). Clonogenic survival (Fig. 4A) and anchorage-
independent soft agar growth assays (Fig. 4B; Supplementary Fig. S4B) indicated that the ZDHHC13
S208A mutant failed to diminish MC1R RHC-variant induced malignant transformation. To examine the
effects of S208 phosphorylation of ZDHHCI3 on malignant transformation in vivo,
hTERT/p53DD/CDK4(R24C)/BRAFV*" /MC1R?"' melanocytes were subcutaneously inoculated into
each flank of nude mice. Examination of xenograft tumor volumes (Fig. 4C) and weight (Fig. 4D)
indicated that phosphorylation of ZDHHC13 at S208 is required to suppress MC1R RHC-variant induced
malignant transformation in vivo.

We next treated hTERT/p53DD/CDK4(R24C)/BRAFV*"/ShMCIR melanocytes that expressed WT,
R151C variant, and C315S mutant MC1R with the AMPK activator A769662. ABE results showed that
A769662 induced a moderate increase in palmitoylation of WT MCIR, but significantly increased
palmitoylation of MCIR R151C variant in engineered melanocytes (Supplementary Fig. S4C). The
clonogenic survival (Fig. 4E) and anchorage-independent soft agar growth assays (Fig. 4F-G;
Supplementary Fig. S4D) showed that activation of AMPK by A769662 significantly suppressed MC1R
RHC-variant-induced malignant transformation. Moreover, mouse xenograft studies using
hTERT/p53DD/CDK4(R24C)/BRAFV*" /MC1R?"'“ melanocytes indicated the activation of AMPK by
A769662 markedly inhibited MCIR R151C-variant-augmented malignant transformation (Fig. 4H-J).
Together these data are consistent with AMPK-induced ZDHHC13 phosphorylation suppressing MCIR

RHC-variant induced melanocytic malignant transformation.

Activation of AMPK inhibits UVB-induced melanomagenesis in redheads in vivo

Next, we further tested the effects of AMPK activation on MCIR in vivo by using previous generated

MCIR®'C (8,13) and WT MCIR mice (Supplementary Fig. S5A). Mice ears, where epidermal
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melanocytes locate (23), were topically treated with 100 uL. A769662 (100 uM) daily for 14 days, before
processing by Fontana-Masson staining and biochemical melanin assays. Enhanced pigmentation was
observed in the ears of A769662 treated MCIR®"'C mice (Fig. 5A-B). Notably, pigmentation
enhancement was not detected in MC1R"™" mice (Fig. 5A-B). Downstream of MCIR signaling, Mitf, and
Dct mRNA expression were also measured in mice ears treated with A769662 (Fig. SC-D). The qRT-
PCR result showed that AMPK activation by A769662 significantly increased the mRNA levels of Mitf
and Dct in MC1R®"' mouse ears (Fig. 5C-D). No significant change was detected in MC1R"" mice. To
investigate the potential role of AMPK activation in melanoma initiation, the Tyr-CreERT2-BRAF*
melanoma mouse model was used. Here we crossed B6.Cg-Braf™™™™Tg(Tyr-cre/ERT2)13Bos/Bos]
(24) with the MCIR®'® mice to generate Tyr-Cre-BRAF™Y/ MCIR®*'“ mice. Tamoxifen was

administrated to induce the activity of Tyr-Cre-ERT2 fusion to activate BRAF"*""

expression. Mice were
given a dose of 500 J/m> UVB irradiation each week for four weeks and prior to UVB irradiation, 10
mg/kg A769662 or vehicle control were injected intraperitoneally into mice. Mice were then observed for
melanoma incidence for 90 days (Supplementary Fig. S5B). Melanomas were observed in both UVB-
exposed Tyr-Cre-BRAF“*/MCIR®' mouse groups. No melanoma was detected in a Tyr-Cre mouse
control group (Fig. 5E). In the treatment group, melanoma was first diagnosed 52 days after the final UV
irradiation, while melanoma was first diagnosed 33 days after UVB treatment in the vehicle control group,
indicating that activation of AMPK by A769662 delayed the onset of melanoma (Fig. SE). 90 days after
the final UVB irradiation, melanoma was diagnosed in 70% (7/10) and 30% (3/10) of mice with vehicle
control and A769662 treatment, respectively (Fig. SE). These data also suggest that A769662
significantly reduced melanoma incidence in UVB-induced Tyr-Cre-BRAF“Y/ MC1R®"*'“ mice (log-rank
test, p=0.0452) (Fig. 5E). All diagnosed melanomas displayed similar morphological and histologic

features (Fig. SF). Therefore, these results are consistent with AMPK activation playing a critical role in

melanoma prevention for redheads in vivo.
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To study the role of AMPK in human melanoma samples, we used GEPIA2 (Gene Expression Profiling
Interactive Analysis) (16) and RNA sequencing (RNA-seq) data from the human TCGA melanoma cohort
(Fig. 5G-H; Supplementary Fig. S5C-D). AMPKal, encoded by PRKAAI gene, is expressed in both
melanoma and non-melanoma skin tissues, while AMPKa2 is expressed at a relatively low level
(Supplementary Fig. S5C). We found that the mRNA levels of AMPKal, not AMPKa2, positively
correlated with MITF and DCT expression, which are downstream from MCIR signaling (Fig. SG-H;
Supplementary Fig. S5D). Further TCGA clinical data analysis using the Xena platform (17) showed
that high mRNA levels of AMPKal, not AMPKa2, are associated with a survival benefit in melanoma
patients (Supplementary Fig. SSE-F). These results suggest that higher expression levels of AMPKal

are correlated with more robust activation of MCIR signaling in human melanomas.

Discussion

AMPK is a conserved serine/threonine kinase and a classical sensor of energy homeostasis (19,25).
AMPK is a heterotrimeric kinase complex consists of a catalytic subunit a (ol and al), a scaffolding
subunit B (B1 and B2), and a regulatory subunit y (y1, y2 and y3). During the activation of AMPK, AMP
binds to the y-subunit and exposes the catalytic domain of the a-subunit (26). A cascade of AMPK-
triggered phosphorylation events eventually inhibits ATP-consuming anabolic processes and stimulates
ATP-producing catabolic processes. AMPK was first described for its role in lipid metabolism, and the
role of AMPK in regulating metabolism is well known. The increase of ADP or AMP level will activate
AMPK and AMPK downstream signaling. For example, AMPK activation leads to the phosphorylation
and inactivation of acetyl CoA carboxylase (ACC), thus inhibiting fatty acid synthesis (27). AMPK is
also known to suppress energy consuming glycolysis and promote oxidative respiration to restore energy
production (28). Interestingly, loss of Zdhhc13 in mouse cortex and cerebellum increased glycolysis in

vivo (29) and impaired mitochondrial function and reduced oxygen consumption were observed in
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hepatocytes from Zdhhc13-deficient mice and ZDHHC13 knockdown liver cells (30). Thus, AMPK may

phosphorylate ZDHHC13 at S208 to regulate energy homeostasis physiologically.

It is well established that AMPK acts as a tumor suppressor because activation of AMPK restrains cell
growth and division; however, AMPK may support the cancer cells to survive under many environmental
stresses such as hypoxia and glucose deprivation, which often occur when cancer cells outgrow blood
supply (31). Therefore, the role of AMPK in cancer prevention and treatment is context-dependent. An
AMPK activator, OSU-53, significantly suppressed breast cancer growth (32). In contrast, AMPK
supported the growth of H-RAS-transformed embryonic fibroblasts under hypoxia conditions (33).

AMPK was found activated in human prostate cancers and increases prostate cancer cell proliferation (34).

In addition, AMPK activation may play important roles in melanoma. Metformin can suppress melanoma
cell proliferation by activating autophagy and apoptosis, although the mechanism is unknown (35,36).
BRAF is phosphorylated at S729 by AMPK, which promotes an interaction between BRAF and a 14-3-3
protein, leading to a suppression of MEK-ERK signaling (18). However, additional phosphorylation of
S$729 on oncogenic BRAFY*"* mutant did not affect malignant transformation of NIH 3T3 cells (37,38).
Furthermore, AMPK activation failed to affect the interaction between BRAF"**F and 14-3-3 protein in
MEFs and did not interrupt MEK-ERK signaling (18). In our model, MC1R RHC-variant cooperates with
BRAF"*F to drive malignant transformation of hTERT/p53DD/CDK4(R24C) melanocytes under UVB
irradiation (8,13); for the first time, we identified ZDHHCI13 as a novel substrate of AMPK, and
demonstrated that AMPK activation disrupts RHC variant-induced melanocyte transformation in the

context of BRAF"*F through ZDHHC13 phosphorylation at S208.

More palmitoylated proteins have been identified recently, many of which are shown to affect cancer
metabolism. For example, ZDHHC4 and ZDHHCS5 stimulate fatty acid intake via palmitoylating CD36
(39). Both ZDHHC7 and ZDHHC21 palmitoylate ERa at C451 and activate ERa to support the survival
of breast cancer cells (40). ZDHHC?7 also palmitoylates GLUT4 at C223 and increases glucose uptake in

3T3 cells (41,42). PD-L1, the critical checkpoint blockade therapy target, is palmitoylated by ZDHHC3
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and palmitoylation stabilizes PD-L1 by blocking its ubiquitination (43). AKT is palmitoylated at C344
and palmitoylation-deficient AKT blocks AKT-dependent preadipocyte differentiation (44). Interestingly,
metformin could suppress AKT palmitoylation, but only when macrophages were activated by LPS (45).
Our studies previously identified ZDHHCI13 as a major regulator of MCIR signaling in melanocytes
(8,13). However, how activities of ZDHHCs are regulated remains largely unknown. Here, we provided a
detailed mechanism to explain how AMPK phosphorylates ZDHHCI13 at S208 and enhances its
interaction with MC1R. The conserved S208 site is in the ANK domain which regulates protein-protein
interaction (21). Our findings that AMPK-induced ZDHHCI13 phosphorylation is indispensable for
rescuing the defect of MC1R RHC-variant provides a novel intervention strategy for redheads to prevent

UVB-induced melanomagenesis.

AMPK selects its substrate based on AMPK consensus motif. Optimally, AMPK prefers hydrophobic
residues at -5 and +4 positions, and basic residues at -3 position of the actual phosphorylation site (46).
Consistently, our identified ZDHHC13 S208 contains a Leucine (L) at -5 position and a Valine (V) at +4
position. Although ZDHHC13 S208 lacks a basic residue at -3 position, there are also known AMPK
substrates that do not contain this AMPK consensus motif, such as JAK1 S518 containing a Serine (S)
(47), HAT1 S190 containing a Glutamic acid (E) (28), and ARMC10 S45 containing a Serine (S) at -3
position (48). In addition, our site-specific pS208-ZDHHC13 antibody and in vitro kinase assay validated

that AMPK indeed phosphorylates ZDHHC13 at S208.

Red-haired people are known for increased risk of melanoma. It is estimated that redheads make up one to
two percent of the world's population. For decades, scientists have aimed to modulate MCIR function for
clinical benefit in redheads. The cyclic AMP agonist forskolin was shown to increase pigmentation and
prevent melanomagenesis, but it is difficult for forskolin to penetrate the epidermis when topically
applied (49). The identification of ZDHHC13/APT2 as essential regulators of MCIR function made
depalmitoylation inhibitors a potential approach for redheads to prevent melanoma (8,13). However,

depalmitoylation inhibitors may have side effects and treatment of inhibitors to healthy individuals may
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not be desirable. Our results define the critical role of AMPK-ZDHHC13-MCI1R axis in melanocytes and
suggest AMPK activation could be a novel target for melanoma prevention for redheads. There are many
natural ways to activate AMPK effectively, including exercise and caloric restriction (50). Red-haired
individuals may consider changing their lifestyle to maintain AMPK activation when exposed to UVR by
increasing exercise and taking low calorie food. For non-redheads without any RHC-variants, it could be
beneficial to avoid low AMPK status, which mainly arises as a consequence of lack of exercise,
overabundance of nutrients, and metabolic disorders, to maintain normal MCI1R activity to prevent UVB-

induced DNA damage.

In summary, our study reveals the essential role of ZDHHC13 S208 phosphorylation induced by AMPK
in melanomagenesis. We show that AMPK activation rescues MCIR RHC-variant-induced defect of
MCIR signaling in vitro and in vivo. Our study advances our current understanding of how ZDHHC13

and MCIR signaling are maintained and provides a potential strategy to impede melanomagenesis for

redheads.
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Figure Legends

Figure 1. AMPK phosphorylates ZDHHC13 at Serine 208. A, Sequence alignments of ZDHHC13 among
different species containing conserved AMPK substrate motif. B, Alignments of identified AMPK
substrates motif. C, IB analysis of whole-cell-lysate (WCL) and anti-AMPKa immunoprecipitates from
HPMs. D-E, 1B analysis of WCL, anti-Flag or anti-HA immunoprecipitates from HEK293T cells
transfected with HA-ZDHHC13 and the indicated Flag-AMPK constructs. F, in vitro kinase assay
showing bacterially purified ZDHHC]13 could be phosphorylated by AMPK. ZDHHC13 protein was
incubated with AMPK in kinase buffer supplemented with 100 pM y-**P-ATP for 60 min at 30 °C. G, IB
analysis of WCL, or anti-HA immunoprecipitates from HEK293T cells transfected with the indicated
HA-ZDHHCI13 constructs and Flag-AMPKal. H, IB analysis of HPMs treated with 100 uM A769662 for
the indicated time. I, IB analysis of HPMs treated with A769662 for 2 h and the indicated concentration.

Figure 2. AMPK promotes ZDHHC13-mediated MCIR palmitoylation. A, HPMs with stable Flag-MCI1R
expression were infected ShAMPKal or shControl. Then the cells were pre-treated with 1 uM a-MSH for 30

2
min followed by 100 J/m UVB irradiation. 3 h after UVB exposure, the treated cells were subjected for IP,
ABE and IB analysis. B, HPMs with stable Flag-MCI1R expression were treated with or without 10 uM AMPK

2
inhibitor Compound C together with 1 pM a-MSH. Then the cells were irradiated with 100 J/m UVB 30 min
after the drug treatment. 3 h after UVB exposure, the treated cells were subjected for IP, ABE and IB analysis.
C, MC1R-depleted HPMs were infected with the indicated Flag-MCI1R-encoding constructs. Then the cells

2
were pre-treated with 1 uM o-MSH and 100 pM A769662 for 30 min followed by 100 J/m UVB irradiation.
Finally, the cells were harvested for IP, ABE and IB analysis 3 h after UVB exposure. D, MC1R-depleted
HPMs were infected with the indicated Flag-MC1R-encoding and HA-ZDHHC13 constructs. Then the cells

2
were pre-treated with 1 uM a-MSH for 30 min followed by 100 J/m UVB irradiation. 3 h after UVB exposure,
the treated cells were subjected for IP, ABE and IB analysis. E, MC1R-depleted HPMs were infected with
Flag-MCI1R-R151C and the indicated HA-ZDHHCI13 constructs. Then the cells were pre-treated with 1 pM a-

2

MSH for 30 min followed by 100 J/m UVB irradiation. 3 h after UVB exposure, the treated cells were
subjected for IP and IB analysis. F, Schematic illustration of proposed model. AMPK-mediated
phosphorylation of ZDHHC13 at S208 strengthen the binding between ZDHHC13 and MC1R RHC-variant.

Figure 3. Phosphorylation of ZDHHC13 at S208 by AMPK enhances MCIR function. A, MCI1R-depleted
HPMs were infected with the indicated Flag-MC1R and HA-ZDHHCI13 constructs and then pre-treated with 1

2
UM o-MSH for 30 min followed by 100 J/m UVB irradiation. The cells were collected after 3 h for cAMP
immunoassay. Three independent experiments were measured and calculated as mean £+ SD, n=3. B, MCIR-
depleted HPMs were infected with the indicated Flag-MCIR and HA-ZDHHCI13 constructs and then pre-

treated with 1 pM a-MSH for 30 min followed by 100 J/m2 UVB irradiation. Genomic DNA samples were
collected at the indicated time points and CPD or 6-4PP were detected by ELISA. Three independent
experiments were measured and calculated as mean = SD, n=3. C-D, MCIR-depleted HPMs were infected
with the indicated Flag-MCI1R and HA-ZDHHCI13 constructs and then pre-treated with 1 uM a-MSH for 30

min followed by 25 J/m2 UVB irradiation. Then the cells were subjected to SA-B-gal staining assay 7 days
after UVB treatment. The quantification of SA-B-gal positive percentage and representative pictures were
shown. Three independent experiments were measured and calculated as mean + SD, n=3. E, MC1R-depleted
HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were pre-treated with

2
1 uM o-MSH and 100 pM A769662 for 30 min followed by 100 J/m UVB irradiation. The cells were
collected after 3 h for cAMP immunoassay. Three independent experiments were measured and calculated as
mean = SD, n=3. F, MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs.

2
Then the cells were pre-treated with 1 uM a-MSH and 100 puM A769662 for 30 min followed by 100 J/m
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UVB irradiation. Genomic DNA samples were collected at the indicated time points and CPD or 6-4PP were
detected by ELISA. Three independent experiments were measured and calculated as mean + SD, n=3. G,
MCI1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 pM a-MSH and 100 uM A769662 for 30 min followed by 25 J/m2 UVB irradiation. Then
the cells were subjected to SA-B-gal staining assay 7 days after UVB treatment. The quantification of SA-B-gal
positive percentage and representative pictures were shown. Three independent experiments were measured
and calculated as mean + SD, n=3.

Figure 4. AMPK-mediated phosphorylation of ZDHHC13 at S208 attenuates MC1R-RHC-induced melanocyte

V600E
malignant transformation. A, MCI1R-depleted hTERT/pS3DD/CDK4(R24C)/BRAF melanocytes were
infected with the indicated Flag-MCIR and HA-ZDHHCI13 constructs. Then the cells were pre-treated with 1

2
UM a-MSH for 30 min before 20 J/m UVB irradiation. The Cells were subjected to clonogenic survival assay
(crystal violet staining) 15 days after UVB treatment. Three independent experiments were measured and

V600E
calculated as mean = SD, n=3. B, MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAF melanocytes
were infected with the indicated Flag-MCIR and HA-ZDHHCI13 constructs. Then the cells were pre-treated

with 1 pM a-MSH for 30 min before 20 J/m2 UVB irradiation. Cells were finally seeded 10,000 cells per well
in 0.5% low-melting-point agarose in DMEM + 10% FBS, layered onto 0.8% agarose in DMEM + 10% FBS.
After 30 days, agar was solubilized and the cells were collected for quantification by CyQuant assay. Three
independent experiments were measured and calculated as mean = SD, n=3. C-D, MCIR-depleted

V600E
hTERT/p53DD/CDK4(R24C)/BRAF melanocytes were infected with Flag-MCIR-R151C and the
indicated HA-ZDHHC13 constructs. Then the cells were pre-treated with 1 uM a-MSH for 30 min before 20

2 6
J/m UVB irradiation. After 24 h, 3x10 cells were inoculated subcutaneously into each flank of nude mice.
Tumor growth and weight were measured. Error bars represent +SEM. E, MCIR-depleted

V600E
hTERT/p53DD/CDK4(R24C)/BRAF melanocytes were infected with the indicated Flag-MCIR

2
constructs. Then the cells were treated with 1 uM o-MSH and 100 uM A769662 for 30 min before 20 J/m
UVB irradiation. The Cells were subjected to clonogenic survival assay (crystal violet staining) 15 days after
UVB treatment. Three independent experiments were measured and calculated as mean + SD, n=3. F-G,

MCI1R-depleted hTERT/pS3DD/CDK4(R24C)/BRAFV600E melanocytes were infected with the indicated Flag-
MCIR constructs. Then the cells were treated with 1 pM a-MSH and 100 uM A769662 for 30 min before 20

J/m2 UVB irradiation. Cells were finally seeded 10,000 cells per well in 0.5% low-melting-point agarose in
DMEM + 10% FBS, layered onto 0.8% agarose in DMEM + 10% FBS. After 30 days, agar was solubilized
and the cells were collected for quantification by CyQuant assay. Alternatively, colonies were also counted
under a light microscope with the number of colonies (diameter > 50um) per well and the average diameters
(10 random fields). Three independent experiments were measured and calculated as mean + SD, n=3. H-J,

V600E
MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAF melanocytes were infected with Flag-MCIR-
R151C and the indicated HA-ZDHHC13 constructs. Then the cells were treated with 1 pM a-MSH and 100

2 6
puM A769662 for 30 min before 20 J/m UVB irradiation. After 24 h, 3x10 cells were inoculated
subcutaneously into each flank of nude mice. Tumor growth and weight were measured. Error bars represent
+SEM.

Figure 5. Activation of AMPK inhibits UVB-induced melanomagenesis in redheads in vivo. A, Fontana-
Masson Staining of indicated mouse ear that were topically treated with 100 pL A769662 for 14 days. B,
Melanin quantification of indicated mouse ear samples. Three independent experiments were measured and
calculated as mean + SD, n=3. C-D, gqRT-PCR were performed to measure the expression of Mitf and Dct in
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indicated mice ears. Three independent experiments were measured and calculated as mean + SD, n=3. C,
Melanoma-free survival of Tyr-Cre-BRAFV600E-MC1RR151C, n=10, Tyr-Cre-BRAFV600E-MCIRR151C
+ A769662, n=10. In the UVB radiation period, 10 mg/kg A769662 was injected intraperitoneally into mice
before the UVB treatment. D, H&E staining of histological sections and immunohistochemistry staining of
S100 of representative cutaneous melanomas. E-F, Pearson’s correlation between AMPKal and MITF or DCT
in TCGA SKCM, plots show the correlations from RNA-seq data in TCGA melanoma calculated by GEPIA
(Gene Expression Profiling Interactive Analysis).
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Figure 5.
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Supplementary Figure S1

A. An illustration showing how MCI1R palmitoylation is regulated.

B. Mass spectrometry results revealed a phosphorylation site at S208 of ZDHHC13 in HEK293T cells.

C. The structure of ZDHHC13 predicted by AlphaFold Protein Structure Database.

D. The Elisa assay to confirm antibody specificity. Series diluted pS208 ZDHHC13 antibodies were used to detect
phospho-peptide (coated by SinoA10134-0.1 pg/ml) and non-phospho-peptide (coated by SinoA10135-0.1 pg/ml).
E. IB analysis of WCL, or anti-HA immunoprecipitates from HEK293T cells transfected with the indicated HA-
ZDHHC13 constructs and Flag-AMPKal. The p-S208 ZDHHC13 antibody #2 were used for the rest of our study.
F. Bacterially expressed and purified GST-ZDHHC13 WT and GST-ZDHHC13-S208A were incubated with
AMPK for in vitro kinase assay, then samples were collected for SDS-PAGE and IB analysis.

G. HPMs were infected with HA-ZDHHC13-encoding virus construct. Then cells were treated with 100 uM
A769662 for the indicated time, or the indicated concentration for 2 h, and then subjected for IB analysis.

H. IB analysis of HPMs treated with 2 mM metformin for the indicated time.

I. IB analysis of HPMs treated with metformin for 2 h and the indicated concentration.

J. IB analysis of HPMs treated with 2 mM 2-DG for the indicated time.



Sup

plementary Figure S2

A B a-MSH + UVB C a-MSH + UVB
Flag-MC1R R151C WT R151C  WT Flag-MC1R R151C WT R151C  WT
—_ — — — —_ — — —
AMPKa1 mRNA HAM + + o+ + - - — HAM + o+ o+ o+ - - - -
Metformin CE . N 2-DG -+ -+ -+ -+
<Z( 1.2 1~
4 10 A Palm-MC1R - —— Palm-MC1R
E IP: Flag IP: Flag g
3 0.8 Flag-MC1R mw Flag-MC1R
o 06 -+
3 04 | ZDHHC13 |!--m.|ZDHHc13
g ’ *kk
£ 02 4 Flag-MC1R |--~~----.| Flag-MC1R
& 0.0 - weL p-AMPKa weL D p-AMPKa
(\c} {5\ (T172) - T172)
N
& N AMPKa JUERpRm—— e
) (\?‘
2
B-actin |" ——— — — -| B-actin
D E a-MSH + UVB F aMSH+UVB
a-MSH + UVB N ®
S & & > &
MC1R-R151C MC1R-WT & & K S & &
¢ © & & &
F y & v & Y £ 00c IP: 1gG oo F
% & P S SN IP: IgG + - - g +
NS & S P SN K S g
HA-zoHHC13 & < o QL PP AL PP P IP: Flag
IP: Flag - + +
HAM Lo 4+ 4 ZDHHC13
IP: Flag IEI Flag-MC1R
|m~m| |-!-ll-c--~~—|Flag-MC1R EI p-AMPKa
(T172)
WCL |-——-.-....__| |¢~om--——.~|g.acﬁn WCL| [# | AMPKa
a-MSH + UVB a-MSH + UVB a-MSH + UVB
Flag-MC1IR R151C  WT
—_ Flag-MC1R R151C  WT Flag-MC1R R151C  WT
A769662 - + - + —_— —_— —_— —_—
Metformin - + - + 2-DG - + - +
R ZDHHC13
— === o o
IP: Flag
Flag-MC1R IP: Fla IP: Flag
EE——— | [ ——
o ] v s - oy
(- - - | ZDHHC13 o | zDHHC13
WeL wel S & &= e |ZDHHCT3 welL -
-AMPK
B A ?T172) a JRp—— mg’g"a - | P-AMPKa (T172)
I:--- AMPKa --BAMPKG —— | AMPKa




Supplementary Figure S2

A. HPMs with stable Flag-MCIR expression were infected shAMPKal or shControl. Then the cells were pre-
treated with 1 uM a-MSH for 30 min followed by 100 J/m? UVB irradiation. 3 h after UVB exposure, the total
RNA of the treated cells was collected for QRT-PCR analysis.

B. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 pM a-MSH and 2 mM metformin for 30 min followed by 100 J/m? UVB irradiation. Finally,
the cells were harvested for IP, ABE and IB analysis 3 h after UVB exposure.

C. MCI1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 2 mM 2-DG for 30 min followed by 100 J/m? UVB irradiation. Finally, the
cells were harvested for IP, ABE and IB analysis 3 h after UVB exposure.

D. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding and HA-ZDHHC13 constructs.
Then the cells were pre-treated with 1 uM o-MSH for 30 min followed by 100 J/m? UVB irradiation. 3 h after
UVB exposure, the treated cells were subjected for IP, ABE and IB analysis.

E. HPMs with stable Flag-MCIR expression were infected shAMPKal or shControl. Then the cells were pre-
treated with 1 pM a-MSH for 30 min followed by 100 J/m? UVB irradiation. 3 h after UVB exposure, the treated
cells were subjected for IP and IB analysis.

F. HPMs with stable Flag-MCI1R expression were treated with or without 10 pM AMPK inhibitor Compound C
together with 1 uM a-MSH. Then the cells were irradiated with 100 J/m? UVB 30 min after the drug treatment. 3
h after UVB exposure, the treated cells were subjected for IP and IB analysis.

G. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM o-MSH and 100 pM A769662 for 30 min followed by 100 J/m? UVB irradiation. Finally,
the cells were harvested for IP and IB analysis 3 h after UVB exposure.

H. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 2 mM metformin for 30 min followed by 100 J/m? UVB irradiation. Finally,
the cells were harvested for IP and IB analysis 3 h after UVB exposure.

I. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 2 mM 2-DG for 30 min followed by 100 J/m? UVB irradiation. Finally, the
cells were harvested for IP and IB analysis 3 h after UVB exposure.
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Supplementary Figure S3

A-B. MCI1R-depleted HPMs were infected with the indicated Flag-MC1R and HA-ZDHHC13 constructs and then
pre-treated with 1 uM a-MSH, or together with 10 uM AMPK inhibitor Compound C, for 30 min followed by 100
J/m? UVB irradiation. The cells were collected after 3 h for cAMP immunoassay. Three independent experiments
were measured and calculated as mean + SD, n=3.

C-D. MC1R-depleted HPMs were infected with the indicated Flag-MC1R and HA-ZDHHCI13 constructs and then
pre-treated with 1 uM a-MSH for 30 min followed by 100 J/m? UVB irradiation. The total RNA of the treated cells
was collected for qRT-PCR analysis by primers targeting MITF or DCT. Three independent experiments were
measured and calculated as mean + SD, n=3.

E. MC1R-depleted HPMs were infected with the indicated Flag-MCI1R and HA-ZDHHC13 constructs and then pre-
treated with 1 pM a-MSH for 30 min followed by 100 J/m? UVB irradiation. Genomic DNA samples were collected
at the indicated time points and CPD or 6—4PP were detected by ELISA. Three independent experiments were
measured and calculated as mean + SD, n=3.

F. MCIR-depleted B16 cells were infected with the indicated Flag-MCI1R and HA-ZDHHCI13 constructs and then
pre-treated with 1 uM a-MSH for 30 min followed by 25 J/m? UVB irradiation. Then the cells were subjected to
SA-B-gal staining assay 7 days after UVB treatment. The quantification of SA-B-gal positive percentage and
representative pictures were shown. Three independent experiments were measured and calculated as mean + SD,
n=3.

G. MCI1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 100 pM A769662 for 30 min followed by 100 J/m?> UVB irradiation. The total
RNA of the treated cells was collected for qRT-PCR analysis by primers targeting MITF or DCT. Three
independent experiments were measured and calculated as mean + SD, n=3.

H-I1. MC1R-depleted HPMs were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 100 pM A769662 for 30 min followed by 100 J/m?> UVB irradiation. Genomic
DNA samples were collected at the indicated time points and CPD or 6-4PP were detected by ELISA. Three
independent experiments were measured and calculated as mean + SD, n=3.

J. MC1R-depleted B16 cells were infected with the indicated Flag-MC1R-encoding constructs. Then the cells were
pre-treated with 1 uM a-MSH and 100 pM A769662 for 30 min followed by 25 J/m? UVB irradiation. Then the
cells were subjected to SA-B-gal staining assay 7 days after UVB treatment. The quantification of SA-B-gal positive
percentage and representative pictures were shown. Three independent experiments were measured and calculated
as mean + SD, n=3.
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Supplementary Figure S4

A. MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAFYE melanocytes were infected with the indicated Flag-
MCIR and HA-ZDHHC13 constructs. Then the cells were pre-treated with 1 uM a-MSH for 30 min before 20 J/m?
UVB irradiation. 3 h after UVB exposure, the treated cells were subjected for IP, ABE and IB analysis.

B. MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAFYO%E melanocytes were infected with the indicated Flag-
MCIR and HA-ZDHHC13 constructs. Then the cells were pre-treated with 1 uM a-MSH for 30 min before 20 J/m?
UVB irradiation. Cells were finally seeded 10,000 cells per well in 0.5% low-melting-point agarose in DMEM +
10% FBS, layered onto 0.8% agarose in DMEM + 10% FBS. After 30 days, colonies were counted under a light
microscope with the number of colonies (diameter > 50um) per well. Three independent experiments were measured
and calculated as mean + SD, n=3.

C. MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAFVSE melanocytes were infected with the indicated Flag-
MCIR and HA-ZDHHCI13 constructs. Then the cells were pre-treated with 1 pM a-MSH and 100 uM A769662 for
30 min before 20 J/m? UVB irradiation. Finally, the cells were harvested for IP, ABE and IB analysis 3 h after UVB
exposure.

D. MCI1R-depleted hTERT/p53DD/CDK4(R24C)/BRAFVE melanocytes were infected with the indicated Flag-
MCIR constructs. Then the cells were treated with 1 uM o-MSH and 100 uM A769662 for 30 min before 20 J/m?
UVB irradiation. Cells were finally seeded 10,000 cells per well in 0.5% low-melting-point agarose in DMEM +
10% FBS, layered onto 0.8% agarose in DMEM + 10% FBS. After 30 days, colonies were counted under a light
microscope with the number of colonies (diameter > 50um) per well. Three independent experiments were measured
and calculated as mean + SD, n=3.
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A B

3 weeks old mice Skin observation

1 Week 4 Weeks 90 Days

L

MC1RWT
@m...,..é Tam UVR (500 J/m2 UVB / Week)
600008
PRKAA1 PRKAA2
~
: ® 7 1p-value = 0.1 “p-value = 0.0043
“ - R0 .- © f—_0.13 o
- °e 4% oty e <
o o i - . U PO -
: : g 1B Ewﬁg
3 £ = AR L R
ic"n < A ? o~ . (I—) © ‘: . }: "l
E oo + g v g
é 5 i - & ’ - 1
] 3 B t.
~ e N ~
¥ - E R
" .l mEm ‘ ; ; ; ; ‘ ‘ ‘ ; ;
; . 00 05 10 15 20 0.0 05 1.0 15 20
SKCM SKCM log2(PRKAA2 TPM) log2(PRKAA2 TPM)
(num(T)=461; num(N)=558) (num(T)=461; num(N)=558)
Overall survival in TCGA skin cutaneous melanoma (SKCM) Overall survival in TCGA skin cutaneous melanoma (SKCM)
14 19
0.754 0.754
P-value = 0.03167
0.5+ 0.5 P-value = 0.2242
2 =
£
<] o
02545 0.254 2
© ]
2 =
2 £
@ @
0 T T T T 1 days 0 T T T T y days
0 2,500 5,000 7,500 10,000 0 2,500 5,000 7,500 10,000
At risk PRKAA1 At risk PRKAA2
229 37 15 4 1 m— < 9.898 (N=229) 231 42 19 2 1 2 (
229 70 21 5 3 — = 9.898 (n=229) 227 65 17 4 3 —>= 2,035 (n=227

Supplementary Figure S5

A. Representative image of transgenic Tyr-MCI1RRISIC mice.

B. Schematic for UVB-induced melanoma development procedure in mice.

C. The mRNA expression of AMPKal and AMPKa?2 in tumor (TCGA SKCM) and non-tumor tissues (match TCGA
normal and GTEx data). Data were calculated by GEPIA (Gene Expression Profiling Interactive Analysis).

D. Pearson’s correlation between AMPKa2 and MITF or DCT in TCGA SKCM, plots show the correlations from
RNA-seq data in TCGA melanoma calculated by GEPIA (Gene Expression Profiling Interactive Analysis).

E-F. Prognosis analysis for TCGA SKCM patients by Xena platform. High mRNA levels of AMPKal, not
AMPKo2, are associated with a survival benefit in melanoma patients.
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