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A B S T R A C T   

Glyoxalase 1 (encoded by GLO1) is a glutathione-dependent enzyme detoxifying the glycolytic byproduct 
methylglyoxal (MG), an oncometabolite involved in metabolic reprogramming. Recently, we have demonstrated 
that GLO1 is overexpressed in human malignant melanoma cells and patient tumors and substantiated a novel 
role of GLO1 as a molecular determinant of invasion and metastasis in melanoma. Here, employing NanoString™ 
gene expression profiling (nCounter™ ‘PanCancer Progression Panel’), we report that CRISPR/Cas 9-based GLO1 
deletion from human A375 malignant melanoma cells alters glucose metabolism and redox homeostasis, 
observable together with acceleration of tumorigenesis. Nanostring™ analysis identified TXNIP (encoding 
thioredoxin-interacting protein), a master regulator of cellular energy metabolism and redox homeostasis, dis
playing the most pronounced expression change in response to GLO1 elimination, confirmed by RT-qPCR and 
immunoblot analysis. TXNIP was also upregulated in CRISPR/Cas9-engineered DU145 prostate carcinoma cells 
lacking GLO1, and treatment with MG or a pharmacological GLO1 inhibitor (TLSC702) mimicked GLO1_KO 
status, suggesting that GLO1 controls TXNIP expression through regulation of MG. GLO1_KO status was char
acterized by (i) altered oxidative stress response gene expression, (ii) attenuation of glucose uptake and meta
bolism with downregulation of gene expression (GLUT1, GFAT1, GFAT2, LDHA) and depletion of related key 
metabolites (glucose-6-phosphate, UDP-N-acetylglucosamine), and (iii) immune checkpoint modulation (PDL1). 
While confirming our earlier finding that GLO1 deletion limits invasion and metastasis with modulation of EMT- 
related genes (e.g. TGFBI, MMP9, ANGPTL4, TLR4, SERPINF1), we observed that GLO1_KO melanoma cells 
displayed a shortened population doubling time, cell cycle alteration with increased M-phase population, and 
enhanced anchorage-independent growth, a phenotype supported by expression analysis (CXCL8, CD24, IL1A, 
CDKN1A). Concordantly, an accelerated growth rate of GLO1_KO tumors, accompanied by TXNIP overexpression 
and metabolic reprogramming, was observable in a SCID mouse melanoma xenograft model, demonstrating that 
A375 melanoma tumor growth and metastasis can be dysregulated in opposing ways as a consequence of GLO1 
elimination.   

1. Introduction 

A majority of skin cancer-related deaths is caused by malignant 
melanoma, a tumor originating from neural crest-derived melanocytes, 
and the exploration of novel molecular strategies for improved detec
tion and treatment of melanoma is of substantial clinical significance 
[1–3]. Oncometabolic adaptation is now recognized as a hallmark of 
melanomagenesis, and recent research has focused on metabolic 
rewiring involved in proliferative and metastatic dysregulation char
acteristic of BRAFV600E-driven and BRAF kinase inhibitor-resistant 

melanoma [4,5]. Glyoxalase 1 (encoded by GLO1; NM_006708) is a 
glutathione-dependent enzyme involved in the detoxification of the 
reactive glycolytic byproduct methylglyoxal (MG) based on formation 
of (R)-S-lactoyl-glutathione from MG and reduced glutathione [6,7]. 
Cumulative evidence supports a crucial role of GLO1 expression in 
maintaining oncometabolic adaptations as observed in the context of 
tumor-associated aerobic glycolysis, commonly referred to as ‘the 
Warburg effect’, facilitating survival under hypoxic conditions and 
enabling escape from energy crisis and apoptosis [8–10]. Substantiat
ing a role of GLO1 in metabolic reprogramming, cumulative research 
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has focused on the emerging role of MG [and (R)-S-lactoylglutathione] 
as cellular oncometabolites, involved in tumorigenesis-associated 
proliferative control, redox dysregulation, epigenetic recoding, and 
regulation of EMT, cellular functions that have been attributed to 
posttranslational MG-adduction of specific target proteins including 
histones [8,9,11–16]. Importantly, numerous malignancies (including 
those of the breast, colon, liver, lung, prostate, skin, stomach, and 
thyroid) have now been associated with a causative role of GLO1 
dysregulation, and beyond serving as a prognostic factor of patient 
survival, development of pharmacological and genetic strategies tar
geting cancer cells through GLO1 modulation has attracted significant 
attention [10,16–24]. 

Previously, using cell culture models (comparing primary melano
cytes and malignant melanoma lines) as well as patient samples in tissue 
microarray format, we have documented that GLO1 is overexpressed 
during melanoma progression [25]. Moreover, employing CRISPR/Cas 
9-based GLO1 deletion and rescue expression, we have documented a 
novel role of GLO1 as a molecular determinant of invasion and metas
tasis observable in experimental human malignant melanoma in vitro 
and in vivo, a finding consistent with independent evidence indicating 
GLO1-control of prostate carcinoma cell EMT and metastatic behavior 
[22,26]. 

Here, in order to examine the consequences of genomic deletion of 
GLO1 in human melanoma cells more comprehensively, we have per
formed NanoString™ gene expression profiling (using the nCounter™ 
‘PanCancer Progression’ Panel) complemented by phenotypic analysis 
performed in vitro and in vivo. We report for the first time that genomic 
GLO1 deletion modulates TXNIP expression, glucose metabolism, and 
redox homeostasis while accelerating human A375 malignant mela
noma tumor growth. 

2. Materials and methods 

Chemicals: All chemicals were purchased from Sigma Aldrich (St. 
Louis, MO, USA) including MG (M0252), 2-[N-(7-nitrobenz-2-oxa-1,3- 
diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) (72987), and GLO1- 
inhibitor TLSC702 (ENAH5802E9A2). 

Melanoma and prostate carcinoma cell culture: Human malig
nant A375 melanoma cells (CRL-1619; ATCC, Manassas, VA) and engi
neered isogenic variants {CRISPR/Cas9-derived GLO1_KO cells (A375 
GLO1_KO [B40]; A375 GLO1_KO [C2])} were cultured in RPMI medium 
(Corning Inc., Corning, NY), supplemented with 10% FBS and 2 mM L- 
glutamine. Human DU145 prostate carcinoma cells (ATCC, HTB-81) and 
engineered isogenic variants {CRISPR/Cas9-derived GLO1_KO cells 
(DU145 GLO1_KO [A16]; DU145 GLO1_KO [A29])} were cultured in 
EMEM (Corning Inc., Corning, NY), supplemented with 10% FBS and 2 
mM L-glutamine. Cells were maintained in a humidified incubator 
(37 ◦C, 5% CO2 and 95% air). 

CRISPR/Cas9-based engineering of GLO1_KO A375 malignant 
melanoma and GLO1_KO DU145 prostate carcinoma cells: Homo
zygous GLO1 gene knock-out in human malignant A375 melanoma cells 
was performed using genetic engineering as published before [26]. 
Likewise, DU145 prostate carcinoma GLO1_KO cells were engineered 
using a similar approach (supplemental data; Fig. S1). Briefly, double 
strand breaks were generated on both sides of exon 2 (chromosome 6, 
positions: 38, 687, 313 bp; 38,685,738 bp) with guide CRISPR RNAs 
(5′-ACCCTCATGGACCAATCAGT-3′ and 5′-TGATCATAGGTGTATACGA 
G-3′). Parental cells were transfected with Cas9 protein, crRNAs, and 
trans-activating crRNA (Integrated DNA Technologies, San Diego, CA) 
using the Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, 
Waltham, MA). Next, single cells were deposited in 96-well plates and 
once single cell colonies expanded (after approximately three weeks), 
individual clones were screened by PCR. Clones that were negative for a 
sequence inside the targeted deletion and negative for the undeleted 
chromosomal sequences but positive for ligation-junction fragment were 
scored as potentially homozygous for GLO1 exon 2 deletion. Absence of 

GLO1 expression was confirmed by single RT-qPCR, immunoblot, and 
enzymatic activity assays. 

GLO1 rescue expression construct: CMV-driven GLO1 re- 
expression (A375-GLO1_R) in a KO clone (A375 GLO1_KO [B40]) was 
performed and validated following our previously published method
ology [26]. Briefly, stable A375-GLO1 rescue cells (A375-GLO1_R) were 
generated by overnight incubation of A375-GLO1_KO cells with DNA (4 
μg)-Lipofectamine® 2000 (10 μg) complexes at 37 ◦C. After 24 h 
transfection, cells were passaged at 1:10 dilution into fresh growth 
medium. Selection antibiotic, neomycin (500 μg/ml), was added to the 
growth media 24 h later to select for single-cell colonies. Individual 
single-cell colonies were then expanded, and cells were tested for GLO1 
mRNA and protein expression. 

NanoString nCounterTM gene expression analysis: The Nano
String nCounter™ technology is a direct digital detection system 
enabling multiplexed quantification of gene expression (740 target plus 
30 housekeeping genes) that occurs without amplification using fluo
rescent probes that bind directly to chosen mRNA targets [27,28]. First, 
total mRNA was prepared using RNeasy Mini kit (Qiagen, Valencia, CA) 
and then 100 ng used for NanoString nCounter™ analysis (using the 
‘PanCancer Progression Panel’, NanoString Technologies, Seattle, WA) 
comparing gene expression between wildtype human A375 malignant 
melanoma cells and the isogenic GLO1_KO [B40] variant. Total mRNA 
was hybridized with the ‘PanCancer Progression’ code set at 65 ◦C 
overnight. Further purification and binding of the hybridized probes to 
the optical cartridge was performed on the nCounter™ Prep Station, and 
finally the cartridge was scanned on the nCounter™ Digital Analyzer. 
RCC files were then imported into nSolver4.0 software (NanoString 
Technologies) and checked for data quality using default QC settings; all 
samples passed data quality QC. All samples were normalized using the 
geometric mean of the housekeeper genes. Expression ratios were 
calculated by dividing the mean values of all samples in one experi
mental group (GLO1_KO) by the mean values of all samples in the 
reference group (GLO1_WT). For ‘pathway score analysis’ each sample’s 
gene expression profile was then condensed into a small set of pathway 
scores using nCounter™ Advanced Analysis software (version 2.0.115). 
Pathway scores were fit using the first principal component of each gene 
set’s data, oriented such that each pathway score has positive weights 
for at least half its genes. Numerical pathway score represents average 
fold expression change (log2 scale) for all genes associated with the 
specific pathway, with positive scores indicating enhancement and 
negative scores indicating attenuation. A ‘covariate plot’ displays 
selected pathway scores against the covariate chosen (i.e. GLO1 
genotype). 

Comparative human Oxidative Stress Plus RT2 Profiler™ gene 
expression array analysis: Total mRNA from cultured cells (200,000 in 
35 mm dish format) was prepared using the RNeasy Mini kit (Qiagen) 
following our published standard procedures [26,29]. Reverse tran
scription was then performed using the RT2 First Strand kit (Qiagen) 
from 500 ng total RNA. For gene expression array analysis, the human 
Oxidative Stress Plus RT2 Profiler™ technology (Qiagen) assessing 
expression of 84 redox regulatory genes was used as published before 
[26]. Quantitative PCR was run using the following conditions: 95 ◦C 
(10 min), followed by 40 cycles at 95 ◦C (15 s) alternating with 60 ◦C (1 
min) (Applied Biosystems, Carlsbad, CA). Gene-specific products were 
normalized to a group of 5 housekeeping genes (ACTB, B2M, GAPDH, 
HPRT1, RPLP0) and quantified using the comparative ΔΔCt method 
(ABI Prism 7500 sequence detection system user guide). 

Single RT-qPCR analysis: Total RNA was isolated using the Qiagen 
RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA 
integrity was checked by the RNA 6000 Nano chip kit using Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Human 20X 
primer/probes [GLO1 (Hs_02861567_m1), GLO2 (Hs_00193422_m1), 
TXNIP (Hs_01006900_m1), SLC2A1 (Hs_00892681_m1), CDKN1A 
(Hs_00355782_m1), GFPT1 (Hs_00157686_m1), GFPT2 (Hs_010495 
70_m1), PD-L1 (Hs_00204257_m1), MMP9 (Hs_00234579_m1), TXNRD2 
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(Hs_01561341_m1), SRXN1 (Hs_00607800_m1), GSTZ1 (Hs_010416 
68_m1), HMOX1 (Hs_00157965_m1), RPS18 (housekeeping gene; 
Hs_01375212_g1)] were obtained from Thermo Fisher Scientific, Wal
tham, MA. 500 ng of total RNA was used for cDNA synthesis using 
following cycling conditions: 25 ◦C for 10 min; 48 ◦C for 30 min and 95 ◦C 
for 5 min performed in MJ Thermocycler PTC-200 (MJ Research, 
Watertown, MA). Then, 10 ng of cDNA was used for amplification of 
target genes by quantitative PCR using following conditions: 95 ◦C for 10 
min followed by 95 ◦C for 15 s and 60 ◦C for 1 min for a total of 40 cycles 
performed in the ABI7500 Real-Time PCR System (Applied Biosystems, 
Foster City, CA). PCR amplification of human housekeeping gene RPS18 
was used to control quality of the cDNA. Non-template controls were 
included on each PCR plate. Expression levels of target genes were 
normalized to the RPS18 control [ΔCt = Ct (gene of interest) – Ct 
(housekeeping gene)]. Amplification plots were generated and the Ct 
values (cycle number at which fluorescence reaches threshold) recorded 
as published before [26,30]. 

Immunoblot analysis: After cellular protein extraction using RIPA 
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton N- 
100, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate) sup
plemented with protease inhibitor mixture (leupeptin, aprotinin, PMSF), 
equal amounts of total protein were separated using 4%–15% SDS-PAGE 
gel (Bio-Rad laboratories, Irvine, CA) transferred to PVDF membrane, 
and developed. Detection of proteins was conducted using the following 
primary antibodies: p21 Waf1/Cip1 (2947, Cell Signaling, Danvers, 
MA); PD-L1 (13684, Cell Signaling); GFPT1 (ab25069, Abcam, Cam
bridge, MA); GLO1 (ab96032, Abcam) and TXNIP (NBP2-75692, Novus 
Biologicals, Centennial, CO). The following secondary antibodies were 
used: HRP-conjugated goat anti-rabbit antibody or HRP-conjugated goat 
anti-mouse antibody (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA). Membranes were incubated with ECL Western Blotting 
Detection Reagents (Amersham Biosciences, Piscataway, NJ) and 
exposed to BioMax XAR film (Kodak, Rochester, NY). Equal protein 
loading was examined by β-actin detection using a mouse anti-actin 
monoclonal antibody (Sigma Aldrich, St. Louis, MO, USA). For quanti
fication, densitometric image analysis was performed using Image Stu
dio™ Lite quantification software (LI-COR Biosciences, Lincoln, NE) 
[26,31]. 

MMP9 ELISA: Quantikine™ MMP9 ELISA (PDMP900; R&D Systems, 
Minneapolis, MN) was used to measure the 92 kDa Pro- and 82 kDa 
active forms in cell culture supernatants of parental A375 cells and their 
GLO1 isogenic variants. Briefly, supernatants were collected, and sam
ples prepared by removing particulates by centrifugation. Then, 100 μL 
of standards, controls, and 100-fold diluted supernatant samples were 
added to 100 μL of assay diluent in MMP9 pre-coated wells followed by 
ELISA procedure as specified by the manufacturer. Colorimetric analysis 
(450 nm) was performed using a BioTek Synergy 2 Reader (BioTek, 
Winooski, VT). Results were normalized to total sample protein using 
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, 
MA, USA) [26]. 

Cell proliferation assay and population doubling time: Cells 
(1,000 per 35 mm dish) were seeded followed by culture in fresh growth 
medium (72 h). Viable cells (as determined by trypan blue exclusion 
assay) were counted (d0 and d3) using a Cell Viability Analyzer (Beck
man Coulter, Fullerton, CA, USA). Population doubling time (DT) was 
then calculated as follows: DT = T x ln2/ln (Xe/Xb) [T is the incubation 
time (72 h), Xb is the cell number at the beginning of the incubation 
time, and Xe is the cell number at the end of the incubation time] [26]. 

Cell cycle analysis: Cells were harvested by trypsinization, resus
pended in 200 μl PBS, and placed on ice. After addition of 2 ml 70% (v/ 
v) ethanol, 30% (v/v) PBS, cells were incubated for 30 min on ice. The 
fixed cells were pelleted by centrifugation, resuspended in 800 μl PBS, 
100 μl ribonuclease A (1 mg/ml PBS), and 100 μl propidium iodide (PI, 
400 μg/ml PBS), and incubated for 30 min in the dark at 37 ◦C. Cellular 
DNA content was determined by flow cytometry and analyzed using the 
ModFit LT software, version 5.0 (Verity, Topsham, ME, USA) [31,32]. 

M-phase quantification by phospho-histone H3 (Ser10) flow 
cytometry: Cells in M-phase were detected by bivariate flow cytometric 
determination of cellular DNA content (PI-staining) and histone H3 
phosphorylated at Ser 10 [p-H3(Ser10)] using a rabbit derived Alexa- 
488 conjugated antibody (Cell Signaling, Inc., Danvers, MA, USA) ac
cording to the manufacture’s protocol. p-H3(Ser10)-positive cells in M- 
phase were expressed in percent of total gated cells [32]. 

Glucose-metabolite analysis by UPLC-MS analysis: Sugar phos
phate analysis was performed as published recently [33,34]. For 
UPLC-MS (ultra-performance liquid chromatography), a Dionex 3400 
UHPLC system coupled to a 4000 QTRAP mass spectrometer was used. 
The MS instrument was operated in the multiple-reaction monitoring 
(MRM) mode with negative- or positive-ion detection. For quantification 
of selected sugar phosphates [glucose-6P (Glc-6P), glucosamine-6P 
(GlcN-6P), NAc-glucosamine-6P (GlcNAc-6P), ribose-5P (R–5P), 
ribulose-5P (Ru–5P)], each cell pellet was redissolved in 250 μL of 80% 
aqueous methanol. The cell sample was then sonicated in an ice-water 
bath for 5 min and vortexed for 15 s, followed by centrifugation (15, 
000 rpm, 5 ◦C, 15 min). The supernatant was collected, and the protein 
pellet was used for BCA protein assay. For quantification of sugar 
phosphates, 50 μL of each supernatant and standard solutions containing 
stable-isotope-labeled internal standard (such as 13C6-glucose-6P) were 
mixed with 50 μL of 25 mM AEC (3-amino-9-ethylcarbazole) solution, 
followed by addition of 100 μL of 50 mM NaBCNH3 solution and 20 μL of 
acetic acid. The mixtures were allowed to react at 60 ◦C (70 min). After 
reaction, 300 μL of water and 300 μL of chloroform were added to each 
tube. The mixtures were vortexed followed by centrifugation (10,000 
rpm; 10 min). The aqueous phase was then subjected to UPLC-MS 
analysis. For nucleotide [UDP-N-acetylglucosamine (UDP-GlcNAc)] 
analysis, C18-UPLC with gradient elution [ammonium tributylamine 
buffer (mobile phase A) and acetonitrile (mobile phase B); 15% B to 60% 
B over 20 min] was performed followed by negative ion MS detection. 

Glucose uptake by flow cytometry: Cells (100,000/well) were 
seeded in a 6-well plate. After overnight incubation in normal growth 
media, cells were incubated in glucose-free medium for 10 min (37 ◦C, 
CO2 incubator). Then, glucose free media was replaced with HBSS 
supplemented with 2-NBDG (300 μM). After 10 min incubation (37 ◦C), 
cells were collected, washed twice in PBS, and analyzed by flow 
cytometry (FITC channel; Ex/Em 485/535 nm) [35]. 

Cellular oxygen consumption and extracellular acidification 
rates: Oxygen consumption rate (OCR) and extracellular acidification 
rate (ECAR) were measured using the XFe96 Analyzer (Agilent, Santa 
Clara, CA) according to manufacturer’s instructions as published by us 
before [36]. Briefly, 30,000 cells per well were seeded in the XF tissue 
culture plate in normal growth media. The cartridge was hydrated by 
adding 200 μL of calibrant solution to each well and incubated overnight 
in a 37 ◦C non-CO2 incubator. After cartridge calibration, the cell culture 
plate was processed followed by data collection. For OCR, cells were 
washed with XF Cell MitoStress Test Assay Media containing unbuffered 
DMEM (4.5 g/L glucose; 1 mM sodium pyruvate; pH 7.4) using the XF 
Prep Station, followed by incubation (1 h) in the prep-station non-CO2 
incubator. Port A of the cartridge was then loaded with 25 μL of the 
mitochondrial uncoupler FCCP (1 μM). 

Luminescent ATP assay: Cells were seeded at 50,000 cells/dish on 
35-mm dishes. After 24 h, cells were harvested and counted, and ATP 
content per 10,000 cells was determined using the CellTiter-Glo™ 
luminescent assay (Promega, Madison, WI, USA) in 96 well format ac
cording to the manufacturer’s instructions. Data are normalized to ATP 
content in untreated cells [26,32]. 

Detection of intracellular oxidative stress: Induction of intracel
lular oxidative stress by MG was analyzed by flow cytometry using 2′,7′- 
dichlorodihydrofluorescein diacetate (DCFH-DA) as a sensitive non- 
fluorescent precursor dye according to a published standard procedure 
[26,37]. Cells were treated with MG (500 μM, 6 h), followed by 
DCFH-DA loading. Cells were incubated for 60 min in the dark (37 ◦C, 
5% CO2) with culture medium containing DCFH-DA (5 μg/ml). Cells 
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were then harvested and analyzed immediately by flow cytometry. 
Determination of reduced cellular glutathione content: Intra

cellular reduced glutathione was measured using the GSH-Glo™ 
Glutathione assay kit (Promega; San Luis Obispo, CA) [26,30,37]. Cells 
were seeded at 100,000 cells/dish on 35 mm dishes. After 24 h, cells 
were harvested by trypsinization and then counted using a Coulter 
counter. Cells were washed in PBS, and 10,000 cells/well (50 μL) were 
transferred onto a 96-well plate. GSH-Glo reagent (50 μL) containing 
luciferin-NT and glutathione-S-transferase was then added followed by 
30 min incubation. After addition of luciferin detection reagent to each 
well (100 μL) and 15 min incubation luminescence reading was per
formed using a BioTek Synergy 2 Reader (BioTek, Winooski, VT). 

Transwell invasion assay: Matrigel-coated 8 μm pore size trans
lucent 24-well plate transwell chambers (BD Biosciences, San Jose, CA) 
were used to evaluate the invasion potential of A375 cells following a 
published standard procedure [26]. Briefly, 600 μL of normal growth 
medium (10% FBS) was added to the bottom of each well and a total of 
2.5 × 104 cells resuspended in 250 μL of invasion buffer (normal growth 
medium; 0.5% FBS; 0.1% BSA) were seeded on top. After 24 h incuba
tion at 37 ◦C, 5% CO2, non-invading cells were removed by wiping the 
upper side of the membrane, and invading cells fixed with methanol and 
stained with crystal violet (Sigma-Aldrich, St. Louis, MO, USA). The 
number of invading cells was quantified by counting 10 random fields 
per filter at 400 × magnification. 

Anchorage-independent growth on soft agar: Agar (3% in sterile 
water) was autoclaved, kept at 48 ◦C on a water bath and diluted using 
normal growth media (0.6% final concentration), and then poured on a 
6-well plate and solidified at room temperature. After solidification of 
the bottom layer, a top layer was prepared (0.3% final agar concentra
tion containing 20,000 cells). The plate was then incubated for 14 days 
in a cell culture incubator. During this period, cells were fed with normal 
growth media. At the end of the experiment, plates were fixed and 
stained with crystal violet (0.005%). Individual colonies (larger than 70 
μm) were counted using light microscopy [38]. 

Metastasis model in SCID mice: A375 and its GLO1_KO isogenic 
variants (WT, GLO1_KO) were inoculated with 1 × 106 cells resuspended 
in 100 μL HBSS using intravenous (i.v.) tail vein injection of SCID mice. 
The mice (n = 5 per group) were obtained from the University of Arizona 
Cancer Center SCID house colony at the age of 9 weeks with an average 
weight of 20 g. At the end of the experiment (21 d post injection), lungs 
were evaluated for presence and number of metastases, and tissues fixed 
in NBF. This study was performed in accordance with the recommen
dations of the National Institutes of Health (University of Arizona 
Institutional Animal Care and Use Committee; mouse protocol number: 
IACUC 17–298) [26]. 

Human A375 melanoma SCID mouse xenograft model: A SCID 
mouse colony was developed at the University of Arizona using original 
SCID (C⋅B-17/IcrACCSCID) obtained from Taconic (Germantown, New 
York). The mice were housed in microisolator cages (Allentown Caging 
Equipment Company, Allentown, N.J.) and maintained under specific 
pathogen-free conditions. The mice received NIH-31 irradiated pellets 
(Tekland Premier, Madison, WI) and autoclaved water. Animal facilities 
are approved by the Association for the Assessment and Accreditation of 
Laboratory Animal Care International and in accordance with United 
States Department of Agriculture, Department of Health and Human 
Services, and NIH regulations. A375 melanoma cells (1 × 106/100 μL 
HBSS) were injected subcutaneously (lower right flank) on day 0 (n = 10 
per genotype). Tumor growth curves were generated by monitoring 
average tumor volumes (mm3) until day 28 after cell injection followed 
by tumor collection. All procedures were completed in accordance with 
the University of Arizona Institutional Animal Care and Use Committee 
(IACUC) protocol (IACUC 17–298). Specific tumor growth rate (SGR) 
was determined between day 6 (last time point of equal average tumor 
growth between groups) and day 28 (end of experiment with final tumor 
measurement) as follows: SGR = ln (V2/V1)/(t2 – t1), where V1 and V2 
are the tumor volumes at day 6 (t1) and day 28 (t2), respectively [39]. 

Immunohistochemistry: After tumor collection, tissue was fixed in 
10% NBF and processed for paraffin embedment. Sections from each 
tissue block were counterstained with hematoxylin/eosin and analyzed 
for antigen detection: GLO1 (CPTC-GLO1-1; DSHB, Iowa City, IA), 
TXNIP (NBP2-75692, Novus Biologicals), SLC2A1 (GLUT1; ab40084, 
Abcam), GFPT1 (ab25069, Abcam), p21 (2947, Cell Signaling; 1:50), 
PD-L1 (13684, Cell Signaling), and Ki67 (ab15580, Abcam) following 
our published procedures [26,31]. In brief, following deparaffinization 
and hydration, slides were washed and subjected to citric (pH 6.0)/Tri
s-EDTA (pH 9.0) heated antigen retrieval. Slides were then incubated 
with primary antibody. After overnight incubation, slides were washed 
and incubated with anti-mouse/anti-rabbit secondary antibody, washed 
and then incubated with the streptavidin/horseradish peroxidase (RTU 
PK7200, Vector Laboratories, Burlingame, CA, USA). Slides were 
developed with a diaminobenzidine/hydrogen peroxide mixture (Vec
tastain ABC, SK-4103, Vector Laboratories), counterstained with he
matoxylin, dehydrated with graded alcohols and xylene, and mounted 
using a xylene based medium. Negative controls were performed on 
each run, substituting the primary antibody with mouse IgG1 (X0931, 
Agilent/DAKO, Santa Clara, CA, USA). Images were captured using an 
Olympus BX50 and Spot (Model 2.3.0) camera. 

Statistical analysis: Unless stated differently, data sets were 
analyzed employing analysis of variance (ANOVA) with Tukey’s posthoc 
test using the Prism 8.4.3 software (Prism Software Corp., Irvine, CA); in 
respective bar graphs (analyzing more than two groups), means without 
a common letter differ (p < 0.05). For bar graphs comparing two groups 
only, statistical significance was calculated employing the Student’s 
two-tailed t-test, utilizing Excel (Microsoft™, Redmond, WA). The level 
of statistical significance was marked as follows: *p < 0.05. Experiments 
involved at least nine individual replicates per data point, except for 
gene expression array analysis performed with three independent bio
logical replicates analyzed in triplicate format. For NanoString 
nCounter™ expression profiling, individual samples were run in tripli
cate format of biological replicates, and data analysis was performed 
using the nSolver analysis software (4.0). For p-value adjustment 
(Benjamini-Yekutieli False Discovery Rate; p value threshold: 0.05) 
nCounter™ Advanced Analysis software (version 2.0.115) was used. 
Nonparametric data analysis of murine experimentation was performed 
using the Mann–Whitney test. Differences between groups were 
considered significant at *p < 0.05. 

3. Results 

NanoString™ gene expression and cancer pathway analysis iden
tifies pronounced TXNIP upregulation as a consequence of CRISPR/ 
Cas9-based GLO1 deletion in human A375 malignant melanoma cells. 

First, in order to assess consequences of genomic deletion of GLO1 in 
human melanoma cells, NanoString™ nCounter™ analysis (using the 
‘PanCancer Progression’ panel) was performed, comparing gene 
expression between cultured human A375 malignant melanoma cells 
and an isogenic GLO1_KO variant (B40_KO) as engineered by us before 
(Fig. 1) [26]. Out of 740 genes monitored, 141 genes displayed 
expression changes with a statistically relevant change as a function of 
GLO1_KO genotype, depicted as a volcano plot [fold change over p-value 
(Fig. 1a)], heat map [fold change ≥ 2 (Fig. 1b, left panel)], and tabular 
summary of statistically significant gene expression changes [fold 
change ≥ 2 (Fig. 1c, right panel)]. Genes displaying upregulated 
expression by at least 4-fold were identified as TXNIP (14.1-fold), IL1A 
(9.6-fold), CD24 (9.3-fold), CXCL8 (5.2-fold), SERPINF1 (4.7-fold), and 
FSTL1 (4.0-fold). Genes displaying downregulated expression by at least 
4-fold were identified as TGFBI (5.9-fold), MMP9 (5.2-fold), CTSK 
(4.7-fold), and ANGPTL4 (4.7-fold). 

Using nCounter™ Advanced Analysis software, ‘pathway score’ 
profiling identified a number of gene expression networks, characterized 
by differential expression patterns as a function of GLO1_KO status 
(Fig. 1c). Among these, four out of six networks were characterized by 
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upregulation of TXNIP [encoding ‘thioredoxin-interacting protein’; also 
known as VDUP1 (Vitamin D3 up-regulated protein 1)], representing the 
most pronounced gene expression change elicited by GLO1 deletion: (i) 
‘regulation of metabolism’, (ii) ‘cellular growth’, (iii) ‘cell cycle’, and (iv) 
‘metastasis suppression’ (Fig. 1d). In addition, two additional pathways 
(‘EMT to metastasis’ and ‘metastasis response’, attenuated in response to 
GLO1_KO) were identified by score analysis, an observation in concor
dance with our previously published study that documented impaired 
A375 melanoma cell invasion and metastasis observable upon GLO1 
deletion [26]. 

Therefore, our further investigations focused on networks charac
terized by upregulation of TXNIP, representing the most pronounced 
gene expression change associated with GLO1 deletion as identified by 
NanoString nCounter™ analysis. 

Genomic GLO1 deletion upregulates TXNIP expression in human 
DU145 prostate carcinoma and A375 melanoma cells associated with 
attenuation of glucose uptake and metabolism in GLO1_KO cells. 

In addition to upregulation of TXNIP expression, NanoString 
nCounter™ analysis identified other gene expression changes contrib
uting to ‘regulation of metabolism’ pathway score alteration in 
GLO1_KO melanoma cells, i.e. downregulation of LDHA (encoding 
lactate dehydrogenase A) and SLC2A1 (GLUT1 encoding glucose trans
porter 1) (Fig. 1c and d and 2a). TXNIP expression changes (mRNA and 
protein levels) were also confirmed by single RT-qPCR and immunoblot 
analyses (A375 GLO1_WT versus GLO1_KO clones [B40 and C2]; Fig. 2b 
and c). 

Next, we tested if TXNIP upregulation observable in A375 GLO1_KO 

melanoma cells is also detectable in CRISPR/Cas9-engineered DU145 
GLO1_KO prostate carcinoma cells characterized by absence of GLO1 
expression confirmed at the mRNA and protein levels (Fig. 2d,e and 
supplemental Fig. S1). Indeed, pronounced upregulation of TXNIP 
expression occurred in DU145 GLO1_KO clones [A16 and A29] as 
measured at the mRNA and protein levels (Fig. 2d and e). 

We also tested if two pharmacological interventions associated with 
a direct increase in cellular MG levels were able to mimic effects of 
GLO1_KO status on TXNIP expression in A375 cells (Fig. 2f). Strikingly, 
treatment with MG, the oncometabolite inactivated by GLO1 enzymatic 
turnover, as well as treatment with TLSC702, a pharmacological GLO1 
inhibitor elevating cellular MG levels through blockade of MG detoxi
fication, caused significant upregulation of TXNIP expression as detected 
by RT-qPCR [21,40]. Taken together, this evidence (obtained from ge
netic and pharmacological target modulation) suggests that TXNIP 
expression is responsive to GLO1 expression status and that GLO1 might 
control TXNIP through regulation of cellular MG levels. 

Next, we explored the possibility that genetic elimination of GLO1 in 
A375 malignant melanoma cells might be associated with pronounced 
changes affecting glucose metabolism (Fig. 3a–g). To this end, we 
designed experiments based on the established involvement of GLO1 in 
glycolysis-associated MG-detoxification and the critical role of the 
tumor suppressor TXNIP as a key modulator of cellular glucose uptake 
and energy metabolism [41–43]. First, a limited number of 
glucose-related signature metabolites was profiled using quantitative 
UPLC-MRM/MS analysis of cultured human A375 cells compared to an 
isogenic GLO1_KO [B40] variant (Fig. 3a). Pronounced changes 

Fig. 1. NanoString nCounter™ profiling identifies pronounced gene expression changes (including TXNIP upregulation) as a consequence of CRISPR/Cas9-based 
GLO1 deletion in human A375 malignant melanoma cells. NanoString™ analysis (using the nCounter™ PanCancer Progression Panel) was performed comparing 
gene expression between cultured human A375 malignant melanoma cells (GLO1_WT) and an isogenic variant (GLO1_KO [B40]). (a) Volcano plot [fold change (log2) 
versus p-value (log10)] depicting differential gene expression of 740 genes (GLO1_KO versus GLO1_WT; cut-off criteria: fold change ≥ 2; p ≤ 0.05; upregulated: green 
dots; downregulated: red dots). (b) Left panel: heat map depiction of statistically significant expression changes; right panel: table summarizing numerical values of 
up- and downregulated genes; cut off criteria as specified in (a). (c) NanoString nCounter™ covariate plot of gene expression ‘pathway scores’ as a function of GLO1 
genotype identifying GLO1-responsive expression networks. (d) Volcano plots depicting individual expression pathways identified in panel (c) characterized by 
TXNIP upregulation representing the most pronounced expression change: ‘regulation of metabolism’ (out of 16 genes), ‘cellular growth’ (out of 97 genes), ‘cell cycle’ 
(out of 46 genes), and ‘metastasis suppression’ (out of 19 genes). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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indicative of (i) decreased glycolytic entry [glucose-6-phosphate 
(Glc-6P)], (ii) decreased flux through the hexosamine biosynthesis 
pathway (HBP) [glucosamine-6-phosphate (GlcN-6P), N-acetylglucosa
mine-6-phosphate (GlcNAc-6P), uridine diphosphate N-acetylglucos
amine (UDP-GlcNAc)], and (iii) increased flux through the 
pentose-phosphate pathway (PPP) [ribose-5-phosphate (R–5P), 

ribulose-5-phosphate (Ru–5P)] were detectable. 
Cellular glucose uptake was then assessed employing a flow cyto

metric assay that measures uptake of the fluorescent glucose probe 2- 
NBDG (Fig. 3b). Consistent with the glucose metabolite profile 
(glucose-6-phosphate) and downregulation of SLC2A1 (GLUT1) 
described above [Figs. 2a and 3a], GLO1_KO status was associated with 

Fig. 2. Genetic deletion of GLO1 causes upregulation of TXNIP expression in DU145 prostate carcinoma and A375 malignant melanoma cells, and TXNIP expression 
is sensitive to pharmacological modulation using the GLO1 inhibitor TLSC702. (a) NanoString nCounter™ pathway score analysis of ‘regulation of metabolism’ (box 
plot depiction); single panels indicate comparative metabolism-related gene expression [TXNIP, SLC2A1 (GLUT1), LDHA]. (b–c) TXNIP expression in A375 melanoma 
(GLO1_WT versus GLO1_KO clones [B40 and C2]) as confirmed by independent RT-qPCR (b) and immunoblot (c) analyses; bar graph depicts immunoblot quanti
fication over β-actin control. (d–e) TXNIP expression in DU145 prostate carcinoma cells (GLO1_WT versus GLO1_KO clones [A16 and A29]) as confirmed by in
dependent RT-qPCR (d) and immunoblot (e) analyses; bar graph depicts immunoblot quantification over β-actin control. (f) TXNIP expression in A375 melanoma 
cells (GLO1_WT) exposed to MG-modulatory treatments [left panel: MG dose response; right panel: GLO1-inhibitor (TLSC702) dose response (24 h continuous 
exposure)] as confirmed by RT-qPCR analysis; molecular structures included. For all bar graph depictions, quantitative data analysis employed ANOVA with Tukey’s 
post hoc test; means without a common letter differ from each other (p < 0.05). For bar graphs comparing two groups only, statistical significance was calculated 
employing the Student’s two-tailed t-test (*p < 0.05). 
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an attenuation of cellular glucose uptake detectable in two KO clones 
{GLO1_KO [B40]: 50% downregulation; GLO1_KO [C2]: 42% down
regulation (relative to GLO1_WT); Fig. 3b}. Strikingly, oxygen con
sumption rates (OCR) as determined by metabolic flux analysis were 
increased significantly in GLO1_KO cells (Fig. 3c). Specifically, under 
conditions of chemical uncoupling (using FCCP), maximum mitochon
drial oxygen consumption was increased by almost 15% in KO as 

compared to WT cells, and a small yet significant increase of basal ox
ygen consumption by approximately 5% was detectable in KO cells. 
Concordantly, KO cells displayed an approximately 30% reduction in 
extracellular acidification rate (ECAR) as compared to the isogenic 
wildtype control (Fig. 3d). At the same time, cellular ATP levels 
remained unchanged in KO as compared to WT cells (Fig. 3e). These 
observations concerning glucose uptake and metabolite profile (Fig. 3a 

Fig. 3. Genetic deletion of GLO1 is associated with altered glucose uptake and metabolism in human A375 melanoma cells. (a) Glucose-derived signature metabolite 
profiling of cultured human A375 malignant melanoma (GLO1_WT) versus isogenic GLO1_KO [B40] cells by quantitative UPLC-MRM/MS analysis (HBP: hexosamine 
biosynthesis pathway; PPP: pentose phosphate pathway). (b) Glucose uptake as assessed by flow cytometry using the fluorescent glucose analogue 2-NBDG. His
tograms (left panels) display representative measurements; bar graph (right panel) summarizes numerical analysis. (c) Oxygen consumption rate (OCR) as deter
mined by Seahorse™ metabolic analysis using the mitochondrial uncoupler FCCP. Image displays a representative OCR time course (left panel); bar graph 
summarizes numerical analysis of basal and maximal respiration (right panel). (d) Glycolytic extracellular acidification rate (ECAR) as determined by Seahorse™ 
metabolic analysis; bar graph summarizes numerical analysis. (e) Cellular ATP levels (normalized to cell number) as determined using CellTiter-Glo™ luminescence 
analysis. (f,g) Expression of glucose metabolism-related genes (including PDL1) as analyzed by (f) RT-qPCR and (g) immunoblot analysis of GLO1_WT versus 
GLO1_KO [B40 and C2] cells; bar graph summarizes immunoblot quantifications over β-actin control. For all bar graph depictions, quantitative data analysis 
employed ANOVA with Tukey’s post hoc test; means without a common letter differ from each other (p < 0.05). For bar graphs comparing two groups only, statistical 
significance was calculated employing the Student’s two-tailed t-test (*p < 0.05). 
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and b), oxygen consumption (Fig. 3c), glycolytic acidification (Fig. 3d), 
and ATP levels (Fig. 3e) suggest that in GLO1_KO cells an attenuation of 
glucose utilization is counterbalanced by increased mitochondrial oxy
gen consumption maintaining ATP levels, an observation consistent 
with metabolic reprogramming, a hypothesis to be tested by more 
detailed mechanistic experiments. 

Next, guided by the observation that glucose uptake and metabolism 
through HBP were attenuated in GLO1_KO cells (Fig. 3a and b), 
expression of SLC2A1 together with GFAT1 and GFAT2 (encoding the 
HBP key enzymes glutamine-fructose-6-phosphate transaminase 1 and 
2, respectively) was assessed by RT-qPCR (Fig. 3f). Indeed, down
regulation of GFAT1, GFAT2, and SLC2A1 mRNA expression was 
observable in GLO1_KO cells [B40 and C2] (displaying the characteristic 
absence of detectable GLO1 with unchanged GLO2 mRNA levels). 
Immunoblot analysis confirmed this observation at the protein level 
(Fig. 3g). 

Finally, since tumor glucose metabolism (as associated with high flux 
through glycolysis and the hexosamine pathway) has recently been 
shown to modulate expression of specific genes relevant to cancer cell 
immune evasion, we focused on expression of PDL1, an important 
endogenous immunosuppressive mediator expressed by melanoma cells 
(including cultured A375; Fig. 3f and g) [44–48]. Indeed, we observed 
that PDL1 expression (GLO1_WT versus GLO1_KO [B40 and C2]) was 
attenuated as a consequence of GLO1_KO status, both at the mRNA and 
protein levels, a remarkable observation given the importance of PD-L1 
as a crucial target for clinically relevant melanoma immunotherapeutic 
intervention. 

Genomic deletion of GLO1 alters oxidative stress response gene 
expression in human A375 malignant melanoma cells. 

GLO1_KO clones were also profiled for alteration of redox stress 
response gene expression, an analysis guided by the established role of 
TXNIP as an antagonistic modulator of thioredoxin function and key 
regulator of cellular redox homeostasis [49,50]. To this end, since only a 
limited number of redox-directed genes (including TXNIP) was interro
gated by our NanoString nCounter™ ‘PanCancer Progression’ Panel, 
comparative human Oxidative Stress Plus RT2 Profiler™ gene expres
sion array analysis was performed with GLO1_WT and GLO1_KO [B40 
and C2] cells (Fig. 4a–d). Pronounced modulation of redox-related gene 
expression as a function of GLO1 deletion was detected, shown by vol
cano and heat map depiction (Fig. 4a–b). In both GLO1_KO clones, out of 
84 genes, 17 displayed upregulation and 13 downregulation by more 
than two-fold (Fig. 4c). Between KO clones, gene-specific changes 
(relative to WT control) occurred with comparable magnitude, 12 of 
which are featured in bar graph format (Fig. 4d). 

Specifically, expression of TXN (encoding thioredoxin), an estab
lished consequence of increased TXNIP expression, displayed pro
nounced downregulation in GLO1_KO clones (Fig. 4b–d) [41]. 
Moreover, expression of genes encoding thioredoxin-regenerating en
zymes was changed dramatically, with TXNRD1 (encoding cytosolic 
thioredoxin reductase 1) and TXNRD2 (encoding mitochondrial thio
redoxin reductase 2) displaying pronounced down- or upregulation, 
respectively. Likewise, genes encoding thioredoxin-dependent antioxi
dant enzyme systems of the peroxiredoxin class displayed significant 
expression changes (up-regulated: PRDX2, PRDX5; down-regulated: 

Fig. 4. Genetic deletion of GLO1 alters redox stress response gene expression in human A375 melanoma cells. (a) RT2 Profiler™ PCR array analysis of redox stress 
response genes expression (GLO1_KO clones [B40 and C2] relative to GLO1_WT). Volcano plot depicts differential gene expression (cut-off criteria: expression 
differential ≥ 2; p value ≤ 0.05; filled circles: GLO1_KO [B40]; empty circles: GLO1_KO [C2]). (b–c) Heat map depiction of statistically significant expression changes 
(log2 fold change) revealing clustered modulation of redox-related genes as a function of GLO1 deletion [as summarized numerically in (c)]. (d) GLO1-modulated 
‘oxidative stress response’ as revealed at the single gene expression level (GLO1_WT versus GLO1_KO clones [B40 and C2]): thioredoxin-related: TXN, TXNRD1, 
TXNRD2, PRDX1, PRDX2; glutathione-related: GSS, GSR, GSTZ1; other antioxidant factors: SRXN1, CAT, SOD3; inflammation: PTGS1. Bar graphs depict fold change 
(logarithmic or metric scale according to data range). (e) Oxidative stress (GLO1_WT versus GLO1_KO clones [B40 and C2]) as monitored by flow cytometric 
detection of DCF fluorescence [with or without MG treatment (500 μM, 2h)]. (f) Intracellular reduced glutathione content as assessed by luminescence intensity 
(GSH-Glo™) normalized to cell number (GLO1_WT versus GLO1_KO clones [B40 and C2]). For all bar graph depictions, quantitative data analysis employed ANOVA 
with Tukey’s post hoc test; means without a common letter differ from each other (p < 0.05). 
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PRDX1, PRDX3). 
Also, displaying consistent overexpression as a function of GLO1_KO 

status, pronounced upregulation of SRXN1 (encoding sulfiredoxin, an 
enzyme involved in reductive regeneration of hyper-oxidized peroxir
edoxins) was observed (Fig. 4b–d). Likewise, in GLO1_KO clones, 
expression of numerous key antioxidant factors involved in glutathione 
metabolism (i.e. synthesis, reductive regeneration, and electrophilic 
detoxification) was upregulated, including GSS (encoding the gluta
thione biosynthesis enzyme glutathione synthetase), GSR (encoding 
glutathione reductase), and GSTZ1 (encoding the glutathione-dependent 
enzyme glutathione-S-transferase zeta) (Fig. 4b–d). Numerous other 
genes encoding a broad range of antioxidant enzymes was upregulated 
as a consequence of GLO1 deletion including CAT (encoding catalase), 
SOD3 (encoding superoxide dismutase 3), and HMOX1 (encoding heme 
oxygenase 1). Of note, our oxidative stress gene expression array anal
ysis also revealed that GLO1_KO status was associated with significant 
upregulation of PTGS1 (encoding the pro-inflammatory enzyme cyclo
oxygenase-1). 

Next, overall cellular oxidative stress was monitored by flow cyto
metric detection of 2′,7′-dihydrodichlorofluorescein-diacetate (DHDCF) 
oxidation (Fig. 4e). Remarkably, no changes were observable between 
GLO1_WT and KO cells (not exposed to external electrophilic stressors), 

even though MG exposure upregulated ROS levels in KO cells to a higher 
extent than that observable in wildtype cells, an observation docu
mented previously [26]. Consistently, detection of reduced cellular 
glutathione revealed no changes observable between untreated WT and 
KO clones, not challenged by exposure to electrophilic stressors (Fig. 4f). 
Additional evidence in support of a regulatory function of GLO1 
expression in A375 melanoma cell redox homeostasis was derived from 
the use of a rescue clone generated by CMV-driven GLO1 re-expression 
in KO cells (A375-GLO1_R), an experimental tool used by us before [26] 
(supplemental Fig. S2). Our molecular analysis indicated that rescue 
expression of GLO1 [associated with restoration of GLO1 mRNA levels 
and GLO1 enzymatic activity (supplemental Fig. S2a,b)] reversed TXNIP 
mRNA upregulation (supplemental Fig. S2c). Moreover, rescue expres
sion of GLO1 reversed MG-induced oxidative stress (supplemental 
Fig. S2d) and redox-related stress response gene expression (TXNRD2, 
GSTZ1, SRXN1, HMOX1; supplemental Fig. S2e), all of which are asso
ciated with GLO1 deletion in A375 melanoma cells. 

Taken together, these data indicate that GLO1 deletion causes a 
pronounced alteration of redox regulatory gene expression in A375 
melanoma cells characterized by upregulated expression of a broad 
array of specific redox regulatory factors [including TXNIP (Fig. 2a and 
b), TXNRD2, PRDX2, PRDX5, SRXN1, GSS, GSR, GSTZ1, CAT, SOD3 

Fig. 5. Genetic deletion of GLO1 shortens population doubling time while increasing M-phase cell cycle population and enhancing clonogenicityof human A375 
melanoma cells. (a) NanoString nCounterTM pathway score analysis of ‘cell cycle’ and ‘cellular growth’ (top: box plot depiction); single panels (bottom) indicate 
comparative gene expression [CD24, CDKN1A, CXCL8, FSTL1, IL1A, RRAS]. (b) CDKN1A expression in A375 melanoma (GLO1_WT versus GLO1_KO clones [B40 and 
C2]) as confirmed by RT-qPCR (left) and immunoblot (right) analysis. Bar graph summarizes protein levels over β-actin control. (c) Alteration of cell cycle and 
population doubling time: Top panel (left): Representative cell cycle histograms per treatment group as assessed by flow cytometry of PI-stained cells. Top panel 
(right): Cell cycle distribution as summarized by bar graph depiction. Bottom panel (left): Population shift from G1-towards S- and G2/M-phases as visualized by flow 
cytometric analysis [PI versus FSC (forward scatter); representative images]. Bottom panel (right): Population doubling time (hr) as determined by proliferation 
analysis summarized by bar graph depiction. (d) M-phase population assessment as measured by flow cytometry of phospho-histone H3 (Ser10) versus PI-double- 
stained cells (left panels: representative images); right panel: summary of numerical results as a function of GLO1_KO status. (e) Colony formation was assessed by 
determining anchorage-independent growth in soft agar; representative images after crystal violet staining (left panels) as summarized by bar graph depiction (right 
panel). For all bar graph depictions, quantitative data analysis employed ANOVA with Tukey’s post hoc test; means without a common letter differ from each other 
(p < 0.05). For bar graphs comparing two groups only, statistical significance was calculated employing the Student’s two-tailed t-test (*p < 0.05). . (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

J. Jandova and G.T. Wondrak                                                                                                                                                                                                               



Redox Biology 39 (2021) 101838

10

(Fig. 4)]. These changes might serve compensatory antioxidant func
tions maintaining redox homeostasis in the absence of GLO1. 

Genomic GLO1 deletion shortens population doubling time with 
increased M-phase cell cycle population and anchorage-independent 
growth, while limiting A375 melanoma cell invasive potential and 
metastasis. 

Next, guided by NanoString nCounter™ analysis we focused on 
expression changes consistent with the observed alteration of ‘cell cycle 
regulation’ and ‘cellular growth’ pathway scores observable upon GLO1 
deletion (Fig. 1c and d and 5a). Remarkably, among the most pro
nounced gene expression changes identified by NanoString™ analysis, 
many are associated with dysregulated proliferation and cell cycle 
control during melanomagenesis, including upregulated: CD24 (9.6- 
fold), IL1A (9.3-fold), CXCL8 (5.2-fold), FSTL1 (4.0-fold), RRAS (2.4- 
fold); and downregulated: CDKN1A (2.4-fold) [32,51–55]. For example, 
recent research indicates a crucial role of CD24 as a cancer stem-like cell 
marker and driver of anchorage-independent growth and tumorigenesis 
in cutaneous melanoma [55]. Likewise, upregulation of CXCL8 and IL1A 
expression has earlier been shown to be involved in increased melanoma 

cell proliferation, clonogenicity, and tumorigenesis, and an inverse 
relationship between expression of IL1A and CDKN1A has been estab
lished in a panel of cultured malignant melanoma cells (including A375 
cells) [52,53]. Given the importance of CDKN1A encoding the 
cyclin-dependent kinase inhibitor p21Cip1, a crucial inhibitor of cell 
cycle progression, we further confirmed downregulation of CDKN1A 
expression [as already indicated by NanoString™ analysis (Figs. 1b–5a)] 
by RT-qPCR and immunoblot analysis (Fig. 5b). 

Subsequent cell cycle analysis indicated that cells lacking GLO1 
expression displayed a significant increase in S- and G2/M-phase sub
populations (by approximately 5%, each), concomitant with an 
approximately 10% decrease in the G1-phase subpopulation (Fig. 5c, top 
panels and bottom, left panels). Further analysis based on flow cyto
metric detection of the M-phase marker phospho-histone H3 [pH3 
(Ser10)] indicated an almost 40% increase in cells transiting through M- 
phase (out of the total G2/M population) (Fig. 5d). Importantly, 
phenotypic analysis revealed that A375 cells lacking GLO1 expression 
displayed a shortened population doubling time (GLO1_WT: 16.17 ±
0.36 h; GLO1_KO [B40]: 13.82 ± 0.23 h; GLO1_KO [C2]: 14.53 ± 0.24 h; 

Fig. 6. Genomic GLO1 deletion antagonizes EMT-related gene expression with suppression of metastasis in a murine melanoma. (a) NanoString nCounter™ pathway 
score analysis of ‘EMT to metastasis’, ‘metastasis response’, and ‘metastasis suppression’ (box plot depiction). (b) NanoString nCounter™ single gene depiction of 
EMT- and metastasis-related gene expression. (c) Invasion through Matrigel-coated Boyden chambers (GLO1_WT; GLO1_KO [B40]); bar graph (left panel) depicts 
numerical analysis. Left panel also displays MMP9 protein levels in conditioned medium (determined by ELISA analysis); right panel: representative images obtained 
after crystal violet staining of inserts. (d) Melanoma cells (A375 GLO1_WT; GLO1_KO [B40]) were tail vein injected (five SCID mice per group) followed by analysis of 
lung metastasis 21 d later (top panel: experimental scheme). Representative lung specimens are depicted (right panels). Bar graph summarizes numerical analysis of 
metastases per lung (left panel). For bar graphs comparing two groups only, statistical significance was calculated employing the Student’s two-tailed t-test (*p <
0.05). Nonparametric data analysis of murine experimentation was performed using the Mann–Whitney test (*p < 0.05). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5c, bottom, right panel), a finding consistent with the observed cell 
cycle alterations, shifting cells towards S- and M-phase (Fig. 5c). In 
addition, these cells displayed an increased capacity for anchorage- 
independent growth as confirmed by 3D soft agar colony formation 
assay documenting an up to 20-fold increase in colony number in 
GLO1_KO clones (Fig. 5e). Taken together, these data indicate that loss 
of GLO1 expression is associated with gene expression changes and 
phenotypic alterations consistent with shortened population doubling 
time, accelerated cell cycle progression, and increased anchorage- 
independent growth. 

Previously we have identified GLO1 expression as an important 
determinant of melanoma cell invasion and metastasis associated with 
pronounced modulation of epithelial mesenchymal transition (EMT)- 
related gene expression [26]. NanoString nCounter™ expression 
profiling largely confirmed and expanded these prior observations 
(Fig. 6). Specifically, altered expression of gene networks related to 
‘EMT to metastasis’, ‘metastasis response’, and ‘metastasis suppression’ were 
identified by pathway score analysis (Figs. 1c–6a). In addition to 
expression changes indicative of EMT suppression [as observed before 
[26]; including downregulation of MMP9 (5.2-fold), VIM (2.7-fold), and 
SNAI2 (2.3 fold); Fig. 6b], NanoString™ analysis revealed additional, 
heretofore unrecognized expression changes [downregulation: TGFBI 
(5.9-fold), CTSK (4.7-fold), ANGPTL4 (4.7-fold), FLT1 (3.8-fold), CAV1 
(3.2-fold), MGP (3.1-fold), KDR (3.1-fold), TLR4 (3.0-fold), NR4A1 
(2.9-fold), THBS1 (2.8-fold); upregulation: SERPINF1 (PEDF; 4.7-fold); 
(Fig. 6b)], all with established roles in melanoma invasion and metas
tasis, and therefore potentially involved in attenuation of EMT in 
response to GLO1 deletion [56–63]. 

Finally, an invasion assay conducted together with ELISA-based 
determination of extracellular MMP9 levels largely reiterated our 

published observation that GLO1_KO status is associated with significant 
suppression of melanoma cell invasiveness and MMP9 production 
(Fig. 6c) [26]. Strikingly, a tail vain injection metastasis model using 
SCID mice indicated that genetic deletion of GLO1 significantly atten
uates lung metastasis of A375 melanoma cells (Fig. 6d). 

Genomic deletion of GLO1 accelerates tumor growth in a SCID mouse 
xenograft model of human A375 malignant melanoma. 

Next, the impact of genetic GLO1 status on A375 melanoma tumor
igenicity was examined in a relevant SCID mouse model assessing tumor 
growth after subcutaneous injection (28 d period; Fig. 7a). Strikingly, 
specific tumor growth rates (% per day) of GLO1_KO cell clones signif
icantly surpassed that of wildtype cells (GLO1_WT: 9.23; GLO1_KO 
[B40]: 15.24; GLO1_KO [C2]: 13.56). Accordingly, average tumor size 
(mm3) at the end of the experiment differed greatly as a function of 
GLO1 genotype (GLO1_WT: 455.8 ± 140.6; GLO1_KO [B40]: 1579.2 ±
262.9; GLO1_KO [C2]: 1029.7 ± 239.1; Fig. 7a and b). 

Next, comparative immunohistochemical analysis of tumor speci
mens was performed (Fig. 7b and c). First, differential GLO1 expression 
status was confirmed at the protein level, and expression of antigens 
related to proliferation and cell cycle control (p21, Ki67) was consistent 
with the observed growth rates. Likewise, differential expression of 
tumor antigens representing metabolic and redox control (TXNIP, 
SLC2A1, GFPT1) as well as immune evasion (PD-L1) was observed as a 
function of GLO1 genotype (Fig. 7c). Concordantly, RT-qPCR analysis of 
tumor-derived mRNA confirmed critical expression changes [including 
CDKN1A, TXNIP, SLC2A1, GFPT1, GFPT2, MMP9, PDL1] already 
observed at the cell culture level (Fig. 7d). Taken together, these ob
servations obtained in a murine xenograft model suggest that genomic 
GLO1 deletion accelerates tumor growth in a SCID mouse xenograft 
model of human A375 malignant melanoma. 

Fig. 7. Genomic GLO1 deletion accelerates tumor growth in a SCID mouse xenograft model of human A375 malignant melanoma. (a) A375 melanoma cells (three 
groups: GLO1_WT; GLO1_KO [B40]; GLO1_KO [C2]) were injected subcutaneously (ten mice per group) followed by assessment of tumor growth over a 28 d period; 
top panel: injection scheme; bottom panel: tumor burden as a function of genotype and time. (b–d) At the end of the experiment, tumors were processed for gene 
expression analysis by RT-qPCR and immunohistochemical staining. (b) Representative tumor images (dorsal, right flank, s. c.; top panels) with Ki67 immunohis
tochemical analysis of tumor specimens (bottom panels; 20x magnification) as summarized by bar graph depiction (right panel). (c) Immunohistochemical analysis of 
tumor specimens (GLO1_WT; GLO1_KO [B40]; 20x magnification); quantitative analysis as summarized by bar graph depiction (right panels). (d) RT-qPCR 
assessment of gene expression as a function of tumor GLO1 genotype (GLO1_WT; GLO1_KO clones [B40 and C2]). For all bar graph depictions, quantitative data 
analysis employed ANOVA with Tukey’s post hoc test; means without a common letter differ from each other (p < 0.05). For bar graphs comparing two groups only, 
statistical significance was calculated employing the Student’s two-tailed t-test (*p < 0.05). Nonparametric data analysis of murine experimentation was performed 
using the Mann–Whitney test (*p < 0.05). 
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4. Discussion 

Cumulative evidence supports a role of GLO1 expression in tumori
genesis that may involve various mechanisms including alteration of 
cellular energy and redox homeostasis, defense against electrophilic 
carbonyl and chemotherapeutic stress, and epigenetic control of histone 
adduction and gene expression [8,9,11–16]. Specifically, an oncome
tabolic function of the glycolytic byproduct MG, regulated by the 
glyoxalase detoxification system, has been substantiated by numerous 
lines of investigation, and a double-edged, hormetic role of MG, serving 
pro-proliferative and tumorigenic functions at low concentrations while 
displaying cytotoxic, anti-proliferative, and tumor-suppressive activities 
at higher concentrations, has been demonstrated [6,8,11,13,16,24,64]. 

Here, employing NanoString™-based expression profiling and 
pathway analysis followed by phenotypic characterization, we have 
generated novel experimental evidence suggesting that CRISPR/Cas9- 
based deletion of GLO1 is accompanied by gene expression changes 
involved in (i) attenuation of melanoma cell glucose uptake and energy 
metabolism, (ii) alteration of redox homeostasis, (iii) acceleration of cell 
cycle progression and proliferation, (iv) impairment of invasiveness and 
metastasis, and (v) potentiation of tumor growth in a murine xenograft 
model. 

TXNIP upregulation, the most pronounced gene expression change 
observed as a consequence of CRISPR/Cas9-based GLO1 deletion, was a 
common feature shared between ‘cancer metabolism’, ‘cell cycle’, 
‘proliferative control’, and ‘EMT to metastasis’ pathways as assigned by 
NanoString™ Pathway Score analysis (Fig. 1). Importantly, a crucial 
role of the tumor suppressor TXNIP and in the control of glucose 
metabolism, redox homeostasis, and tumorigenic progression has been 
demonstrated before, attributed largely to thioredoxin antagonism and 
modulation of thioredoxin-dependent antioxidant enzymes, attenuation 
of GLUT1-dependent glucose uptake and glycolytic metabolism, HIF1α- 
antagonism, and miR-dependent antagonistic regulation of EMT-related 
transcription factors. Binding thioredoxin at the redox-critical site, the 
tumor suppressor TXNIP antagonizes thioredoxin function, thereby 
controlling DNA synthesis, transcription factor activity, proliferation 
(through modulation of peroxiredoxin 1) and apoptosis [through mod
ulation of apoptosis signal-regulating kinase 1 (ASK1)] [41–43,49,50, 
65–68]. 

Importantly, in human melanoma, TXNIP expression has been shown 
to inhibit melanoma cell invasiveness without causing an attenuation of 
proliferative capacity, and B16F10 melanoma cells transfected with 
TXNIP displayed decreased lung metastasis in C57BL/6 mice resulted in 
decreased, and TXNIP has now been identified as a miR-regulated 
metastasis suppressor predicting melanoma patient survival [65–68]. 

Given the important role of TXNIP as a negative regulator of mela
nomagenesis, it will be important to elucidate the specific molecular 
mechanism of GLO1-dependent TXNIP regulation as supported here for 
the first time by genetic and pharmacological evidence. In this context, it 
is tempting to speculate that modulation of cellular MG, now recognized 
as an important glycolysis-derived oncometabolite involved in various 
aspects of tumorigenesis, might determine TXNIP responsiveness to 
genomic GLO1 deletion. Indeed, it will be interesting to examine if 
control of TXNIP expression occurs downstream of the GLO1 metabolite 
MG, an established electrophilic signaling molecule impacting various 
molecular targets (including NRF2 and miRs) that are known to regulate 
TXNIP mRNA levels [6,66,69–71]. Our observation that TXNIP upre
gulation occurred in response to GLO1 inhibition by TLSC702 and also 
in response to treatment with the GLO1 substrate MG supports this hy
pothesis (Fig. 2f). Moreover, TXNIP upregulation was also observable in 
DU145 prostate carcinoma cells with genomic GLO1 deletion (Fig. 2d 
and e). Obviously, more detailed mechanistic studies (performed in a 
wider range of diverse melanoma cell lines) are required to explore 
molecular basis and causative role of GLO1 in the modulation of mela
noma cell gene expression (including TXNIP) identified by NanoString 
nCounter™ analysis (Fig. 1). 

Remarkably, we were able to demonstrate an attenuation of cellular 
glucose uptake as a consequence of GLO1 deletion (Fig. 3b), observable 
together with downregulation of SLC2A1 (Figs. 2a and 3f). In contrast, 
even though cellular ATP levels were not modulated as a function of 
GLO1 expression, we observed that OCR was increased in GLO1_KO cells 
with concomitant ECAR reduction as substantiated by Seahorse meta
bolism analysis, indicative of increased mitochondrial respiration 
compensating for reduced glucose uptake and glycolytic flux, a hy
pothesis to be tested by future experiments (Fig. 3c–e). Indeed, alter
ation of glucose metabolism in GLO1_KO cells was evidenced by 
depletion of key metabolites essential to glycolysis (Glc-6P) and the 
hexosamine biosynthesis pathway (HBP: GlcN-6P, GlcNAc-6P, UDP- 
GlcNAc), accompanied by an increase in PPP intermediates (R–5P, 
Ru–5P) (Fig. 3e). Consistent with a lowering of HBP-related glucose 
metabolites as result of GLO1 deletion, we also observed the down
regulated expression of hexosamine pacemaker enzymes (encoded by 
GFAT1 and GFAT2; Fig. 3f and g). Interestingly, HBP inhibition using a 
small molecule pharmacological GFAT1-inhibitor has recently been 
identified as a promising cancer drug target blocking metastasis and PD- 
L1-mediated immune evasion through alteration of extracellular protein 
glycosylation downstream of UDP-GlcNAc depletion [47]. Future 
research will aim at elucidating the molecular mechanisms connecting 
GLO1 expression status, and modulation of cellular MG metabolism with 
TXNIP-dependent control of glucose metabolism (glycolysis, HBP, PPP), 
a pathway that might offer novel therapeutic approaches targeting 
oncometabolism. Indeed, we observed that PDL1 expression, associated 
with oncometabolic alterations in various malignancies including ma
lignant melanoma, was suppressed in cultured GLO1_KO melanoma cells 
and tumors (Fig. 3f and g and Fig. 7c and d), opening the possibility that 
PDL1 expression, crucial to tumor cell immune evasion, might be 
amenable to therapeutic modulation by genetic or pharmacological 
GLO1 antagonism [48]. 

Following our key observation of pronounced TXNIP upregulation as 
a result of GLO1 deletion (Figs. 1 and 2a-c), our subsequent redox- 
focused gene expression array analysis revealed that upregulated 
expression of genes controlling glutathione, i.e. biosynthesis (SLC7A11, 
GSS), regeneration (GSR), and glutathione-dependent detoxification 
(GPX1, GPX4, GSTZ1, GSTP1) (Fig. 4a–d). Moreover, as a consequence 
of GLO1 deletion, alteration of the thioredoxin-related antioxidant 
network (TXN, TXNRD1, TXNRD2, PRDX1, PRDX2, PRDX3, PRDX5, 
SRXN1) together with upregulated expression of other major antioxi
dant defense factors including catalase (CAT) and extracellular super
oxide dismutase 3 (SOD3) were observed. These pronounced expression 
changes [together with detection of elevated levels of PPP intermediates 
(Fig. 3a)] might be indicative of an adaptational change in redox ho
meostasis as a result of GLO1 deletion and TXNIP upregulation, consis
tent with the observation that no significant alteration of baseline 
cellular oxidative stress and glutathione levels were detectable in cells 
unless challenged by external MG (Fig. 4e and f). Further evidence in 
support of GLO1 control of TXNIP and redox response gene expression 
was obtained from the observation that rescue expression of GLO1 
reversed TXNIP upregulation, redox-related stress response gene 
expression (TXNRD2, GSTZ1, SRXN1, HMOX1), and MG-induced 
oxidative stress, all of which are associated with GLO1 deletion in 
A375 melanoma cells (supplemental Fig. S2). 

Guided by NanoString™ pathway score analysis, we also focused on 
the phenotypic assessment of proliferation, cell cycle progression, and 
clonogenicity as a function of GLO1_KO status (Fig. 5). Indeed, our cell 
cycle and proliferation analysis indicated an increase in cell populations 
in S- and M-phase, a decrease in population doubling time, and an in
crease in anchorage-independent growth/clonogenicity. These pheno
typic characteristics are consistent with gene expression changes 
observable in GLO1_KO cells (including CD24, CXCL8, IL1A), all of 
which have been shown before to upregulate melanoma cell prolifera
tive capacity, anchorage-independent growth, and tumorigenicity [32, 
52,53,55]. Likewise, NanoString™ pathway score analysis indicated 
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downregulation of CDKN1A [encoding p21 (CIP1/WAF1), the cyclin 
dependent kinase inhibitor and suppressor of cell cycle progression], 
confirmed by us independently by RT-qPCR and immunoblot analysis. 

NanoString™ analysis also revealed significant modulation of EMT- 
related genes that occurs in response to GLO1_KO status, confirming and 
expanding our prior data that have already identified expression changes 
of numerous EMT-related genes (including MMP9, SNAI2, VIM) observ
able in GLO1_KO A375 melanoma cells (Fig. 6) [26]. Strikingly, a large 
number of genes shown here for the first time to be responsive to GLO1 
expression status (including TXNIP, ANGPTL4, CAV1, CTSK, FLT1, KDR, 
NRP1, NR4A1, SERPINF1, TGFBI, THSB1, TLR4) have previously been 
associated with EMT in melanomagenesis [56–63,65]. For example, 
concerted upregulation of VEGF-receptor expression (FLT1, KDR, NRP1) 
together with trombospondin-1 (THSB1) has been associated with mela
noma progression [56]. Likewise, TLR4 has been identified as a driver of 
melanoma metastasis and angiotropism, and SERPINF1 (upregulated in 
response to GLO1_KO status) encoding pigment epithelium-derived factor 
(PEDF) is an established anti-metastatic and anti-angiogenic factor in 
human melanoma [59,61,72]. As observed before, invasive potential of 
A375 melanoma cells was downregulated in vitro (Fig. 6c), and metastasis 
was suppressed in vivo as a consequence of GLO1_KO status (Fig. 6d)] [26]. 

In striking contrast to impaired metastatic potential and consistent 
with increased proliferative capacity and cell cycle alterations observed 
in vitro (Fig. 5), tumor growth rate of GLO1_KO as compared to wildtype 
cells was accelerated significantly (Fig. 7). Interestingly, immunohisto
chemical analysis confirmed the sustained maintenance of key expres
sion changes associated with GLO1_KO status (upregulated: TXNIP; 
downregulated: GLUT1, GFAT1, GFAT2, CDKN1A) together with upre
gulation of the proliferation marker Ki-67. Also, tumor MMP9 expres
sion was downregulated, an observation consistent with inhibition of 
EMT and metastatic potential, as documented and discussed before [22, 
26]. Strikingly, as already observed in cell culture (Fig. 3f and g), 
downregulation of PDL1 expression was maintained in tumors lacking 
GLO1 expression, an observation confirmed at the mRNA and protein 
levels (Fig. 7c and d). 

Taken together, these data indicate that GLO1 deletion from A375 
melanoma cells is associated with pronounced acceleration of in vivo 
tumorigenicity that, paradoxically, occurs with attenuation of meta
static potential. This striking phenotype is consistent with our Nano
String nCounter™ gene expression profiling revealing alterations that 
impact energy metabolism, redox homeostasis, proliferative and cell 
cycle control, and EMT/metastatic potential. Interestingly, the 
development of metastatic melanoma has been shown to require the 
dynamic shift of malignant cells between proliferative and invasive 
phenotypes, and it is therefore possible that decreased metastatic 
potential downstream of GLO1 elimination is associated with 
increased proliferative capacity as observed by us (Figs. 5–7) [73–75]. 
Specifically, cumulative evidence suggests that melanoma aggres
siveness originates from an intrinsic plasticity referred to as ‘pheno
type switching’ driving tumor progression, allowing the dynamic, 
reversible, and seemingly paradoxical transformation of malignant 
cells between a hyper-proliferative/hypo-invasive to a hypo-prolifera 
tive/hyper-invasive stage [73–75]. Thus, it might be hypothesized 
that this molecular switch is amenable to modulation by GLO1 elim
ination or pharmacological intervention as observed here for the first 
time. In this context, it also seems worth mentioning that our in vivo 
experiments were conducted in immunosuppressed SCID mice, pro
ducing seemingly opposing tumor-relevant outcomes, i.e. (i) attenu
ated lung metastasis and (ii) accelerated tumor growth (Figs. 6 and 7, 
respectively). Thus, in order to reconcile these findings and to define 
the potential therapeutic value of GLO1 antagonism, our ongoing ex
periments aim at examining the possibility that GLO1-inhibition 
(potentially associated with enhanced tumorigenic potential) might 
be counterbalanced by increased tumor immunogenicity (downstream 
of downregulated PDL1 expression) and attenuation of metastasis in 
immunocompetent host systems. 

Future research has to elucidate the specific molecular basis under
lying GLO1 control of melanoma cell tumorigenicity and invasiveness 
observed here in A375 cells, using a more comprehensive panel of 
melanoma cells representative of the human disease and elucidating the 
mechanistic involvement of novel targets shown here for the first time to 
be responsive to genetic GLO1 modulation (including TXNIP, GFAT1, 
and PDL1). Importantly, given the documented efficacy of small mole
cule pharmacological inhibitors, our observations suggest feasibility of 
therapeutic intervention targeting GLO1 control of glucose utilization, 
redox homeostasis, cell proliferation, metastasis, and immune evasion, a 
hypothesis to be explored by future experimentation. 
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