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all normal skin samples (n = 9) were negative for GAD1, 40% 
of primary melanoma samples (n  =  30, Fig.  5A and B) were 
positive for GAD1. Further, we used the zebrafish to test the 
effect of GAD1 (and its related protein GAD2) on melanoma 
initiation. We used the MiniCoopR system described above 
to activate BRAFV600E in melanocytes (along with germline 
p53 loss) but sensitized the system by injecting low doses of 
the rescue plasmids, such that most of the fish would not 
develop melanoma on their own (Supplementary Fig.  S10A). 

As expected, only 10% of control fish receiving MiniCoopR 
alone developed tumors at the 16-week time point. In contrast, 
transgenic fish overexpressing either gad1b (n  =  53) or gad2 
(n = 63) in melanocytes had a higher rate of melanoma initia­
tion by BRAFV600E (Fig. 5C and D). Furthermore, we noted that 
the gad-overexpressing fish tended to have multiple tumors, 
suggesting that GAD/GABA signaling lowers the threshold for 
tumor initiation in this model, with no significant difference 
in metastasis formation (Supplementary Fig. S10B–S10D). To 
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Figure 5.�GABAergic signaling is protumorigenic in melanoma. A, Representative image of a patient primary melanoma sample from a primary mela-
noma TMA with immunostaining for S100A6 (melanoma marker) and GAD1 (GABA marker). Individual cells are pseudocolored as indicated. Left sche-
matic created using BioRender.com. B, Violin plots of immuno�uorescence (IF) score and quanti�cation of GAD1 immunostaining in primary melanoma 
tumor samples and normal skin. Data represent samples from n = 30 primary melanoma patients and n = 9 normal skin; P values generated by unpaired 
t test with Welch correction; ****, P < 0.0001. C, Representative images of 16-week-old zebra�sh with the genotype (mitfa−/− p53−/− mitfa:BRAFV600E) in 
the casper background injected with MiniCoopR rescue plasmids showing control (GFP) or gad1b- and gad2-overexpressing tumors. D, Quanti�cation of 
melanoma incidence expressed as percentage of �sh with tumors in 16-week-old zebra�sh overexpressing GFP or gad1b or gad2 under a melanocyte-
speci�c promoter. Data represent n = 55 control (GFP) �sh, n = 53 gad1b, and n = 63 gad2 �sh pooled from 3 biological replicates. P values generated by 
the chi-squared test; ****, P < 0.0001. E, Schematic representation of the TEAZ-based loss-of-function system in zebra�sh to knockout GABA synthe-
sis genes. Plasmids expressing MiniCoopR, mitfa:Cas9, and sgRNAs targeting pten were coelectroporated with plasmids expressing nontargeting or 
gad-targeting sgRNAs to generate control (nontargeting) or gad knockout BRAFV600E pten−/− melanomas in vivo. (Created using BioRender.com.) F and F’, 
Representative images of four different transgenic �sh electroporated with melanocyte-speci�c Cas9 and a nontargeting sgRNA or gad1a/gad1b/gad2 
sgRNAs, showing differences in both �uorescence area (F) and pigmented melanocyte area (F’) 6 weeks after electroporation. G, Quanti�cation of tumor 
area calculated as GFP-positive area and normalized to the nontargeting (NT) control plasmid group. Data represent 53 nontargeting sgRNA �sh and 46 
gad1a/1b/2 sgRNA �sh pooled from 3 biological replicates. Error bars, SD; P values generated by Mann�Whitney test; ****, P < 0.0001.
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(MAZERATI; ref.  103) was a gift from Leonard Zon, Harvard Medi­
cal School, Harvard University (Addgene plasmid #118844, RRID: 
Addgene_118844).

Quantification of Cell–Cell Contacts.  For cell–cell direct con­
tact measurements in Fig.  1 and Supplementary Fig.  S1, confocal 
imaging was performed on live zebrafish embryos injected with the 
above constructs. Three dpf, live zebrafish embryos were mounted in 
96-well, glass-bottomed dishes with low melting agarose and tricaine 
to restrict the mobility of the fish. Following this, the embryos were 
imaged on a Leica SP5 inverted confocal microscope (20× objective) 
using the xyz scan mode. Imaging was performed by focusing on a 
switched keratinocyte (RFP-positive) cell with 40 μm depth and a step 
size of 0.54 μm. Contacts were scored as adjacent only if there was a 
GFP-positive signal in direct continuity with an RFP-positive signal 
without any empty area (no fluorophore signal) per embryo. This 
was verified using the surfaces program from Imaris, a 3D rendering 
software to assess cell–cell contacts (RRID:SCR_007370). For in vitro 
cell–cell direct contact measurements, widefield microscopy images 
were acquired on a Zeiss AxioObserver fluorescence microscope and 
cells were scored to be in direct contact if a GFP-positive cell had a 
direct contacting azurite-positive cell without any fluorophore-nega­
tive area in between in the cell monolayer of melanoma/keratinocyte 
cocultures. To visualize points of direct contact between melanoma 
cells and keratinocytes, cocultures were grown on 35-mm glass bot­
tom dishes and z-stack images were acquired on the Zeiss LSM880 
microscope using AiryScan mode (63×  objective) with 20 μm depth 
and a step size of 1 μm.

Cell Culture
Melanoma Cell Culture.  Human melanoma cell lines A375 (RRID: 

CVCL_6233), A375-MA2 (RRID:CVCL_X495), Hs294T (RRID: 
CVCL_0331), A101D (RRID:CVCL_1057), SKMEL24 (RRID:CVCL_ 
0599), SKMEL3 (RRID:CVCL_0550), SKMEL5 (RRID:CVCL_0527), 
C32 (RRID:CVCL_1097), SH-4 (RRID:CVCL_1692), and BJ (RRID: 
CVCL_3653) were obtained from ATCC (August 2013) where routine 
cell line authentication is performed using short tandem repeat pro­
filing. The zebrafish melanoma cell line (ZMEL1) was derived from a 
tumor in a mitfa-BRAFV600E p53−/− zebrafish as described previously 
(111). Mouse melanoma cell lines, YUMM 1.1 and YUMM 4.1 (112), 
were a kind gift from the Neal Rosen lab, Molecular Pharmacology 
Program, MSKCC (December 2019). Human melanoma cell lines, 
A375, A375-MA2, Hs294T, A101D, and SH-4, were maintained in 
DMEM (Gibco #11965) supplemented with 10% FBS (Gemini Bio) 
and 1×  penicillin/streptomycin (Gibco #15140122); SKMEL24 and 
C32 were maintained in EMEM (ATCC #30–2003) supplemented 
with 10% FBS (Gemini Bio) and 1×  penicillin/streptomycin (Gibco 
#15140122); and SKMEL3 was maintained in McCoy’s 5a Medium 
Modified (ATCC #30–2007) supplemented with 10% FBS (Gemini 
Bio) and 1× penicillin/streptomycin (Gibco #15140122). Mouse mela­
noma lines, YUMM 1.1 and YUMM 4.1, were maintained in DMEM-
F12 (ATCC #30–2006) supplemented with 10% FBS (Gemini Bio), 10% 
Nonessential Amino Acids (Gibco #11440–076), and 1×  penicillin/
streptomycin (Gibco #15140122). The zebrafish melanoma cell line 
ZMEL1 was maintained in DMEM (Gibco #11965) supplemented 
with 10% FBS (Gemini Bio), 1×  penicillin/streptomycin/glutamine 
(Gibco #10378016), and 1× GlutaMAX (Gibco #35050061) and grown 
at 28°C with 5% CO2 in a humidified incubator. All cells were passaged 
less than 20 times before a low-passage batch was thawed. They were 
routinely tested for Mycoplasma using a luminescence-based Myco­
plasma detection kit (MycoAlert Mycoplasma Detection Kit, Lonza 
#LT07-318, last tested December 2022).

Keratinocyte Cell Culture.  The HaCaT keratinocyte cell line (113) 
was obtained from Addexbio and authenticated at the MSKCC 
Molecular Cytogenetics Core. Ker-CT (RRID:CVCL_S877) is an 

hTERT-immortalized keratinocyte cell line (114) and was obtained 
from ATCC. HaCaT cells were maintained in DMEM (Gibco #11965) 
supplemented with 10% FBS (Gemini Bio) and 1×  penicillin/strep­
tomycin (Gibco #15140122). Ker-CT cells were maintained in 
KGM-Gold Keratinocyte growth medium supplemented with the 
KGM-Gold BulletKit (Lonza #00192060). Cells were split when con­
fluent, approximately 2× per week, and were used directly in cocul­
tures. For melanoma/keratinocyte cocultures, 50:50 media from 
melanoma cells and keratinocytes were used and cocultures were 
maintained for 48 hours to 3 weeks. For low-chloride media experi­
ments, Na-gluconate and K-gluconate were used as a substitute for 
chloride as described in ref. 51 to maintain isotonicity.

Cell Line Generation.  All human and mouse melanoma lines were 
engineered to overexpress Cre under the UBC promoter modified from 
Addgene plasmid #65727 (RRID:Addgene_65727) and subjected to 
puromycin selection as described previously (115). Zebrafish ZMEL1-
Cre–overexpressing lines were generated using electroporation with the 
plasmid ubb:Cre-394Bsd (Cre expression driven by the ubb promoter) 
using the Neon transfection system (Thermo Fisher). All human and 
mouse melanoma lines were selected with puromycin (1 μg/mL), whereas 
the zebrafish ZMEL1 line was selected with blasticidin (4 μg/mL)  
for 3 weeks. For switch cell line generation in melanoma cells (A375) 
and keratinocytes (HaCaT and Ker-CT), the plasmid pLV-CMV-LoxP-
DsRed-LoxP-eGFP (Addgene plasmid #65726, RRID:Addgene_65726) 
was used for lentiviral infection. All switch lines were subjected to 
puromycin selection followed by two rounds of FACS to eliminate any 
double-positive (dsRED/GFP-positive) cells.

In Vitro Switch Assay in Melanoma/Keratinocyte Cocultures.  HaCaT 
or Ker-CT reporter keratinocytes expressing the switch cassette 
and all human/mouse/zebrafish melanoma cell lines expressing 
Cre were seeded in 1:3 ratios in 6-well/48-well/96-well plates with 
50/50 keratinocyte/melanoma cell media. For zebrafish melanoma 
(ZMEL1) and human keratinocyte (HaCaT) cocultures, cells were 
maintained in a 28°C humidified incubator with 5% CO2. For all 
other cocultures, cells were maintained in a 37°C with 5% CO2 
humidified incubator. After 48 hours of coculture, conditions were 
blinded and each well was manually scored for the number of 
switched keratinocytes (GFP-positive) per condition. Control cocul­
tures with no Cre melanoma cells were scored in parallel to eliminate 
the possibility of background switching in each condition. For Mem­
Bright staining, melanoma cells were incubated with the MemBright 
probe (23) for 20 minutes, washed, and incubated with the reporter 
keratinocytes for 48 hours. All imaging was performed using either 
a Zeiss AxioObserver fluorescence microscope or a Zeiss LSM880 
confocal microscope. Z-stacks were acquired at a depth of 20 μm with 
1 μm step size. Experiments were repeated using more than 3 biologi­
cal replicates with different seeding densities and different cell ratios 
by three independent investigators.

siRNA Treatment.  For siRNA studies, Dharmacon ON-TARGET 
plus SMARTpool siRNAs were used to knockdown individual human 
genes and cells were treated based on the manufacturer’s instruc­
tions. Briefly, melanoma cells or keratinocytes were seeded overnight 
in regular media with no antibiotics in 6-well dishes as monocul­
tures and transfected with the indicated SMARTpool siRNAs and 
DharmaFECT 1 transfection reagent (Horizon #T-2005-01) in serum-
free media. Seventy-two hours after transfection, siRNA-treated cells 
(melanoma cells or keratinocytes) were treated with a second dose of 
siRNA, followed by a 48-hour incubation, and then cocultured with 
the corresponding nontargeting siRNA-treated melanoma cells or 
keratinocytes and incubated for an additional 48 hours. For calculat­
ing switching efficiency, the number of switched cells per condition 
(3 technical replicates) was counted 48 hours after coculture and 7 days 
after transfection. Knockdown efficiency was validated using qPCR at 
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5 days and Western blot at 7 days after transfection. All siRNA-treated 
cells were monitored for signs of toxicity or changes in proliferation 
rate using the Cyquant Cell Proliferation Assay (see below), and no 
toxicity was observed for the indicated siRNA treatments.

Transwell Assay.  A Transwell assay was performed to detect the 
requirement of cell–cell contact for switching in keratinocytes as 
described previously (115). Briefly, 20,000 HaCaT keratinocytes expres­
sing the switch construct were plated alone or in combination with 
60,000 A375 melanoma cells expressing Cre per well of a 24-well plate. 
Twenty-four hours after plating, 20,000 A375 melanoma cells (±  Cre) 
were seeded into the upper Transwell chamber (400 nm size) with a layer 
of keratinocytes seeded previously at the bottom. Forty-eight hours after 
seeding the transwell chamber, switched GFP-positive cells were counted 
per condition. Cells were incubated for an additional 2 weeks and scored 
for GFP-positive switched keratinocytes in the bottom well.

Sigma LOPAC Library Small-Molecule Screen.  For the small-mol­
ecule screen, we wanted to identify enhancers of switching efficiency, 
which is a readout of melanoma/keratinocyte communication, in 
cocultures, using the in vitro switch assay outlined above. To do this, 
human melanoma/keratinocyte cocultures (HaCaT and A375 cells) 
were seeded in 96-well plates at 1:3 ratios on day 0. Twenty-four 
hours after seeding, cocultures were treated with 10 μmol/L chemi­
cals from the Sigma LOPAC 1280 library. All chemicals were prepared 
from 10 mmol/L stocks and diluted in a cell growth medium. Eight 
DMSO-only wells were included in each plate to quantify basal 
switching efficiency. Cocultures were incubated for an additional 
48 hours after chemical addition, and switching efficiency was quan­
tified 3 days after seeding and 48 hours after adding chemicals. Each 
well was manually screened and the number of GFP-positive switched 
keratinocytes was counted. Fold change was calculated by dividing 
the number of switched keratinocytes per well to the average num­
ber of switched keratinocytes per well in DMSO controls. After the 
identification of positive hits, a majority of which were modulators 
of the GABA-A signaling pathway, a second round of validation was 
performed in a 6-well format, using bona fide GABA-A receptor ago­
nists such as GABA (Sigma #A2129) and muscimol (Sigma #M1523), 
as well as GABA-A receptor antagonists such as bicuculline methbro­
mide (Sigma #B7561) and picrotoxin (Sigma #P1675), followed by 
in vivo validation in zebrafish embryos.

Tetanus Toxin Overexpression in Melanoma Cells.  A plasmid 
encoding the tetanus toxin light chain was obtained from Addgene 
(#166603, RRID:Addgene_166603) and cloned into a lentiviral back­
bone with a blasticidin-resistance cassette. Empty vector or tetanus 
toxin–encoding plasmids were electroporated into melanoma-Cre 
lines and selected with blasticidin (10 μg/mL) for 10 days. Following 
this, the control vector or tetanus toxin light chain–overexpressing 
melanoma-Cre lines were cocultured with the previously mentioned 
loxP reporter keratinocyte lines and switching efficiency was meas­
ured as described above. Tetanus toxin overexpression was verified 
using qPCR, and proliferation assays were performed to account for 
any toxicity associated with tetanus toxin expression in melanoma 
cells, which showed no differences in melanoma cell proliferation 
upon tetanus toxin light chain expression.

RNA-seq of Keratinocytes
The HaCaT keratinocyte cell line expressing the switch construct 

was grown either in monoculture or in coculture with A375 melanoma 
cells expressing Cre in a 1:3 keratinocyte:melanoma ratio for 21 days 
in complete DMEM. Cocultures were split 1× per week upon reaching 
confluence. Monoculture keratinocytes (dsRED-positive) and coculture 
keratinocytes, both switched and nonswitched (GFP-positive and dsRED-
positive), were then isolated using FACS and plated on 6-well dishes for 

recovery following the FACS procedure. Total RNA was extracted from 
the FACS-isolated keratinocytes after recovery using the Quick-RNA 
Miniprep Kit (Zymo), and purified RNA was delivered to GENEWIZ for 
mRNA preparation with the TruSeq RNA V2 kit (Illumina) and 150-bp 
paired-end sequencing on the Illumina HiSeq2500. Quality control of 
the raw reads from RNA-seq fastq files was performed using FASTQC 
(Babraham Bioinformatics), and trimming was performed using TRIM­
MOMATIC (115, 116). Trimmed reads were mapped to the human 
(hg38) genome using STAR (117). Gene counts of aligned reads were per­
formed using the feature counts algorithm (118), followed by differential 
gene expression analysis using DeSeq2 (119). Pathway and gene ontology 
analysis was performed using GSEA (120). All data have been deposited 
in the Gene Expression Omnibus (GEO) database (GSE236806).

Chromatin Immunoprecipitation Sequencing Data Analysis
Existing chromatin immunoprecipitation sequencing (ChIP-seq) 

datasets for MYCN from neuroblastoma cell lines (NB1643, Kelly, 
SHEP21) with previously analyzed data were downloaded from ChIP-
Atlas (http://chip-atlas.org/peak_browser), and visualization was per­
formed using IGV.

3D Skin Reconstructs
3D skin reconstructs were generated using the protocol developed by 

the Herlyn lab (63). Briefly, an acellular collagen layer was created and 
incubated for 30 minutes at room temperature (RT). Following this, 
7.5 × 104 fibroblasts (BJ fibroblast cell line) were seeded on top of the 
acellular layer and incubated at 37°C for 45 minutes, followed by the 
addition of DMEM containing 10% FBS. After incubation for 4 days, 
the inserts were washed and seeded with melanoma cells (A375) and 
keratinocytes (Ker-CT) at a ratio of 1:5 melanoma cells:keratinocytes 
and incubated for an additional 20 days with regular change in media 
every 48 hours. Control media or muscimol (100 μmol/L) containing 
media was added starting from day 10 to day 24 of cultures. On day 24, 
the 3D reconstructs were fixed in 4% formalin for 24 hours, sectioned, 
and stained with an antibody for BRAFV600E (Abcam, ab228461) using 
IHC. Melanoma cell area was quantified using ImageJ software.

Mouse
Mouse Ear Transplants.  YUMM 1.1 cells expressing control-GFP 

or Gad1-GFP were grown for 48 hours. Tumor cells (5 × 104) resus­
pended in 20 μL PBS were injected subcutaneously on the dorsal side 
of the ear of C57BL/6J wild-type mice using 31G 6 mm BD Ultra-Fine 
insulin syringes. Mice were anesthetized with 2% isoflurane dur­
ing tumor transplantation. Tumor cells expressing Gad1-GFP were 
injected into the right ear; control tumor cells expressing GFP only 
were injected into the contralateral ear. Mice were sacrificed at indi­
cated time points after tumor transplantation. Ears were removed for 
downstream imaging analyses. Both female and male mice were used 
for studies. Mice were bred and maintained in the animal facility at 
MSKCC. Experiments were approved by and performed in compli­
ance with the MSKCC IACUC. The tumor area was monitored over 
a period of 2 to 12 days after transplantation. The GFP-positive area 
was imaged on a Zeiss LSM880 confocal microscope and quantified 
using ImageJ software.

Immunostaining
Immunofluorescence Staining of Cultured Cells.  HaCaT/A375 

cocultures were grown on 35-mm glass-bottom dishes (Thermo 
Fisher #150682) for 48 hours. After 48 hours of incubation, growth 
media were aspirated from the dishes and cells were fixed with 4% 
PFA for 20 minutes (except for GABA staining where cells were fixed 
using 4% PFA + 0.25% glutaraldehyde) at RT and washed 3× with PBS. 
Following this, cells were permeabilized for 15 minutes in 0.1% Triton 
X-100 (diluted from 10% stock, Sigma #93443) in 1× PBS, followed 
by 3× washes with PBS. Blocking was performed using 10% normal 
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goat serum (Thermo Fisher #50062Z) for 1 hour at RT, followed 
by overnight incubation with primary antibodies at 4°C. Cells were 
subsequently washed 3×  with PBS and incubated with secondary 
antibodies diluted in blocking solution for 1.5 hours at RT, followed 
by 3×  PBS washes. For fluorophore-conjugated secondary antibod­
ies, samples were individually treated with the specific conjugated 
antibodies for 2 hours at RT after secondary antibody incubation, fol­
lowed by 3× washes with PBS. Finally, cells were counterstained using 
Hoechst 33343 (Invitrogen #H3570) in PBS for 20 minutes, followed 
by 3× PBS washes. Fresh PBS was added after the final wash to the 
cells, and the cells were imaged on an LSM880 high-resolution con­
focal microscope with a 63× objective using AiryScan imaging. The 
following primary antibodies were used: rabbit anti-human GPHN 
(Thermo Fisher #PA529036, RRID AB_2546512); rabbit anti-human 
SOX10 (Thermo Fisher #PA5-84795, RRID AB_2791945); rabbit 
anti-human KRT17 conjugated to Alexa Fluor 546 (Santa Cruz Bio­
technology #sc-393002 AF546, RRID AB_2893006); and rabbit anti-
GABA (Sigma #A2052, RRID AB_477652). The following secondary 
antibodies were used: AlexaFluor 488 anti-mouse IgG (Cell Signaling 
Technology #4408S, RRID AB_10694704) and AlexaFluor 647 anti-
rabbit IgG (Cell Signaling Technology #4414S, RRID AB_10693544).

Immunofluorescence Staining of Patient Samples.  Malignant mela­
noma in situ samples and TMAs were obtained from the MSKCC 
TMA Database and US Biomax (ME208). Paraffin sections of all 
tumors and normal skin were deparaffinized, and antigen retrieval 
was performed using the heat-induced epitope retrieval method with 
1× Antigen Retrieval solution (Invitrogen #00-4955-58) in a pressure 
cooker at 95°C for 10 minutes. Slides were washed 3× with PBS and 
blocked with 10% normal goat serum (Thermo Fisher #50062Z) for 
2 hours at RT and incubated with primary antibodies overnight at 
4°C. Slides were washed with PBS (3×), followed by incubation with 
secondary antibodies for 2 hours at RT and 3× washes with PBS after 
secondary antibody incubation. For fluorophore-conjugated second­
ary antibodies, samples were individually treated with the specific 
conjugated antibodies for 2 hours at RT after secondary antibody 
incubation, followed by 3× washes with PBS. After the final PBS wash, 
slides were counterstained with Hoechst 33342 (Invitrogen #H3570) 
and mounted in ProLong Glass Antifade Mountant (Fisher Scien­
tific #P36984). The following primary antibodies were used: mouse 
anti-human GAD1 (Santacruz #sc28376, RRID AB_627650), rabbit 
anti-human GPHN (Thermo Fisher #PA529036, RRID AB_2546512), 
mouse anti-human KRT14 (Abcam #ab7800, RRID AB_306091), and 
rabbit anti-human S100A6 conjugated to Alexa Fluor 647 (Abcam 
#ab204028). The following secondary antibodies were used: Alex­
aFluor 488 anti-mouse IgG (Cell Signaling Technology #4408S, 
RRID AB_10694704) and Alexa Fluor 555 anti-rabbit IgG (Cell Sign­
aling Technology #4413S, AB_10694110). For calculating the GAD1 
immunofluorescence score, we probed the intensity (score 0–2) and 
the coverage (score 1–4) of each individual sample from melanoma 
patients and normal skin and assigned the immunofluorescence 
score by multiplying the intensity score with the coverage score. All 
sections were imaged on an LSM880 high-resolution confocal micro­
scope with a 63× objective using AiryScan imaging.

Proliferation/Invasion Assays
A375 Phospho-Histone H3 Immunostaining.  For proliferation 

studies, A375 melanoma cells (Azurite fluorophore-positive) were 
cocultured either with switched (GFP-positive) or parental (dsRED-
positive) keratinocytes in low-serum (2%) media, in which melanoma 
cells and keratinocytes were plated in a 1:5 ratio for 48 hours. Fol­
lowing 48 hours of incubation, cells were fixed in 4% PFA and stained 
with a phospho-Histone H3 primary antibody (1:1,000; Millipore 
#05-806) overnight at 4°C. Cells were counterstained with AlexaFluor 
647 anti-mouse IgG (Cell Signaling Technology #4410), and more 
than 10 images per condition were acquired in a Zeiss AxioObserver 

fluorescence microscope. The number of mitotic cells was quantified 
by calculating double-positive cells (Azurite+, AlexaFluor647+) as a 
fraction of the total number of Azurite+ cells in each field.

CellTiter-Glo Assay in Melanoma Cells Treated with Keratinocyte 
Conditioned Media.  For conditioned media experiments, switched 
and parental keratinocytes were grown in 2% serum-containing 
media for 24 hours and collected in 50 mL Falcon tubes followed 
by centrifugation at 500 × g for 5 minutes to remove any dead cells 
or debris. To measure cell proliferation, monocultures of A375 
Azurite-positive cells were plated at a density of 5,000 cells per well 
in a 96-well plate in 100 μL of conditioned media from switched or 
parental keratinocytes. After 48 hours of conditioned media treat­
ment, CellTiter-Glo reagent (Promega #G7570) was added to the cells 
as per the manufacturer’s instructions and luminescence was read 
using a BioTek Synergy 96-well plate reader. All values were normal­
ized to the A375 cells treated with parental keratinocytes conditioned 
media, done in quadruplicate for all cell lines. For the antagonist 
treatments, the same protocol as above was used except cells were 
treated with the following antagonists, which were directly added 
to the conditioned media: AZD4547 (FGF receptor, Fisher Scientific 
#NC0660421, 100 ng/mL), DMH1 (BMP receptor, Sigma #D8946, 
0.5 μmol/L), or EC330 (LIF receptor, Fisher #501871773, 30 nmol/L).

Cyquant Proliferation Assay in Monocultures and Cocultures.  For 
proliferation experiments upon treatment with GABA/picrotoxin, 
2,000 or 5,000 cells/well of melanoma cells were plated in 96-well 
plates. Twenty-four hours after plating, GABA/picrotoxin was added 
to the media followed by a 48-hour incubation. Proliferation was 
measured using the Cyquant Cell Proliferation Assay as per the manu­
facturer’s instructions, and fluorescence was read using a BioTek 
Synergy 96-well plate reader. All values were normalized to the control 
conditions.

Invasion Assay.  For invasion assays, 20,000 YUMM 1.1 cells/well 
expressing control-GFP or Gad1-GFP were plated on Biocoat Matrigel 
Invasion chambers (Corning #354481). After 48 hours, cells were fixed 
and migrated cells in the bottom chamber were stained with Hoechst 
33343, 1:2,000 (Invitrogen #H3570), for 20 minutes and 6 to 8 fields 
per condition were imaged. The number of migrated cells was quanti­
fied using ImageJ.

Transmission Electron Microscopy
Melanoma/keratinocyte cocultures were incubated for 48 hours 

and fixed using 4% paraformaldehyde, 2.5% glutaraldehyde, and 
0.002% picric acid in 0.1 mol/L sodium cacodylate buffer, pH 7.3, for 
transmission electron microscopy (12,000–15,000×). Imaging was 
performed on the JEOL JSM 1400, operated at 100 kV. Images were 
captured on a Veleta 2K × 2K CCD camera (EM-SIS).

Electrophysiology Studies
MEA.  For extracellular recordings, melanoma cell and keratino­

cyte cocultures were seeded onto complementary metal oxide semi­
conductor MEA probes (3Brain AG) coated with poly d-lysine (Sigma 
#P6407) overnight in a 37°C incubator. A 100-μL droplet of cell sus­
pension was placed directly on the probe recording area. After 1 hour 
of incubation at 37°C, 1.5 mL of medium was added to the probe and 
replaced daily. Recordings were performed 48 hours days after plating. 
Two minutes of spontaneous activity was sampled from the 4,096 elec­
trodes in each probe using the BioCAM X system. Recordings were ana­
lyzed using the BrainWave 4 software. Spike detection was performed 
using a Precise Timing Spike Detection (121) algorithm by applying a 
threshold of 8 SDs to each channel trace. Average firing rates were cal­
culated from a subset containing the 64 most active electrodes in each  
recording.
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Calcium Activity Assay.  Calcium activity was measured using 
the Cal-520 (Abcam ab171868) and Rhod-4 (Abcam ab112156) dyes 
following the manufacturer’s instructions. Briefly, melanoma and 
keratinocyte monocultures and cocultures were plated in black-
bottom, 96-well plates (Fisher #07-200-566) and incubated for 48 
hours. Following incubation, cells were treated with Cal-520 or 
Rhod-4 dyes at 37°C, followed by RT incubation. For Cal-520 meas­
urements, picrotoxin (100 μmol/L, Sigma #P1675), muscimol (100 
μmol/L, Sigma #M1523), and SB205384 (10 μmol/L, Sigma #7936) 
were added to monocultures and cocultures following RT incuba­
tion. Readings were measured using a BioTek Synergy 96-well plate 
reader at 488 and 540 nm wavelengths, respectively.

Data Analysis
Analysis of Publicly Available GAD1 Expression Data.  For GAD1 

expression analysis, microarray expression data from Wistar mela­
noma cell lines were obtained from (122). The GAD1 expression 
value for each melanoma cell line (radial growth phase, vertical 
growth phase, and metastatic) and normal cell lines (melanocytes, 
keratinocytes, and fibroblasts) was plotted, and GAD1 positivity was 
assigned based on default analysis parameters used in the dataset.

Data and Software Availability
RNA-seq data have been deposited to the GEO database with the 

accession number GSE236806. All raw data files will be made avail­
able upon request. All transgenic zebrafish lines are available upon 
request from the authors or via the ZIRC zebrafish stock center 
(https://zebrafish.org/home/guide.php). Plasmids generated in this 
study will be made available upon request.

Statistical Analysis
All analysis and visualization of data and statistical tests were 

performed using GraphPad Prism 9. Detailed information about 
individual statistical tests, sample size, and P values is indicated in 
the figure legends. All analysis was performed on data pooled from 3 
to 6 biological replicates per experiment.
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