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Loss of AMPKa2 promotes melanoma
tumor growth and brain metastasis

Ping Yuan,1,3 Da Teng,1 Evelyn de Groot,2 Man Li,1 Sebastian Trousil,1 Che-Hung Shen,1 Jason Roszik,2

Michael A. Davies,2 Y.N. Vashisht Gopal,2 and Bin Zheng1,4,*

SUMMARY

AMP-activated protein kinase (AMPK) is a critical cellular energy sensor at the
interface ofmetabolism and cancer. However, the role of AMPK in carcinogenesis
remains unclear. Here, through analysis of the TCGA melanoma dataset, we
found that PRKAA2 gene that encodes the a2 subunit of AMPK is mutated in
�9% of cutaneous melanomas, and these mutations tend to co-occur with NF1
mutations. Knockout of AMPKa2 promoted anchorage-independent growth of
NF1-mutant melanoma cells, whereas ectopic expression of AMPKa2 inhibited
their growth in soft agar assays. Moreover, loss of AMPKa2 accelerated tumor
growth of NF1-mutant melanoma and enhanced their brain metastasis in im-
mune-deficient mice. Our findings support that AMPKa2 serves as a tumor sup-
pressor inNF1-mutant melanoma and suggest that AMPK could be a therapeutic
target for treating melanoma brain metastasis.

INTRODUCTION

Melanoma is an aggressively metastasizing disease that arises frommelanocytes.1 There are four major ge-

netic subtypes of cutaneous melanoma: BRAF-mutant (41.6%),NRAS-mutant (27.7%), NF1-mutant (23.1%),

and triple wild type.2 Compared to BRAF- or NRAS-mutant melanomas, NF1-mutant melanoma is much

less studied. TheNF1 tumor suppressor encodes neurofibromin protein that serves as a GTPase-activating

protein for RAS. Loss or mutation ofNF1 tumor suppressor results in hyperactivation of the RAS-RAF-MEK-

ERK signaling cascade. However, NF1 mutation alone is not sufficient to initiate malignant transformation

of melanocyte.3,4 While BRAF inhibitors and MEK inhibitors show significant clinical efficacy against BRAF-

mutant melanomas, there are currently no approved targeted treatments for patients with NF1-mutant

melanoma. Improved understanding of the biology of NF1-mutant melanoma will facilitate development

of effective therapeutic strategies for affected patients.

AMP-activated protein kinase (AMPK) plays a central role in maintaining energy homeostasis as a sensor of

cellular energy levels in both normal and transformed cells.5 AMPK is a heterotrimer consisting of a, b, and g

subunits. The catalytic a subunit has two isoforms in mammals, a1 and a2, which are encoded by PRKAA1

and PRKAA2, respectively. The different isoforms of the regulatory subunits b (b1/b2) and g (g1/g2/g3) are en-

codedbyPRKAB1 andPRKAB2, andbyPRKAG1,PRKAG2, andPRKAG3, respectively. AMPK is activatedunder

variousenergy stress conditions, suchasglucosedeprivation, hypoxia, andotherperturbations in energymeta-

bolism. Full activation of AMPK requires binding of AMP/ADP to the g subunit and phosphorylation of the a

subunit by upstream activating kinases, including the tumor suppressor LKB1 (liver kinase B1). Mounting evi-

dence supports that the LKB1-AMPK pathway is one of the major players at the interface of metabolism and

cancer.6–9 This notion is not only based on the fact that AMPK is well positioned tomonitor metabolic changes

in cancer cells but also on the observation that AMPKnegatively regulates growth, proliferation, and survival of

cancer cells. However, some recent studies suggest that AMPKmay also promote tumor growth in certain con-

texts.10–14 It remains to be seen whether these effects of AMPK loss are dependent on certain cellular/genetic

contexts, tumor types, or particular AMPK complex abg subunit composition. Evidence from human cancer

genetics would clarify the roles of AMPK in tumor development and progression.

Here, we report that PRKAA2 (encoding AMPKa2) is frequently mutated and lost in NF1-mutant mela-

nomas. Loss of AMPKa2 promotes anchorage-independent growth of NF1-mutant melanoma cells

in vitro, tumor growth and brain metastasis in vivo in immune-deficient mice. These data support that

AMPKa2 serves as a tumor suppressor in NF1-mutant melanoma.
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Figure 1. Mutations of PRKAA2 co-occur with NF1 mutations in melanoma

(A) Mutations in various AMPK subunits observed in the Skin CutaneousMelanoma dataset (TCGA PanCancer Atlas). 438 patients/440 samples with mutation

data were analyzed by cBioPortal (www.cbioportal.org). Each column represents a single sample. Different mutation types are shown in different colors as

indicated.

(B) Alteration frequency of mutation and structural variant in PRKAA2 gene in multiple cancer types (TCGA, PanCancer Atlas). 30 cancer datasets were

analyzed by cBioPortal.
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RESULTS

PRKAA2 is frequently mutated in melanoma

To explore the role of AMPK in melanoma, we analyzed the mutation status of genes encoding various

AMPK subunits in the cutaneous melanoma TCGA dataset (TCGA PanCancer Atlas, 438 patients/440 sam-

ples with mutation data) by using cBioPortal.15,16 Interestingly, we found that PRKAA2, which encodes the

a2 isoform of the catalytic subunit of AMPK, is mutated in about 9% of cutaneous melanomas (Figure 1A).

Mutation in the a1 isoform of catalytic subunit, PRKAA1, was detected in only 1.6%. Mutations in genes en-

coding two of the regulatory subunits, PRKAG2 and PRKAG3, were detected in 5% and 4%, respectively, of

melanomas and in a non-overlapping pattern. Mutations in the other regulatory subunit genes, or the gene

encoding STK11/LKB1, the major upstream kinase of AMPK, are much rarer (Figure 1A). Analysis of the

TCGA PanCancer Atlas showed that melanoma had the highest rate of PRKAA2 mutations among all can-

cers in the cohort, with most having mutation rates %1% (Figure 1B).

Mutations of PRKAA2 co-occur with NF1 mutations in melanoma

Next, we examined the mutation pattern of PRKAA2 in the skin cutaneous melanoma dataset (TCGA,

PanCancer Atlas) and their relationship to mutations in the key drivers BRAF, NRAS, and NF1. Strikingly,

PRKAA2 mutations co-occurred with NF1 mutations (p value, 0.005) (Figure 1C). Among the 41 samples

with PRKAA2mutation, 14 (34%) also harbored anNF1mutation (Figure 1D). In addition to the TCGA data-

set, we also analyzed two previously published cohorts of melanoma metastases and patient-derived cell

lines with available whole-exome sequencing data.17,18 PRKAA2mutations were detected in 10 (14%) of 71

patient-derived melanoma cell lines; 7 of them had a concurrent NF1 mutation (Figure 1D). Furthermore,

we examined the levels of AMPK proteins in several established NF1-mutant human melanoma cell lines.

Loss of AMPKa2 protein, but not a1, was detected in 3 out of 7 lines, including SK-Mel-113, SK-Mel-217, and

SK-Mel-103 cells (Figure 2A).

Most PRKAA2 alterations in the melanoma TCGA dataset are truncating or missense mutations. The mu-

tation sites spread over the entire coding region with no particular hot spot loci, which is consistent with

the possibility of loss-of-function (LOF) impact of the mutations. To further determine whether these

PRKAA2 mutations impact AMPK function, we established stable cell lines of AMPK-null DKO (AMPKa1/

a2 double knockout) mouse embryonic fibroblasts (MEFs) expressing wild-type (WT) AMPKa2 or selected

cancer-associated mutations (missense E168K and nonsense K379*). As shown in Figure 2B, cells express-

ing either E168K or K379* mutant AMPKa2 had markedly lower levels of phospho-acetyl-CoA carboxylase,

a well-established substrate of AMPK, compared to WT AMPKa2 in response to treatment of AICAR, an

AMP mimetic and activator of AMPK. These findings together support that AMPKa2 loss occurs frequently

in cutaneous melanoma, particularly in the NF1-mutant subtype.

Loss of AMPKa2 promotes NF1-mutant melanoma cell anchorage-independent growth

in vitro and tumor growth in nude mice

To further examine the role of AMPKa2 in melanomagenesis, we knocked out the expression of AMPKa2 in

NF1-mutant Mewo and WM3918 melanoma cells via the CRISPR-Cas9 approach. We did not observe

impact of AMPKa2 knockout (KO) on anchorage-dependent proliferation in 2D culture conditions (Fig-

ure S1). However, knockout of AMPKa2 significantly increased anchorage-independent growth of Mewo

and WM3918 melanoma cells (Figures 3A and 3D). In addition, we constructed NF1 KO or/and AMPKa1/

2 KO via the CRISPR-Cas9 approach in immortalized human melanocytes. Knockout of AMPKa2, but not

AMPKa1, greatly promoted anchorage-independent growth of control melanocytes and NF1 KO melano-

cytes (Figures 3E, 3F, and S2). To further confirm the role of AMPKa2 in anchorage-independent growth of

melanoma, we ectopically expressed FLAG-AMPKa2 in SK-Mel-113 melanoma cells that are deficient in

both NF1 and AMPKa2 (Figure 2A). Expression of AMPKa2 significantly reduced soft agar colony forma-

tion, consistent with inhibition of anchorage-independent growth (Figures 3G and 3H).

Figure 1. Continued

(C) Mutation or structural variant in PRKAA2 and BRAF, NRAS, and NF1 genes observed in the Skin Cutaneous Melanoma TCGA dataset (TCGA PanCancer

Atlas). The co-occurrence of every 2 genes of above 4 genes was analyzed by cBioPortal, and only the co-occurrence of NF1 and PRKAA2 mutation is

significant (p Value, 0.005).

(D) Co-occurrence of PRKAA2 mutation and NF1 mutation in melanoma samples. Melanoma samples from TCGA PanCancer Atlas, or patient-derived

melanoma cell lines from MDACC moonshot project dataset contains both NF1 or/and PRKAA2 mutations were taken into analysis. Left panel: TCGA

PanCancer Atlas; Right panel: MDACC moonshot project dataset.
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Based on these results, we evaluated the impact of AMPKa2 on melanoma tumor growth in vivo. Scramble

or AMPKa2 KO of the NF1-mutant Mewo and WM3918 human melanoma cells were inoculated subcuta-

neously in the right flank of nude mice. AMPKa2 knockout significantly increased the size of both Mewo

and WM3918 xenografts (Figures 4A and 4B). These data together support that AMPKa2 negatively regu-

lates melanoma anchorage-independent growth in vitro and tumor growth in vivo.

Decreased expression of AMPKa2 in melanoma brain metastasis

Melanoma has high rate of metastasis to the brain.19 Recently, melanoma brain metastases (MBMs) were

found to have increased expression of the mitochondrial oxidative phosphorylation (OxPhos) metabolic

pathway gene network, compared to extracranial metastases (ECMs).19,20 Given the close functional rela-

tionship between AMPK and OxPhos, we analyzed the expression of AMPKa1 (PRKAA1) and a2 (PRKAA2)

genes in a cohort of patient-matched MBM and ECM tumor samples with NF1-mutant or NF1-WT status.

RNA expression levels of PRKAA2 gene were much lower (�2.9-fold) in patient-matched MBMs versus

ECMs tumor pairs of patients with NF1-mutant compared matched tumor pairs of patients with NF1-WT

(1.1-fold; p = 0.0452; Figure 5A). In comparison, there were no significant difference in PRKAA1 gene

expression (p = 0.7059) in tumor pairs of both patients with NF1-mutant and NF1-WT (Figure 5B). We

also evaluated the expression of the two genes in tumor xenografts of the NF1-mutant Mewo cell line

grown in mice as intracranial (ICr) and subcutaneous (SQ) tumors, established by direct injection as previ-

ously described.20 Similar to the clinical samples, PRKAA2 expression levels were significantly lower (�1.5-

fold; p = 0.0126) in ICr versus SQ tumors; PRKAA1 levels were small but significantly higher (0.4-fold; t test

p = 0.0009) (Figure 5C). These results support that PRKAA2 expression inNF1-mutant melanomas is signif-

icantly decreased in intracranial tumors compared to extracranial tumors.

Figure 2. Loss of AMPKa2 in NF1-mutant melanoma cells

(A) Expression of AMPKa2 and AMPKa1 proteins in various NF1-mutant melanoma cells. Various melanoma cells or

immortalized human melanocytes were lysed for immunoblotting analysis with indicated antibodies.

(B) Immortalized mouse embryonic fibroblasts (AMPKa1/2 DKO MEFs) stably expressing vector (pLHCX), HA-tagged

AMPKa2 WT or mutants (E168K, K379*) were treated with 2 mM AICAR for 2 h, followed up with immunoblotting analyses

of cell lysates using indicated antibodies.
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Loss of AMPKa2 promotes brain metastasis of NF1-mutant melanoma cells in mice

To further characterize the effects of AMPKa2 loss on MBM formation and growth in vivo, we performed

intracardiac injection of luciferase-tagged Mewo cells with scrambled control or AMPKa2 KO in NSG

mice. We followed the growth and metastatic spread of the luciferase-labeled cells in the brain by imaging

over a period of 36 days. Luminescence signals were observed in both periapical tissues and brain (Fig-

ure 6A). Interestingly, there was a significant increase of brain-specific luciferase signal (Figure 6B) and

shorter survival (Figure 6C) in mice implanted with AMPKa2 KO cells versus control cells, further supporting

a role for AMPKa2 loss in enhancing MBMs.

Figure 3. Effects of AMPKa2 KO or overexpression on anchorage-independent growth ofNF1-mutant melanoma

cells and human immortalized melanocytes

(A–D) Scramble or AMPKa2 KO Mewo (A, B) and WM3918 (C, D) melanoma cells were seeded triplicate in 6-well plates

with soft agar and cultured for about 4 weeks.

(E and F) Scramble, NF1 KO, AMPKa2 KO, or NF1 KO & AMPKa2 KO immortalized melanocytes were seeded triplicate in

6-well plates with soft agar and cultured for about 4 weeks.

(G and H) SK-MEL-113 melanoma cells expressing AMPKa2 or vector control were seeded triplicate in 6-well plates with

soft agar and cultured for about 4 weeks. Three independent experiments were performed, and one of three experiments

was shown. Colonies numbers were analyzed by ImageJ and data are presented asmean plus or minus standard deviation

(SD). Statistical analyses using two-tailed Student t test performed onGraphPad Prismwhere, ***p < 0.001, ****p < 0.0001.
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DISCUSSION

In this study, we report the frequent occurrence of PRKAA2 mutations, and their co-occurrence with NF1

mutations, in cutaneous melanomas. Furthermore, we have demonstrated that loss of AMPKa2 promotes

anchorage-independent growth of NF1-mutant melanoma cells in vitro and tumor growth in vivo. These

findings support that AMPKa2 is a tumor suppressor in NF1-mutant melanoma.

The roles of AMPK in carcinogenesis are complex.10 Activation of AMPK by the tumor suppressor

LKB1 and the antitumor activities of AMPK activators support that AMPK may function as a tumor sup-

pressor in cancer.21–24 However, some recent studies suggest that AMPK may also promote tumor

growth in certain contexts. For example, AMPK has been shown to promote cancer cell survival under

energy stress through regulating acetyl-CoA carboxylase (ACC)-dependent NADPH homeostasis and

redox balance.25 Inhibition of ACC1/2 by shRNA knockdown, which recapitulates AMPK activation and

maintenance of NADPH levels, was shown to promote the growth of A549 and MCF7 xenografts in

nude mice. In addition, knockdown of AMPKa1 was shown to suppress breast tumor growth in xenograft

models, probably via attenuation of SKP2 phosphorylation and subsequent Akt activation.11 Findings

from genetically engineered mouse model studies supporting either roles of AMPK exist,12–14 and in

some cases, conflicting results have been reported in similar settings. For examples, double knockout

Figure 4. Loss of AMPKa2 KO promotes xenograft growth of NF1-mutant melanoma cells in nude mice

(A) Scramble or AMPKa2 KO Mewo cells were injected subcutaneously into the right lateral flank of nude mice (n = 6).

(B) Scramble or AMPKa2 KO WM3918 cells were injected subcutaneously into the right lateral flank of nude mice (n =

9).Tumor volumes were plotted as means plus or minus standard error of the mean (SEM). Statistical analyses using two-

way ANOVA was performed on GraphPad Prism where, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of PRKAA1 and PRKAA2 was reported to be detrimental to the growth of KrasG12Dp53�/� non-small-cell

lung cancer in one mouse model study,14 but was shown to promote tumor progression in KrasG12D

mouse model (with intact p53) in two other independent studies.26,27 It remains to be seen whether these

tumor-promoting effects of AMPK are dependent on specific cellular contexts, tumor types, or AMPK

complex abg subunit composition.

It is noteworthy that of the two catalytic AMPK subunits only a2 is frequently mutated and lost in melanoma

(Figures 1A and 2A). Diana Vara-Ciruelos et al. previously also noted frequent mutations of AMPKa2 in skin

cancer and melanoma datasets in the cBioPortal database.10 The two isoforms of the catalytic subunit of

AMPK, AMPKa1 and AMPKa2, share many similarities in regulating metabolism and other cellular events.

Both a1 and a2 proteins are expressed in melanocytes and melanomas at comparable levels. Although it

has been suggested that a1 and a2 may differ in subcellular localization28–31 and regulation of their expres-

sion levels,32,33 overall very little is known about their biochemical and biological specificities, including

substrate preferences. Loss of AMPKa2, but not a1, was previously reported to suppress H-RasV12 trans-

formation of MEFs in vitro and tumorigenesis in vivo.34 Ectopic expression of AMPKa2 was shown to sup-

press MCF-7 breast cancer cell proliferation and tumor growth.35 Knockout of AMPKa2, but not a1,

reduced levels of p27 via SKP2 in bladder cancer cells, which may contribute to the suppressive effects

of AMPKa2 on bladder cancer tumor growth.36 Our study here reveals that AMPKa2 serves as a tumor sup-

pressor in melanoma. The LOF nature of cancer-associated PRKAA2 mutations may explain why they

frequently occur in NF1-mutant subtype of melanomas, instead of BRAF-mutant melanomas. We have

previously shown that, in BRAFV600E mutant melanomas, the activity of AMPK is inhibited by the

Figure 5. Downregulation of PRKAA2 expression in melanoma brain metastasis

(A) Fold-changes in the expression of PRKAA2 gene in MBM tumors versus ECM tumors from three pairs of patient-

matched NF1-mutant melanoma samples (blue); and in twelve pairs of patient-matched NF1-WT melanoma samples

(green).

(B) Fold-changes in the expression of PRKAA1 gene in the same MBM versus ECM tumors from the same NF1-mutant

(blue) and NF1-WT (green) melanoma samples as in (A).

(C) Fold changes in the expression of PRKAA2 and PRKAA1 genes in intracranial (ICr) versus subcutaneous (SQ) tumors of

the NF1-mutant Mewo cell line grown in mice.
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hyperactivation of BRAF-MEK-ERK signaling, via phosphorylation of LKB1 by ERK and p90Rsk.37 Hence, it is

conceivable that AMPK signaling is attenuated in BRAF-mutant melanomas through post-translational

mechanisms and by a genetic mechanism in NF1-mutant melanomas.

Melanoma has one of the highest rates of brain metastasis of all solid tumor types.19,20,38 There remains an

unmet need to develop more effective therapeutic strategies to treat MBMs.19 Our previous studies iden-

tified increasedmitochondrial OxPhos inMBMs versus ECMs from the same patients, or in the samemice.20

In this study, our analysis of patient samples and xenograft models revealed that MBMs also exhibit

decreased levels of AMPKa2 subunit expression. Furthermore, KO of AMPKa2 promoted brain metastasis

growth ofNF1-mutant melanoma in NSGmice. Future studies utilizing immune-competent mouse models,

such as syngeneic mouse melanoma models or genetically engineered mouse models, will help to further

establish the role of AMPKa2 loss MBMs. How AMPKa2 regulates brain metastasis also remains to be

determined. Given the central role of AMPK in metabolic regulation, it is conceivable that AMPKa2 mod-

ulates the metabolic adaptation of metastatic melanoma cells in the brain microenvironment through its

effectors. Future characterization of these metabolic pathways will likely reveal additional metabolic vul-

nerabilities of brain metastatic tumor cells and provide insights into developing new strategies for treat-

ment of melanoma brain metastasis.

Figure 6. Loss of AMPKa2 promotes brain metastasis of NF1-mutant melanoma in mice

(A) Luciferase-tagged Mewo cells with AMPKa2 KO or scramble were implanted into NSG mice via intracardiac injections

(n = 10). Luminescence signals were detected by imaging of mice after injecting them with luciferin at regular intervals as

shown. The images shown are from 36 days following implantation.

(B) Brain-specific signal intensities were isolated in the anatomical location of the brain and plotted in a line graph.

Significant differences between Mewo-Scramble and Mewo-AMPKa2 KO groups are indicated by asterisks (*). Data

points are average plus or minus standard deviation (SD). Statistical analyses using two-way ANOVA was performed on

GraphPad Prism where, *p < 0.05.

(C) Kaplan-Meir survival analysis of the mice with cardiac implantation of Mewo-Scramble or Mewo-AMPKa2 KO cells.

Significance was determined by Mantel-Cox log rank test.
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Limitation of the study

In this study, we observed that PRKAA2 mutations occur at a high rate exclusively in melanoma and are

associated with NF1 mutations. Our analysis indicated both E168K and nonsense K379* mutations of

AMPKa2 impaired its activity. Additional cancer-associated mutations of AMPKa2 should be characterized

in the future. We also found that knockout of AMPKa2 promoted tumor growth and metastasis of NF1-

mutated melanoma. While these results support a novel and important role, the molecular mechanisms un-

derlying the regulation of growth and metastasis by AMPKa2 in NF1-mutated melanoma remain to be

elucidated. There is also a need for additional studies to further characterize the role of AMPKa2 in

MBMs, including in immune-competent models.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NF1 Polyclonal Antibody Bethyl Laboratories Cat#A300-140A

Anti-AMPKa1 Antibody Upstate� Cat#07-350

Anti-AMPKa2 Antibody Upstate� Cat#07-363

Phospho-Acetyl-CoA Carboxylase (Ser79)

Antibody

Cell Signaling Technology Cat#3661; RRID:AB_330337

Acetyl-CoA Carboxylase (C83B10) Rabbit mAb Cell Signaling Technology Cat#3676; RRID:AB_2219397

b-Tubulin (9F3) Rabbit mAb Cell Signaling Technology Cat#2128; RRID:AB_823664

Bacterial and virus strains

Subcloning Efficiency DH5aTM Invitrogen 18265017

One Shot� Stbl3� Invitrogen C737303

Chemicals, peptides, and recombinant proteins

AICAR (5-Aminoimidazole-4-carboxamide-1-

b-D-ribofuranosyl 3’:50-cyclic-monophosphate)

Toronto Research Chemicals Cat#A440500; CAS: 35908-14-6

puromycin Sigma-Aldrich P8833, CAS: 58-58-2

hygromycin Roche 10842555001; CAS: 31282-04-9

iodonitrotetrazolium chloride Sigma I8377; CAS: 146-69-9

IBMX Sigma I7018; CAS:28822-58-4

TPA Sigma P8139; CAS: 16561-29-8

dbcAMP Sigma D0627; CAS: 16980-89-5

Na3VO4 Sigma Cat#450243; CAS:13721-39-6

Critical commercial assays

QuickChange Lightning Site-Directed

Mutagenesis Kit

Aligent Cat#210519

Plasmid Maxi Kit (25) Qiagen Cat#12163

Plasmid Mini Kit (100) Qiagen Cat#12125

Bradford Assay kit Pierce 23246

ECL detection reagent Pierce PI32106

Deposited data

Whole exome DNA sequencing of melanoma

moonshot cell lines

Fischer, et al.19 N/A

RNA sequencing of melanoma moonshot cell

lines

Sloane, et al.41 N/A

Experimental models: Cell lines

Mewo Gifted from Lynda Chin N/A

WM3918 From MSKCC N/A

SK-Mel-113 From MSKCC N/A

SK-Mel-217 From MSKCC N/A

SK-Mel-103 From MSKCC N/A

WM88 Gifted from Lynda Chin N/A

M308 Gifted from Antoni Ribas N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Bin Zheng (bin.zheng@cbrc2.mgh.harvard.edu).

Materials availability

This study did not generate any new materials.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Immortalized human melanocyte Gifted from Dr. Hans R. Widlund N/A

Immortalized AMPKa1/a2-null MEF Gifted from Dr. Benoit Viollet N/A

Experimental models: Organisms/strains

NCR nude mice Charles River Laboratories, Wilmington, MA N/A

NSG mice Charles River Laboratories, Wilmington, MA N/A
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gRNA PRKAA2:

GAAGATCGGACACTACGTGC

Integrated DNA technology N/A

gRNA PRKAA1:

GAAGATCGGCCACTACATTC

Integrated DNA technology N/A

gRNA NF1: AGTCAGTACTGAGCACAACA Integrated DNA technology N/A

gRNA human rosa26:
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Integrated DNA technology N/A

Recombinant DNA

LentiCRISPRv2 Addgene Plasmid#52961

LentiCRISPRv2 hygro Addgene Plasmid#98291

psPAX2 Addgene Plasmid#12260

pCMV-VSV-G Addgene Plasmid#8454

pLHCX Clontech N/A

pLHCX-AMPKa2-WT This paper N/A

Ampho Retrovirus Packaging Vector Clontech N/A

Software and algorithms

GraphPad Prism 8 GraphPad N/A

ImageJ NIH https://ImageJ.nih.gov/ij/

Living Image software Perkin Elmer N/A

Other

RPMI 1640 Gibco� Cat#21870092

DMEM high glucose Gibco� Cat#10313039

Fetal Bovine Serum - Premium R&D systems S11150

0.05%Trypsin-EDTA Gibco� Cat#25300120

Ham’s F-12 Sigma N6658

Pen-Strep Gibco� Cat#15140122

L-glutamine Gibco� Cat#25030081
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In vivo animal studies

Six to eight weeks-aged female mice were used for animal studies. NCR nude mice, purchased from

Charles River Laboratories (Wilmington, MA), were used for subcutaneous xenografts studies. NSG mice

were used for brain metastasis study. All animal experiments were performed by following MGH and

MDACC Animal Care and Use Committee guidelines.

In vitro cellular studies

Human melanoma cell lines (Mewo, WM88, M308, WM3918, SK-Mel-113, SK-Mel-103 and SK-Mel-217),

HEK293T, immortalized human melanocytes, and Immortalized mouse embryonic fibroblast (MEF) with

AMPKa1/a2-null were used in this study. Cells were cultured at 37�C in humidified atmosphere containing

5% CO2.

Cell lines used for genetic and transcription analysis

Patient-derived melanoma cell lines were established as part of the MDACC Melanoma Moonshot Pro-

gram and TIL (tumor infiltrating lymphocyte) Therapy Program under an institutional review board–

approved laboratory protocol with informed consent (LAB06-0755), and have been reported previ-

ously.17,18 Authentication of these cell lines was performed by short tandem repeat (STR) profiling as pre-

viously described.39 Whole exome DNA sequencing analysis of melanoma moonshot cell lines was per-

formed previously20 and cell lines with inactivating mutations in NF1 and PRKAA2 genes were identified.

RNA sequencing of the melanoma moonshot cell lines was reported previously,40 and normalized

mRNA [FPKM] counts were assessed.

METHOD DETAILS

Cell culture

Human melanoma cell lines, Mewo, WM88, M308, WM3918, SK-Mel-113, SK-Mel-103 and SK-Mel-217 were

obtained21 and maintained in our lab. All above cells were cultured in RPMI 1640 containing 10% FBS and

1% penicillin/streptomycin/glutamine. Immortalized human melanocyte (Pmel/hTERT/CDK4/p53DD cell

line) was cultured in Ham’s F12 containing 7% FBS, 1% penicillin/streptomycin, 50 ng/mL TPA, 1 3

10�4 M IBMX, 1.0 mM Na3VO4 and 1 3 10�4 M dbcAMP. Immortalized AMPKa1/a2-null MEFs and

HEK293T cells were cultured in high glucose DMEM containing 10% FBS and 1% penicillin/strepto-

mycin/glutamine.

CRISPR/Cas9-mediated gene knockout

Guide RNAs (gRNAs) targeting PRKAA2, PRKAA1 were designed on the website: http://crispor.tefor.net.

gRNA targetingNF1was cited fromOphir Shalem et al.41 gRNA targeting human rosa26was used as a con-

trol. Sense and antisense oligonucleotides were annealed and then cloned into lentiCRISPR v2 according

to the ‘‘Target Guide Sequence Cloning Protocol’’ Provided by the laboratory of Dr. Feng Zhang. Transfec-

tion and lentiviral infection were performed as previously described.21 Briefly, for lentiviral infection,

HEK293T cells were co-transfected with lentiCRISPR v2 constructs, psPAX2 and pCMV-VSV-G. The lentiviral

particles were collected and filtered at 48h and 72h, respectively. Target cells were infected with lentiviral

particals with 10 mg/mL polybrene. Stable populations were selected and maintained with 50 mg/mL hy-

gromycin, or 1 mg/mL puromycin.

Site-directed mutagenesis

Site-directed mutagenesis was performed and guided with QuickChange Lightning Site-Directed Muta-

genesis Kit. Constructs of AMPKWT or mutants and vector were prepared byMaxiprep (Qiagen). For retro-

viral transfection, amphotropic retrovirus were generated as described previously.42 Briefly, HEK293T cells

were co-transfected with Ampho and pLHCX or pLHCX-AMPKa2-WT, pLHCX-AMPKa2 Mutants (E168K or

K379*), respectively. The viral particles were collected and filtered at 48 h and 72 h, respectively. Target

cells were infected with viral particles with 10 mg/mL polybrene twice. Stable populations were obtained
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and maintained by selection with 100 mg/mL hygromycin (for MEF) or 200 mg/mL hygromycin (for

SK-MeL-113).

Western blotting

Western blotting was performed as previously described.37 Briefly, the cells were washed twice with

ice-cold PBS quickly, and throwed into liquid nitrogen tank for about 1 min. Then the cells were lysed in

a modified lysis buffer (50 mM Tris pH 7.4, 150mMNaCl, 1%NP-40, 1 mM EDTA, 50 mMNaF, 10mM b-glyc-

ero-phosphate, 10 nM calyculin A, 1 mMNa3VO4, and protease inhibitors) with gentle rotation in cold room

for 30 min. After centrifugation at 12000 rpm for 15 min, the supernatant was isolated and protein concen-

tration was detected by Bradford method. For western blotting, protein samples were separated on 6%–

10% SDS-PAGE and transferred to PVDFmembrane. Membranes were blocked in TBST containing 3% BSA

or 5% nonfat milk. The primary antibodies against NF1, AMPKa1, AMPKa2, p-ACC, ACC, Tubulin were

used. All primary antibodies were used at a 1:1,000 dilution by TBST.

Soft agar assays

The soft agar assays were performed as previously described.37 Briefly, the bottom agarose (0.6%) was

plated in 6-well culture plates beforehand. Cells were suspended in 0.3% agarose in complete medium

and plated in 6-well plates covered with solidified 0.6% agarose. Mewo-Scramble or AMPKa2 KO,

WM3918-Scramble or AMPKa2 KO, immortalized human melanocyte-Scramble, NF1 KO, AMPKa1/a2

KO or NF1KO & AMPKa1/a2 KO, SK-MeL-113 vector or AMPKa2 WT (about 7500 cells/well) were seeded

in 6-well plates, triplicates were plated for each experiment. Once the agarose was solidified, it was soaked

in the corresponding culture medium and feed twice per week, until the colonies were visible (about 30–

40 days, respectively). The colonies were stained with 0.01% iodonitrotetrazolium chloride in PBS for

24 h and photographed. The ImageJ software was used to analysis the numbers of colonies. Three inde-

pendent experiments were proceeded for each cell line.

Xenograft studies

All animal experiments were performed by following MGH and MDACC Animal Care and Use Committee

guidelines. For xenograft models, 6 weeks female NCR nude mice were purchased from Charles River

Laboratories (Wilmington, MA). Animals were allowed a 1-week adaptation period after arrival. Mewo-

Scramble or Mewo-AMPKa2 KO cells (2 3 106), WM3918-Scramble or WM3918-AMPKa2 KO cells (1 3

105) cells, in 0.2 mL of basal culture medium, were injected subcutaneously into the right lateral flanks.

There are 6 mice per group for Mewo, 9 mice per group for WM3918. Tumor volumes were calculated

from caliper measurements by using the following ellipsoid formula: (D3d2)/2, in which D represents the

large diameter of the tumor, and d represents the small diameter. For brain metastasis experiments,

generation of intra-cranial (ICr) and subcutaneous (SQ) tumors of Mewo cell line in mice were described

previously.20 Mewo-Scramble cells or Mewo-AMPKa2 KO cells (13105) stably expressing luciferase were

injected into the left ventricle of the heart of NSG mice (n = 10/group). Tumor burden in the mice was de-

tected by bioluminescence using an IVIS imaging system continuously on the indicated days over a period

of 36 days following implantation. Each time, the mice were anesthetized with isoflurane and whole-body

luminescence signals were detected in 10min after injecting with D-luciferin. All mice were euthanized after

conclusion of the experiment, and Living Image software (Perkin Elmer) was used to isolate luminescence

signal intensities in different anatomical locations of the animals. Brain location-specific signal intensities

were quantified and plotted in a line graph. Significant differences between the two groups are indicated

by asterisks (*). Data points are average +/� standard deviation. Kaplan Meier survival analysis was per-

formed using the Mantel-Cox Log rank testing in Graphpad Prism.

DNA and RNA sequencing data analysis

Whole exome DNA sequencing and RNA sequencing data from MBM and ECM patient tumor samples,

and RNA sequencing data from Mewo ICr and SQ xenograft tumors grown in mice have been reported

earlier.20,40 Fold changes of the normalized counts of PRKAA1 and PRKAA2 gene transcripts from NF1-

mutant patient tumors and the mice xenografted with Mewo tumors were assessed. Whole exome DNA

sequencing analysis of melanoma moonshot cell lines was performed previously20 and cell lines with inac-

tivatingmutations inNF1 and PRKAA2 genes were identified. RNA sequencing of themelanomamoonshot

cell lines was reported previously,42 and normalized mRNA [FPKM] counts were assessed.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All data represent mean G SD/SEM. Statistical evaluations of anchorage-independent growth were con-

ducted using two-tailed Student t test. Statistical analyses of xenograft and IVIS were conducted using

two-way ANOVA. p values less than 0.05 were considered statistically significant. All data were performed

using GraphPad Prism 8.0 software unless otherwise noted.
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