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TUMORIGENESIS AND NEOPLASTIC PROGRESSION
RAD6B Loss Disrupts Expression of Melanoma

Phenotype in Part by Inhibiting WNT/b-Catenin
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Canonical Wnt signaling is critical for melanocyte lineage commitment and melanoma development. RAD6B,
a ubiquitin-conjugating enzyme critical for translesion DNA synthesis, potentiates b-catenin stability/ac-
tivity by inducing proteasome-insensitive polyubiquitination. RAD6B expression is induced by b-catenin,
triggering a positive feedback loop between the two proteins. RAD6B function in melanoma development/
progression was investigated by targeting RAD6B using CrispR/Cas9 or an RAD6-selective small-molecule
inhibitor #9 (SMI#9). SMI#9 treatment inhibited melanoma cell proliferation but not normal
melanocytes. RAD6B knockout or inhibition in metastatic melanoma cells downregulated b-catenin, b-
catenineregulated microphthalmia-associated transcription factor (MITF), sex-determining region Y-box
10, vimentin proteins, and MITF-regulated melan A. RAD6B knockout or inhibition decreased migration/
invasion, tumor growth, and lung metastasis. RNA-sequencing and stem cell pathway real-time RT-PCR
analysis revealed profound reductions in WNT1 expressions in RAD6B knockout M14 cells compared with
control. Expression levels of b-catenineregulated genes VIM, MITF-M, melan A, and TYRP1 (a tyrosinase
family member critical for melanin biosynthesis) were reduced in RAD6B knockout cells. Pathway analysis
identified gene networks regulating stem cell pluripotency, Wnt signaling, melanocyte development,
pigmentation signaling, and protein ubiquitination, besides DNA damage response signaling, as being
impacted by RAD6B gene disruption. These data reveal an important and early role for RAD6B in melanoma
development besides its bonafide translesion DNA synthesis function, and suggest that targeting RAD6Bmay
provide a novel strategy to treat melanomas with dysregulated canonical Wnt signaling. (Am J Pathol 2021,
191: 368e384; https://doi.org/10.1016/j.ajpath.2020.10.015)
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Melanomas develop from malignant transformation of
pigment producing melanocytes predominantly found in
skin, and less frequently in other tissues.1 Commitment of
neural crest cells to the melanocyte lineage requires sex-
determining region Y-box 10 (SOX10) and WNT/b-cat-
enineregulated microphthalmia-associated transcription
factor (MITF).2,3 Unlike several epithelial cancers, b-cat-
enineactivating mutations are uncommon in melanoma;
rather, b-catenin is stabilized via nonmutational events.4

RAD6B, a ubiquitin-conjugating enzyme and a principal
component of the translesion DNA synthesis pathway,5 stabi-
lizes b-catenin via K63-linked b-catenin polyubiquitination.6,7

RAD6B depletion or inhibition decreases b-catenin levels,
stigative Pathology. Published by Elsevier Inc
decreases transcriptional activity, and reverses epithelial-
mesenchymal transition in breast cancer cells.6,8 Humans
have two RAD6 paralogs, RAD6A (UBE2A) and RAD6B
(UBE2B), that are situated on chromosomes Xq24-q25 and
. All rights reserved.
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RAD6B/b-Catenin Regulation of Melanoma
5q23-q34, respectively, and encode proteins with 95% amino
acid sequence identity and similar ubiquitinating activities.9e11

RAD6B is responsive to b-cateninemediated transcription,
generating a positive feedback loop between RAD6B and b-
catenin.12 Although RAD6A and RAD6B are weakly expressed
in normal melanocytes and normal skin, RAD6B has a more
robust expression in melanomas13 and is coexpressed with b-
catenin in primary and metastatic clinical melanomas.13,14

Although the role of canonical Wnt signaling in melanoma
development is clear, its role in melanoma metastasis is con-
tradictory. Some studies have shown that loss of b-catenin
predicts for poor survival,15e18 whereas others have shown a
prometastatic role for b-catenin.19e21

To investigate RAD6B relevance in melanoma and its
functional link with WNT/b-catenin signaling in melanoma
development/progression, RAD6B function was disrupted by
CrispR/Cas9 or by inhibition with an RAD6-selective small-
molecule inhibitor 9 (SMI#9).22 RAD6B inhibition or
knockout in metastatic melanoma cells inhibited proliferation,
migratory/invasion potentials, tumor development, and lung
metastasis. RAD6B knockout or inhibition in metastatic M14
melanoma cells decreased steady-state protein levels of b-
catenin and b-catenineregulated transcriptional targets MITF,
SOX10, vimentin, and MITF-regulated melan A. RNA-
sequencing and stem cell pathway real-time RT-PCR anal-
ysis revealed profound suppression of canonical WNT1, and
up-regulation of stem cell pluripotency factors SOX2 and
KLF17 inRAD6B knockoutmelanoma cells.RNA-sequencing
and real-time RT-PCR analysis showed decreases in b-cat-
enineregulated VIM, tyrosinase-related protein 1 (TYRP1),
MITF-M, and melan A expression levels without change in b-
catenin expression in RAD6B knockout cells. Pathway anal-
ysis of RNA-sequencing transcriptome data identified gene
networks regulating stem cell pluripotency, WNT signaling,
melanocyte development/pigmentation, cell metabolism, and
protein ubiquitination, besides DNA damage response
signaling, as being significantly impacted by RAD6B loss.
These results show a critical functional link between RAD6B
and WNT/b-catenin signaling in melanoma development that
could be exploited to inhibit canonical WNT signaling for
melanoma therapy.

Materials and Methods

Cell Culture

Normal human epidermal melanocytes HEMa-LP and met-
astatic human melanoma A2058 cells were purchased from
ATCC (Manassas, VA). Human melanoma M14 cells were
obtained from the National Cancer Institute (Frederick, MD).
Melanoma lines were maintained in Dulbecco’s modified
Eagle’s medium/F12 medium supplemented with 5% fetal
bovine serum. HEMa-LP cells were maintained in dermal
cell basal medium supplemented with melanocyte growth
supplements insulin (5 mg/mL), ascorbic acid (50 mg/mL), L-
glutamine (6 mmol/L), epinephrine (1.0 mmol/L), calcium
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chloride (0.2 mmol/L), and M8 supplement (ATCC).14 The
authenticated cell lines were used within 5 to 10 passages.
RAD6B CrispR/Cas9 Gene Editing

Plasmids encoding guide RNAs, Cas9 and green fluorescent
protein (GFP) (sc-404361), and homology-directed DNA
repair (HDR) templates (sc-404361-HDR) for targeting
RAD6B were purchased from Santa Cruz Biotechnology
(Dallas, TX). Guide RNAs (gRNAs) 1 and 2 target exon 2,
and gRNA 3 targets exon 4 of human RAD6B (https://www.
ncbi.nlm.nih.gov/nucleotide; accession number NM_
003337). The HDR vectors contained the 50 and 30

homology donor arms (https://www.ncbi.nlm.nih.gov/
nucleotide; accession number DQ090910) flanking a
puromycin cassette and red fluorescent protein (RFP)
gene. M14 cells were cotransfected with RAD6B CrispR/
Cas9 and HDR plasmids (1:2 ratio) or HDR plasmids
alone using Metafectine SIþ (Biontex Laboratories
GmbH, München, Germany), and stable clones were
selected with puromycin. Further selection was
accomplished by fluorescence-activated cell sorting of
GFP/RFPepositive cells. RAD6B knockout was verified
by immunoblotting, RT-PCR, genomic DNA PCR,
and sequence analysis. The gRNA sequences and
primers for characterization of CrispR-edited cells are as
follows: gRNA 1 (50-GTTACAAGAGGACCCACCTG-30)
and gRNA 2 (50-GCGCCACTGACACCCACAGG-30)
target exon 2, and gRNA 3 (50-CAAA
TAAACCACCAACTGTT-30) targets the exon 4 of
RAD6B gene (accession number NM_003337). The
primers used for determining RAD6B gene (accession
number DQ090910) disruption by puromycin cassette
integration were as follows: RAD6B HDR1, 50-GA
AAGAGGGATGATTCTCAAGC-30 (forward) and 50-CGT
TGAGCTACTACTGTGCTG-30 (reverse); RAD6B HDR3,
50-CTTGCCAATGCTGCGTGTTAC-30 (forward) and 50-C
ATGGTGAAACCCCGTCTCTAC-30 (reverse); and puro
mycin cassette, 50-GAGTACCTGCAGGATCTGATC-30

(reverse). Because gRNAs 1 and 2 both target exon 2, and
the 50 donor arms of HDR1 and HDR2 vectors are
identical, PCR analysis was performed only for HDR1
and HDR3 homology directed repair.
Cell Survival Assays

Metastatic melanoma cells (M14 or A2058) or normal
human melanocytes HEMa-LP (5 � 103) seeded in 96-well
plates were treated with vehicle, 0 to 10 mmol/L SMI#9,23

SMI#9egold nanoparticle (GNP; size, 32 to 40 nm), or
blank-GNP. SMI#9-GNP was used in conjugation with
GNP enhances intracellular SMI#9 solubility and stability,
rendering it suitable for systemic in vivo application.23

Details of SMI#9-GNP synthesis, characterization, and
functionality are previously described.24 Cell viability was
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measured at 72 to 96 hours by MTT assay, and results were
expressed relative to vehicle or blank GNP-treated controls.

Western Blot Analysis

Whole cell lysates were prepared from M14 cells treated
with 1 mmol/L SMI#9, SMI#9-GNP or vehicle, and RAD6B
knockout or control M14 cells. Nuclear and cytoplasmic
subfractions were prepared using a kit (MBL International,
Woburn, MA). Samples were subjected to gradient SDS-
PAGE and immunoblotted with antibodies to RAD6,25 b-
catenin (Santa Cruz Biotechnology), melan A (Dako Corp.,
Santa Clara, CA), vimentin (Dako Corp.), MITF (Abcam,
Cambridge, MA), SOX10 (Santa Cruz Biotechnology),
Snail-1 (Abcam), b-actin (Sigma-Aldrich, St. Louis, MO),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Santa Cruz Biotechnology), or lamin A/C (Cell Signaling,
Danvers, MA). Because RAD6A and RAD6B share
approximately 95% amino acid sequence identity, our
RAD6 antibody does not distinguish the two paralogs.25

Thus, the endogenous protein detected by our antibody is
labeled as RAD6 rather than RAD6A or RAD6B. Protein
levels relative to the loading control b-actin were quantified
by ImageJ version 1.46 (NIH, Bethesda, MD; http://imagej.
nih.gov/ij, last accessed July 20, 2020).

Immunofluorescence Analysis

M14 cells treated overnight with 1 mmol/L SMI#9, SMI#9-
GNP, or vehicle, and RAD6B knockout cells were stained
with antibodies to RAD6, b-catenin, vimentin, proliferating
cell nuclear antigen (PCNA; Dako), or Snail-1, and devel-
oped with relevant fluorescein isothiocyanatee or Texas
Redeconjugated secondary antibodies (Molecular Probes,
Eugene, OR). F-actin was detected with Alexa Fluor 488
phalloidin (Molecular Probes). Nuclei were counterstained
with DAPI. Slides were stained with isotype-matched
nonimmune IgG or without primary antibody to assess
specificity. Images were processed using CellSens version
2.1 software (Olympus, Tokyo, Japan).

Real-Time Quantitative PCR Array and RNA-Sequencing
Analysis

Real-time RT-PCR analysis of RAD6A, RAD6B, b-catenin,
MITF, MITF-M, melan A, TYRP1, VIM, and GAPDH
reference control in control and RAD6B knockout M14 cells
was performed using DNase Ietreated total RNAs and
Maxima SYBR Green/ROX qPCR mix (ThermoFisher,
Waltham, MA). Primers for real-time RT-PCR analysis
were as follows: RAD6A (https://www.ncbi.nlm.nih.gov/
nucleotide; accession number NM_003336), 50-GGATGG
AACATTTAAACTTAC-30 (forward) and 50-TGCTGGA
CTATTGGGATTG-30 (reverse); RAD6B (https://www.
ncbi.nlm.nih.gov/nucleotide; accession number NM_0033
37), 50-AGACTGACCGCGGGGCA-30 (forward) and 50-C
370
AAAAGGTGTCCCTTCTGGTCC-30 (reverse); GAPDH
(https://www.ncbi.nlm.nih.gov/nucleotide; accession
number NM_002046), 50-AAATATGATGACACCAAGA
AGG-30 (forward) and 50-TGAAGTCGGAGGAGAC
CAC-30 (reverse); b-catenin (https://www.ncbi.nlm.nih.
gov/nucleotide; accession number NM_001098209), 50-AT
ACCACCCACTTGGCAGAC-30 (forward) and 50-GGAA
GGTCTCCTTGGGACTC-30 (reverse); TYRP1 (https://www.
ncbi.nlm.nih.gov/nucleotide; accession number NM_000550),
50-ATGGCAACACGCCACAATTTGAG-30 (forward) and
50-CCCGTTGCAAAATTCCAGTAAG-30 (reverse); melan
A (https://www.ncbi.nlm.nih.gov/nucleotide; accession
number NM_005511), 50-GATGCCAAGAGAAGATGC
TCAC-30 (forward) and 50-GTCTCGCTGGCTCTTAA
GGTGAA-30 (reverse); and VIM (https://www.ncbi.nlm.nih.
gov/nucleotide; accession number NM_003380.5), 50-AG
ATGGCCCTTGACATTGAG-30 (forward) and 50-TGGA
AGAGGCAGAGAAATCC-30 (reverse). The forward primer
sequences for MITF (50-TCTACCGTCTCTCACTGGA
TTGGTGCC-30) andMITF-M (50-ATGCTGGAAATGCTAG
AATATAATCACTATCAG-30) were based on human MITF
mRNA (accession number Z29678) (https://www.ncbi.nlm.
nih.gov/nucleotide) and MITF transcript isoform 4 (accession
number NM_000248) (https://www.ncbi.nlm.nih.gov/
nucleotide), respectively. The reverse primer was 50-
AGCCATGGGGCTGTTGGGTGC-30. Amplification was
performed in StepOne Plus Real-Time PCR system (Applied
Biosystems), and the cycling conditions were 10 minutes at
95�C, and 35 cycles of 15 seconds at 95�C, 1 minute at
57�C, and 1 minute at 68�C. Amplification of the relevant
amplicon was confirmed by agarose gel electrophoresis.
The Human Stem Cell RT2 Profiler PCR array (PAHS-

176Z; Qiagen, Germantown, MD) was used to quantitate
expression of 84 genes linked to stem cell renewal and
pluripotency in control and 2mRAD6Bb knockout M14
cells. cDNA synthesis and real-time RT-PCR analysis were
conducted, according to the manufacturer’s instructions.
Data were normalized using reference genes Actb, B2m,
GAPDH, Hprt1, and Rplp0. Relative changes in gene
expression levels (fold change) were quantitated by the
2�DDCt method, and P- values were calculated using two-
tailed t-test.
RNA-sequencing libraries were prepared from DNase

1etreated total RNA (250 ng) using Lexogen’s QuantSeq
30mRNA-seq Library Prep Kit FWD for Illumina (San Diego,
CA) with three independent replicates. Aliquots of the RNA
were assessed by microfluidics using the ScreenTape for the
Agilent 2200 TapeStation (Agilent Technologies, Santa
Clara, California). The electrophoretogram, RNA integrity
number, and the ratio of the 28S:18S RNA bands were
collectively examined to determine overall quality of the
RNA. Libraries were quantified on the Qubit and Agilent
2200 TapeStation using the DNA High Sensitivity Screen
tape, and the size distribution was determined on a fragment
analyzer. The barcoded libraries were multiplexed (in batches
of 27) at equimolar concentrations and sequenced with 50-bp
ajp.amjpathol.org - The American Journal of Pathology
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reads in rapid mode on Illumina HiSeq 2500. Data were
demultiplexed using Illumina’s CASAVA 1.8.2, and reads
were mapped to the human reference genome (hg38).26

RNA-sequencing data were analyzed using the R/Bio-
conductor package edgeR version 3.28.0,27 and false dis-
covery rate was computed using Benjamini-Hochberg
method.28 Genes were retained with at least one count per
million for the analysis, followed by normalization of read
counts both within and between samples using the trimmed
mean of M-values method. Differentially expressed genes
(DEGs) in M14 RAD6B knockout versus control M14, M14
versus HEMa-LP, and M14 RAD6B knockout versus HEMa-
LP were detected using 1% false discovery rate and fold
change �2. Heat map and hierarchical clustering were per-
formed using the R function heatmap.2 from gplots version
3.0.1.1. Canonical pathways impacted by RAD6B loss were
identified by Ingenuity Pathway Analysis (Ingenuity Sys-
tems, Redwood City, CA). RNA-sequencing analysis was
performed at the Wayne State University Applied Genomics
Technology Center.

Dual-Luciferase Reporter Assay

Parental and RAD6B knockout M14 cells were cotransfected
with 1 mg pTOP/FLASH or pFOP/FLASH (Upstate
Biotech, Lake Placid, NY) and 100 ng of Renilla luciferase
pRLTK (Promega, Madison, WI) vectors using metafectine
(Biontex Laboratories GmbH). Luciferase activities were
measured as described previously.6

Chemotaxis, Chemoinvasion, and Wound-Healing
Analysis

M14 cells were treated with 0.5 to 2.5 mmol/L SMI#9 or
SMI#9-GNP or the corresponding vehicles for 1 hour, and
subjected to Boyden chamber chemotaxis assays, as previ-
ously described.22 For chemoinvasion assays, M14 RAD6B
knockout or control cells (50 � 103 cells) were loaded onto
Matrigel-coated chambers (8 mm; BD Biosciences, San
Jose, California) in triplicate, and the invaded cells were
fixed and quantitated as previously described.22 For wound-
healing assays, M14 cells were seeded in wells containing
inert silicone inserts to generate defined gaps for wound
healing assessment. Cells were treated overnight with
vehicle, 1 mmol/L SMI#9 or SMI#9-GNP, inserts were
removed, and cells were imaged immediately at set posi-
tions. Cells were allowed to migrate and were re-imaged at
the preset positions at various times, and processed using
SlideBook 6 software (Intelligent Innovations Inc., Denver,
Colorado).

Colony Formation Assay

RAD6B knockout or parental control M14 cells were seeded
in quadruplicate at 100 cells, and 2 to 3 weeks later, col-
onies were stained with crystal violet and quantified using
The American Journal of Pathology - ajp.amjpathol.org
GelCount Oxford Optronix and CHARM algorithm, as
previously described.22 Colonies with 100 mm set as the
minimum diameter threshold were scored. Colony-forming
efficiency was expressed relative to control cells.

Tumor Xenograft Modeling

RAD6B knockout or control M14 (1 � 106) cells suspended
in Matrigel were bilaterally implanted subcutaneously into
the flanks of 6-weekeold female nude mice (n Z 5). For
evaluation of RAD6 inhibitor effects, mice bearing control
M14 tumors were treated with SMI#9 or SMI#9-GNP when
the tumors reached approximately 150 mm3. Mice were
randomly assigned to vehicle, SMI#9, SMI#9-GNP, or
blank-GNP groups (nZ 5 mice per group) and treated twice
weekly with intratumoral injections of SMI#9 (1.5 mg/kg
body weight in phosphate-buffered saline/0.5% dimethyl
sulfoxide) or vehicle, or i.p. injections of SMI#9-GNP
(SMI#9 equivalent dose, 0.85 mg/kg body weight in
phosphate-buffered saline) or the equivalent amount of
blank-GNP.23 Bidimensional tumor size and body weights
were measured twice weekly. Mice were sacrificed at 37 to
44 days after implantation, and the mass of harvested tumors
was determined. Lungs were removed and evaluated for
metastasis by gross analysis, hematoxylin and eosin stain-
ing, or culture of mechanically disrupted lung digests. The
excised tumors and lungs were fixed in buffered formalin
and paraffin embedded for histologic analysis. The in vivo
studies were conducted in accordance with the Institutional
Animal Care and Use Committee guidelines of Wayne State
University.

Statistical Analysis

Group comparisons were performed using two-tailed inde-
pendent Student's t-test or Mann-Whitney U-test. Correla-
tions between RNA-sequencing and RT2 Profiler PCR data
were analyzed using linear regression models with log-
transformed data. Results are presented as means � SD or
SEM. Statistical significance was accepted at P < 0.05.

Data Availability

Data supporting the findings from this article have been
deposited as GSE149390 with the National Center for
Biotechnology Information Gene Expression Omnibus
(http://ncbi.nlm.nih.gov/geo) database.

Results

RAD6B Is Essential for b-Catenin Activation and Melan
A Expression

To determine the importance of RAD6B paralog in mela-
noma cell survival, the RAD6B gene was disrupted using
CrispR/Cas9 strategy. Puromycin-resistant stable clones
371
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Figure 1 CrispR/Cas9 knockout of RAD6B downregulates b-catenin and b-catenineregulated melanoma genes. A: Levels of RAD6A and RAD6B gene
expression. B: Visualization of the products amplified by real-time RT-PCR by agarose gel electrophoresis. Note the absence of RAD6B amplification in clone 1,
indicated by asterisk (details provided in Supplemental Figure S1B). B: RAD6B is amplified in clone 2 using primers spanning exons 1 and 2, as its disruption
occurs downstream (details in Supplemental Figure S1C). C: Western blot analysis of the indicated proteins in RAD6B knockout clones of M14 cells. D:
Quantitation. E: b-Catenineregulated transcriptional activity, measured by TOP/Flash (wild-type TCF) and FOP/Flash (mutant TCF) reporter assays. Relative
TOP/FOP activities were normalized against Renilla luciferase, and results are expressed from three independent measurements. F: Real-time RT-PCR analysis of
b-catenineregulated target expression levels. mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH ). Results
represent data from two independent experiments performed in duplicate and expressed relative to control. RAD6B knockout (KO) clone 1 shows significant
decreases in expression levels of microphthalmia-associated transcription factor (MITF; P Z 0.0131), MITF-M (P Z 0.0025), melan A (P Z 0.0002),
tyrosinase-related protein 1 (TYRP1; PZ 0.0016), and vimentin (VIM; PZ 0.0204), and RAD6B KO clone 2 shows significant decreases in MITF-M (PZ 0.027),
melan A (P Z 0.0210), TYRP1 (P Z 0.0174), and VIM (P Z 0.0474) compared with control. Results are expressed means � SEM (E and F). ***P < 0.001.
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were screened for RAD6 protein levels. Because the anti-
body used does not distinguish RAD6A and RAD6B pro-
teins, the immunoreactive RAD6 protein was labeled as
RAD6 (Materials and Methods). Clones showing loss/
decrease in RAD6 levels were purified by fluorescence-
activated cell sorting (Supplemental Figure S1A), and
372
RAD6A and RAD6B mRNA, and RAD6 protein expression
in the clones were characterized by real-time RT-PCR,
sequencing, and Western blot analysis. Real-time RT-PCR
analysis of RAD6B using primers involving exons 1 and 2
showed absence of RAD6B amplification in clone 1 but not
clone 2 (Figure 1, A and B). Sequence analysis revealed that
ajp.amjpathol.org - The American Journal of Pathology
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RAD6B/b-Catenin Regulation of Melanoma
RAD6B disruption in clone 1 resulted from gRNA
1emediated Cas9 cleavage (Supplemental Figure S1B).
Sequence analysis of clone 2 revealed that RAD6B gene
editing resulted from gRNA 3emediated Cas9 cleavage at
exon 4 and puromycin cassette integration from the HDR3
donor vector (Supplemental Figure S1C). Real-time RT-
PCR analysis showed that RAD6B expression levels were
over fourfold higher than RAD6A in control cells, and that
RAD6A expression levels were similar in control and
RAD6B-edited clones (Figure 1, A and B). Western blot
analysis revealed that RAD6 protein levels were decreased
approximately twofold in the RAD6B knockout clones
compared with control (Figure 1, C and D). These data
suggest that the RAD6 protein band detected in the RAD6B
knockout clones represents RAD6A-derived product
(Figure 1, C and D). In both RAD6B knockout clones, the
steady-state levels of b-catenin and b-catenineregulated
MITF, SOX10, Snail-1, and vimentin proteins were
downregulated (Figure 1, C and D), and MITF-regulated
melan A protein expression was lost (Figure 1, C and D).
Unlike the control cells that displayed the characteristic
mesenchymal phenotype, both the RAD6B knockout clones
produced multicellular spheroids even under regular culture
conditions (Supplemental Figure S1D). Multicellular
spheroid formation depends on homotypic cell adhesions,
which is consistent with downregulation of epithelial-
mesenchymal transition activator b-catenin in RAD6B
knockout cells. TOP/Flash reporter assays showed approx-
imately fivefold lower levels (P < 0.001) of b-cat-
eninedependent transcriptional activity in both RAD6B
knockout clones compared with control (Figure 1E).
Consistent with reductions in b-cateninemediated tran-
scriptional activity, real-time RT-PCR analysis showed
significant decreases in expressions of MITF-M, melan A,
TYRP1, and VIM in both RAD6B knockout clones
compared with control (P < 0.05) (Figure 1F). b-Catenin
gene expression was not impacted by RAD6B loss, and
MITF expression was significantly reduced (P Z 0.0131)
only in RAD6B knockout clone 1 (Figure 1F). These data
suggest RAD6B selectivity in b-cateninemediated tran-
scription regulation of MITF and melan A, and melanoma
phenotype.

RAD6 Inhibition Sensitizes Melanoma Cells

RAD6B stabilizes and activates b-catenin by inducing
proteasome-insensitive K63-linked ubiquitin modifications.6,7

To verify the importance of RAD6B/b-catenin link in mela-
noma survival, the effects of SMI#9 (a small-molecule inhib-
itor that inhibits the catalytic activities of both RAD6A and
RAD6B)onnormal humanHEMa-LPmelanocytes,metastatic
A2058, or M14 human melanoma cells, or RAD6B knockout
onM14 cell survivalwere analyzed byMTTassays. Cells were
treated with SMI#9 or with SMI#9-GNP as GNP conjugation
enhances SMI#9 solubility and stability.23 Previous studies
have shown that bothSMI#9 andSMI#9-GNP similarly inhibit
The American Journal of Pathology - ajp.amjpathol.org
proliferation and clonogenic potentials, and induce apoptosis
of triple-negative breast cancer cells.23 SMI#9 or SMI#9-GNP
treatments inhibitedM14 andA2058 (IC50, 0.5 to 1.0 mmol/L)
(Figure 2, A and B) cell proliferations but not HEMa-LP cells
(Figure 2B). The apparent retention of 20% cells in the SMI#9-
GNP treated group (Figure 2A) reflects residual absorbance
from GNP aggregates rather than surviving cells, as deter-
mined by phase-contrast microscopy (Figure 2C) and trypan
blue staining. SMI#9-GNP uptake allowed visualization of
time-dependent morphologic alterations from the spindle
shape at 18 hours (Figure 2D) to a rounded phenotype
(Figure 2D) by 36 hours, and loss of cellular integrity and
viability by 96 hours (Figure 2D) compared with blank-GNP
treated cells that were unaffected (Figure 2C). These data
show SMI#9 and SMI#9-GNP similarly inhibit melanoma cell
proliferation. Proliferation of RAD6B knockout M14 clones
was not affected by SMI#9 comparedwith control (Figure 2E),
suggesting that RAD6B, rather than RAD6A, is the major
player in melanoma cell survival and is consistent with the low
levels of RAD6A expression (Figure 1A).

RAD6 Inhibitor Induces b-Catenin Nuclear Exclusion
and Downregulation of b-Catenin Transcriptional
Targets

To further verify RAD6B/b-catenin link in melanoma cell
survival, the molecular effects of SMI#9 or SMI#9-GNP on
the steady-state levels of RAD6, b-catenin, MITF, melan A,
and vimentin proteins were analyzed in M14 cells. Since the
RAD6 antibody does not distinguish RAD6A and RAD6B
proteins, the immunoreactive protein is indicated as RAD6.
Compared with control, nascent and high-molecular-weight
b-catenin forms, reflective of b-catenin polyubiquitination,
were decreased in both SMI#9- and SMI#9-GNPetreated
cells, albeit more strongly in the latter (Figure 3A and
Supplemental Figure S2). Consistent with potent b-catenin
lowering effects, RAD6 levels were noticeably decreased by
48 hours in SMI#9-GNPetreated cells but not in SMI#9-
treated cells. MITF levels were reduced, although more
durably in SMI#9-GNPetreated cells (Figure 3A), and de-
creases in melan A, a key marker of melanocyte differen-
tiation,29 mirrored MITF regulation (Figure 3A and
Supplemental Figure S2). Compared with control cells that
expressed several anti-vimentin immunoreactive proteins,
SMI#9- and SMI#9-GNPetreated cells expressed mainly
the higher molecular weight, approximately 50-kDa form,
albeit at approximately 50% reduced levels (Figure 3A and
Supplemental Figure S2). To confirm these results, the
impact of RAD6 inhibition on the expression levels of these
proteins in the cytoplasmic and nuclear subfractions was
analyzed. Cells were treated with SMI#9-GNP as it pro-
duced more durable effects compared with SMI#9. SMI#9-
GNP treatment decreased cytoplasmic and nuclear b-catenin
and RAD6 levels compared with controls (Figure 3B).
Distinct MITF isoforms were detected in the cytoplasm and
nucleus (Figure 3B), and commensurate with b-catenin
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http://ajp.amjpathol.org


Figure 2 Treatment with RAD6 small-molecule inhibitor 9 (SMI#9) decreases metastatic melanoma cell survival. A: Gold nanoparticle (GNP) conjugated or
unconjugated SMI#9 effects on metastatic M14 melanoma cells by MTT assay. Results are expressed relative to cells treated with vehicle or 10 mmol/L blank-
GNP. B: SMI#9 sensitivities of HEMa-LP normal melanocytes and metastatic melanoma cells. C: Phase-contrast micrographs of M14 cells treated with vehicle,
blank-GNP, SMI#9, or SMI#9-GNP. Arrows indicate sensitized cells. D: Time course monitoring of SMI#9-GNP uptake. Left panel: Arrow indicates SMI#9-GNP
uptake at 18 hours. Middle panel: Arrow indicates loss of epithelial-mesenchymal transition visualized by cell rounding at 36 hours. Right panel: Loss of cell
integrity by 96 hours. E: M14 RAD6B knockout (KO) clones exhibit decreased sensitivity to SMI#9 compared with control. The results represent data from at
least three independent experiments performed in triplicate and are expressed relative to control. Results are expressed as means � SD (E). Original
magnification, �20 (D).
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levels, MITF was reduced in both compartments of SMI#9-
GNPetreated cells compared with controls. Consistent with
MITF’s role in melan A regulation, melan A levels were
downregulated by SMI#9-GNP (Figure 3B). These data
further support a critical role for RAD6B in regulation of b-
catenin transcriptional activity and melanoma phenotype.

Immunofluorescence analysis was performed to deter-
mine the impact of SMI#9-GNP treatment on expression/
localization of RAD6, b-catenin, Snail-1, and PCNA.
Compared with control cells that show abundant nuclear
b-catenin (reflective of its transcriptional activity),
SMI#9-GNP treatment caused exclusion of b-catenin from
the nucleus (Figure 3C). Robust RAD6 staining in the
cytoplasm, nucleus, and lamellipodia of control cells was
diminished by SMI#9-GNP (Figure 3C). Similarly, strong
nuclear PCNA and Snail-1 staining, observed in control
cells, was decreased by SMI#9-GNP, which was accompa-
nied by cytoplasmic Snail-1 localization, a characteristic of
canonical Wnt signaling inhibition30 (Figure 3D). These
data support RAD6B’s role in melanoma cell survival via
activation of canonical Wnt signaling and the potential
benefit of targeting RAD6B catalytic activity.

RAD6 Inhibitor Decreases Melanoma Cell Migration

Next, the effects of SMI#9 and SMI#9-GNP on melanoma
cell migration were investigated. Compared with the cells
treated with vehicle or blank-GNP, both SMI#9 and SMI#9-
GNP potently inhibited M14 cell migration in Boyden
374
chamber assays (P < 0.001) (Figure 4A). SMI#9 or SMI#9-
GNP effects on population migration were determined by
wound-healing assays. Compared with control cells that
migrated efficiently, the wound site was less populated in
SMI#9-GNPe or SMI#9-treated cells at 18 hours
(Supplemental Figure S3). Because of the prolonged sta-
bility of GNP-conjugated SMI#9, these cells retained their
rounded and nonmotile phenotype even at 120 hours
compared with SMI#9-treated cells that showed notable
recovery of their migratory potential (Supplemental
Figure S3). Cancer cells utilize lamellipodia to invade,
which are dependent on actin/vimentin filament net-
works.31,32 To determine if RAD6 inhibitor-induced anti-
migratory effects involve alterations in actin/vimentin
networks, dual-fluorescence imaging of vimentin and F-
actin networks was performed using anti-vimentin antibody
and fluorescein isothiocyanateelabeled phalloidin, respec-
tively. Although controls showed prominent vimentin/actin
stained lamellipodia, SMI#9 and SMI#9-GNP treatment
induced loss of vimentin at the leading edges and lamelli-
podial contraction (Figure 4B). The decrease in migratory
potentials is consistent with the decreased levels of vimentin
expressed in RAD6-inhibited cells (Figure 3A).

RAD6B Is Necessary for Melanoma Cell Migration/
Invasion and Tumor Development

RAD6 inhibitor decreased M14 cell migration and vimentin/
actin filament formation (Figure 4, A and B). To confirm if
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 RAD6 inhibition downregulates b-catenin and b-catenineregulated melanoma genes. A: Western blot analysis of the indicated proteins in M14
cells following treatment with SMI#9 or SMI#9egold nanoparticle (GNP). Quantitation results are shown in Supplemental Figure S2. B: Western blot analysis of
the indicated proteins in cytoplasmic and nuclear subfractions of control and SMI#9-GNPetreated M14 cells. C and D: Dual-immunofluorescence analysis of
RAD6 and b-catenin (C) and Snail-1 and proliferating cell nuclear antigen (PCNA; D) in control and SMI#9-GNPetreated M14 cells. Insets: Enlarged images of
cells in D. Note the loss of nuclear b-catenin, PCNA, and Snail-1 in SMI#9-GNPetreated cells. Original magnification, �100 (C and D). GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; MITF, microphthalmia-associated transcription factor; MW, molecular weight.
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Figure 4 RAD6 inhibition reduces melanoma
cell migration. A: Small-molecule inhibitor 9
(SMI#9) or SMI9egold nanoparticle (GNP) effects
on M14 cell migration by Boyden chamber assays.
B: Immunofluorescence analysis of vimentin
(Texas Red) and F-actin [fluorescein isothiocya-
nate (FITC)ephalloidin] filaments in control,
SMI#9, and SMI#9-GNPetreated M14 cells. Note
the loss or decrease in vimentin from lamellipodia
and rounding of cells in SMI#9-GNPetreated cells.
***P < 0.001.
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RAD6B plays an important role in melanoma development
and tumor progression, the migratory/invasion and tumori-
genic potentials of RAD6B knockout M14 clones was
analyzed. Compared with control, both migration and in-
vasion potentials were impaired >60% in RAD6B knockout
clones (P < 0.001) (Figure 5, A and B), and RAD6B
knockout clones showed similar loss of vimentin in lamel-
lipodia (Figure 5C) as SMI#9- or SMI#9-GNPetreated cells
(Figure 4B). RAD6B loss also reduced M14 colony-forming
efficiency by >80% (P < 0.001) (Figure 5D).

To validate their in vivo relevance, the impact of RAD6B
loss on tumor development was analyzed. Compared with
controls that produced robustly pigmented tumors (mean
mass, 0.3572 � 0.0711 g), RAD6B knockout significantly
inhibited tumor development (mean mass, 0.06484 � 0.024
g; P Z 0.0096) and pigmentation (Figure 5E). Hematoxylin
and eosin analysis revealed giant multinucleated cells
characteristic of mitotic catastrophe (Figure 5F) and cells
with aberrant mitosis (Figure 5F) in the RAD6B knockout
376
group compared with mitotically active (Figure 5F) and
pigment-producing (Figure 5F) cells in control tumors.
Control tumor-bearing mice also demonstrated overt lung
metastasis, marked by pigmented spots (Figure 5, G and H)
and confirmed by tumor cell recovery from lung digests
(Figure 5G). To assess the in vivo therapeutic effects of
SMI#9 and SMI#9-GNP, mice bearing control tumors were
randomly assigned for twice weekly treatments with
vehicle, SMI#9, SMI#9-GNP, or blank-GNP. SMI#9 (or
vehicle) and SMI#9-GNP (or blank-GNP) were adminis-
tered intratumorally or intraperitoneally, respectively. All
groups initially tracked similar growth; however, continued
treatment with SMI#9-GNP significantly decreased tumor
growth (P < 0.001 and P Z 0.0196) (Figure 6, AeC).
Although SMI#9 treatment had minimal effect on primary
tumor growth, lung metastasis was inhibited in both SMI#9-
and SMI#9-GNPetreated mice. Metastatic lesions were
detected in the lungs of control mice by gross tissue
(Figure 6, D and F) and histologic (Figure 6E) analysis;
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 RAD6B knockout decreases migration, invasion, and tumorigenic potentials. A and B: Migratory (A) and invasive (B) potentials. Assays were
performed in triplicate, and results are expressed relative to control from two independent experiments. C: Immunofluorescence analysis of vimentin (Texas
Red) and F-actin [fluorescein isothiocyanate (FITC)ephalloidin] filaments. Note the selective loss of vimentin from the lamellipodia of RAD6B knockout (KO)
clones compared with controls. D: Colony formation. Colony-forming efficiency was expressed relative to control cells. Assays were performed in triplicate, and
results are expressed from two independent experiments. E: Vertical scatter plots of excised tumor mass at time of sacrifice. Data analyzed by two-tailed t test
(P Z 0.0096). Note the characteristic melanoma pigmentation in control xenografts and its loss in RAD6B knockout xenografts. F: Hematoxylin and eosin
analysis. Giant multinucleated cells characteristic of mitotic catastrophe (black arrow) and cells with aberrant mitotic shape (yellow arrow) in RAD6B KO
clone are indicated. Mitotic (white arrow) and pigment-producing (red arrow) cells in control tumors are indicated. G: Pigmented metastatic foci (arrow) in
lungs (top panel) and tumor cells derived from lung digests (bottom panel) of control M14 tumor-bearing mice. H: Quantification of metastatic foci on the
surfaces of lungs. Results are expressed as means � SD (A, B, D, and H). N Z 3 (H). ***P < 0.001. Original magnification, �40 (F).
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Figure 6 Small-molecule inhibitor 9 (SMI#9)egold nanoparticle (GNP) treatment inhibits melanoma growth and lung metastasis. M14 cells were bilaterally
implanted subcutaneously in the flanks, and when the tumors reached approximately 150 mm3, mice were randomly assigned to vehicle control, SMI#9, SMI#9-
GNP, or blank-GNP group. Mice were treated twice weekly with SMI#9 (or vehicle) administered intratumorally or SMI#9-GNP (or blank-GNP) administered
intraperitoneally. A: Tumor volumes. B: Vertical scatter plots of mass of excised tumors at the time of sacrifice at 37 to 44 days. Data were analyzed by one-way
analysis of variance and two-tailed t test. C: Representative excised tumors. D: Lungs from control, SMI#9, and SMI#9-GNPetreated mice. D: Arrow shows a
pigmented metastatic lesion on the surface of control lungs. E: Top panel: Metastatic melanoma in control tumor-bearing lung tissue revealed by hematoxylin and
eosin staining (arrow). Bottom panel: The enlarged image of the metastatic lesion. F: Quantification of metastatic foci detected on surface of lungs in control and
treated mice. Results are expressed as means � SD (A and F). N Z 3 (F). **P < 0.01, ***P < 0.001. Original magnification, �10 (E, top panel).
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however, lung metastasis was rare or not detectable in
SMI#9- and SMI#9-GNPetreated mice (Figure 6F). The
body weights were unaffected by treatment, suggesting
absence of overt toxicity (Supplemental Figure S4). Taken
together, these data show that knockout or inhibition of
RAD6B in M14 suppresses migration/invasion, melanoma
development, and lung metastasis.

RAD6B Gene Disruption Downregulates WNT/
b-CatenineRegulated Melanoma Genes

To delineate the genes impacted by RAD6B loss, RNA-
sequencing analysis of control and RAD6B knockout M14
models and normal HEMa-LP melanocytes was performed.
Using STAR software (https://github.com/alexdobin/
STAR), all samples showed >80% alignment to hg38.26

On the basis of a fold change �2 and 1% false discovery
rate, 3506 DEGs were identified between RAD6B knockout
and parental control M14 cells, 5128 DEGs were identified
between RAD6B knockout M14 and HEMa-LP cells, and
378
5991 DEGs were identified between control M14 and
HEMa-LP cells (Supplemental Figure S5). Meta-analysis
and hierarchical cluster analysis were performed to assess
the differences between RAD6B knockout, parental control
M14, and HEMa-LP models (Figure 7, AeD), and clus-
tering of these samples validated the reproducibility of the
biological replicates and the robustness of the data
(Figure 7, BeD). Venn diagram (Figure 7A) and hierar-
chical cluster analysis showed that among the 3506 DEGs in
RAD6B knockout cells, 710 transcripts are shared by M14
and HEMa-LP models, 1202 are shared by HEMa-LP and
RAD6B knockout M14, and 701 are differentially expressed
in RAD6B knockout cells compared with parental control
M14 and HEMa-LP cells (Figure 7, AeD). Ingenuity
Pathway Analysis of 701, 710, and 1202 DEGs revealed
three pathway networks (Figure 7, EeG) that were impacted
by RAD6B disruption. The network related to 701 DEGs is
concerned with cholesterol metabolism, glycolysis, protein
ubiquitination, and apoptosis (Figure 7E), and includes 48
focus molecules (Supplemental Table S1). Genes included
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7. RNA-sequencing analysis of control and RAD6B knockout M14 melanoma cells and normal HEMa-LP melanocytes. A: Venn diagram of differ-
entially expressed genes (DEGs; 1% false discovery rate and fold change �2) and overlap in RAD6B knockout (KO) compared with control (Ctrl) M14 and HEMa-
LP cells. BeD: Hierarchical cluster maps of 701, 710, and 1202 genes, respectively, differentially expressed in RAD6B KO cells compared with control M14 and
HEMa-LP cells. EeG: Canonical pathways identified by Ingenuity Pathway Analysis of 701, 710, and 1202 DEGs, respectively. BER, base excision repair; NER,
nucleotide excision repair.
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in this network are NUDT1, SQLE, MSMO1, ATR, CHEK1,
SMC1A, SMC3, PTEN, UBE2H, UBE2W, BCL2L10,
PARP1, ALDOA, ENO4, and GAPDH. The network related
to 710 DEGs is enriched for pathways concerned with im-
mune cell signaling, stem cell pluripotency, WNT signaling,
melanoma signaling, and melanocyte development and
pigmentation (Figure 7F), and includes 58 focus molecules
The American Journal of Pathology - ajp.amjpathol.org
(Supplemental Table S2). Genes included in this network
are FZD3, FZD6, FZD8, ATF2, ATM, IL1B, B2M, HLA-B,
HLA-DOA, HLA-DOB, JAK3, STAT1, RASD1, AKT3,
CD19, NFAT5, and PIK3CD. The network connected with
1202 DEGs is related to cell cycle control, DNA replication,
DNA repair, and damage response and senescence
(Figure 7G), and includes 163 focus molecules or genes
379
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(Supplemental Table S3). Genes included in this network
are BLM, BRCA2, FANCA, FANCC, FANCD2, FANCM,
H2AX, RAD50, RAD51, TUBG1, CCNB1, PCNA, POLD1,
POLE, POLK, ATRX, AURKA, JAK2, and BIRC5. These
data reveal distinct roles for RAD6B in melanoma devel-
opment besides its bonafide translesion DNA synthesis
function.33

Heat map analysis of the transcriptome data for WNT/b-
catenineregulated genes implicated in melanoma (Figure 8A)
identified, among the canonical WNT family members,WNT1
(>15-fold decrease; P Z 9.36 � 10�188) and WNT10B
(approximately twofold decrease; P Z 2.55 � 10�5)
expression levels to be significantly downregulated by RAD6B
knockout. Concordantly, expression of b-catenineregulated
melanoma genes TYRP1 (5.6-fold; PZ 2.6� 10�48), TYRO3
(3.8-fold; P Z 1.72 � 10�38), FOXM1 (5.8-fold;
P Z 3.54 � 10�120), and c-MYC (approximately twofold;
P Z 1.29 � 10�14) were all decreased in RAD6B knockout
cells relative to parental control (Figure 8A). SOX2 and
KLF1734 (transcription factors important for stem cell plu-
ripotency) were increased approximately 2.6-fold
(P Z 2.2 � 10�38) and 6.0-fold (P Z 1.9 � 10�5), respec-
tively, and MYCN (a marker of neural stem cell differentia-
tion)35 was increased approximately 15.6-fold
(P Z 8.92 � 10�20) in RAD6B knockout cells compared
with control cells (Figure 8A). These data suggest potential
acquisition of stem cell property in RAD6B-disrupted cells.
The noncanonical WNT5A and WNT5B ligands were strongly
expressed in HEMa-LP cells, and WNT5A was increased
approximately fivefold (P Z 2.88 � 10�84) in the RAD6B
knockout cells relative to parental control (Figure 8A). These
data suggest that noncanonical WNT5A and WNT5B ligands
may be important in normal melanocytes, and that
RAD6B-mediated regulation of b-catenin activity in mela-
noma utilizes canonical WNT1.

The data in Figures 1, 3, and 8A show that RAD6B loss
or inhibition downregulates canonical WNT signaling and
melanoma-specific MITF, melan A, and TYRP1 expression
levels. To determine whether RAD6B loss affects melanoma
cell programming, RT2 Profiler stem cell real-time PCR
arrays were used to quantitate expression of 84 genes linked
to stem cell proliferation, renewal, and pluripotency. WNT1
and the WNT antagonist DKK1 were decreased >35-fold
(P Z 0.04) and increased 25-fold (P Z 0.0015), respec-
tively, in RAD6B knockout cells relative to parental control
(Figure 8B and Supplemental Table S4), authenticating the
RNA-sequencing data. Concordant with the RNA-
sequencing results (Figure 8A), RT2 Profiler real-time
PCR analysis showed 3.9- and 17-fold increases in SOX2
and KLF17 expression levels, respectively, in RAD6B
knockout cells compared with control (Figure 8B and
Supplemental Table S4). Pearson correlation analysis using
linear regression established strong concordance between
the RNA-sequencing and RT2 Profiler real-time PCR data
(R2 Z 91.11%; P < 0.001) (Figure 8C and Supplemental
Table S4), strengthening the validity of transcriptome
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analysis and supporting a critical role for RAD6B in WNT/
b-catenin activation and melanoma programming.
Discussion

This study provides evidence for a principal role for RAD6B
function in melanoma development/progression. Although
RAD6A and RAD6B paralogs have similar ubiquitin
conjugating activityedependent functions in translesion
DNA synthesis,10 the use of CrispR/Cas9 and SMI#9 inhi-
bition of RAD6 activity23 showed that the RAD6B paralog is
important in melanoma development. Despite maintenance
of RAD6A expression, loss of RAD6B in metastatic mela-
noma line causes downregulation of b-catenin transcriptional
activity and b-catenineregulated MITF, SOX10, melan A,
VIM, WNT1, TYRP1, and TYRO3 gene expression levels.
Although b-catenin protein levels are decreased in RAD6B
knockout cells, b-catenin gene expression is unaffected.
These data are consistent with the role of RAD6B in stabi-
lizing/activating b-catenin protein via K63-linked poly-
ubiquitination.6 Concomitant down-regulation of SOX10,
MITF, and melan A transcripts and proteins in RAD6B
knockout cells is consistent with the direct links between
SOX10 and WNT signaling in MITF transcription,36,37 and
the importance of SOX10 and canonical WNT-1 and WNT-
3A in expansion and early specification of neural crest stem
cells to the melanocytic lineage.38,39 TYRO3, a TAM
tyrosinase kinase receptor, up-regulates MITF expression by
enabling SOX10 nuclear localization.40 MITF is important
for melanocyte proliferation and differentiation.41e43 A
MITFlow state has, however, been associated with drug
resistance44e46 and tumor initiation capacity.47 This is not
supported by our findings as both RAD6B knockout and
RAD6-inhibited melanoma cells display MITF and melan A
downregulation, and lack migratory/invasion potentials and
metastatic abilities. Although both SMI#9 and SMI#9-GNP
treatments inhibited lung metastasis, primary tumor growth
was significantly inhibited by SMI#9-GNP but not SMI#9. It
is possible that the therapeutic efficacy of the intratumorally
delivered SMI#9 was reduced because of decreased distri-
bution within the tumor mass. Alternatively, it is possible that
the poor stability of SMI#9 allows for recovery of the
sensitized tumor cells. The data from RAD6B knockout ex-
periments establish an important role for RAD6B in mela-
noma development as these cells have substantially
diminished tumor-forming potentials and lack the charac-
teristic pigmentation of control melanomas. Loss of
pigmentation is supported by downregulation of b-cat-
enineregulated TYRP1, a melanosomal enzyme that belongs
to the tyrosinase family and plays an important role in the
melanin biosynthetic pathway.48 These findings suggest an
early requirement for RAD6B in melanoma development and
a continued role for RAD6B in melanoma progression via
WNT/b-catenin signaling. Using The Cancer Genome Atlas
skin cutaneous melanoma database, no significant
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Figure 8. RNA-sequencing analysis of Wnt and Wnt/b-catenineregulated gene expression levels and stem cell PCR array analysis of control and RAD6B
knockout (KO) M14 melanoma cells and normal HEMa-LP melanocytes. A: Heat map of WNT and b-catenineregulated gene expression levels from RNA-
sequencing analysis. B: RT2 Stem Cell real-time PCR analysis of control and RAD6B KO M14 cells. C: Pearson correlation analysis of genes identified by
RT2 Profiler real-time PCR and RNA-sequencing analysis (R2 Z 91.11%; P < 0.001). The dotted line indicates the fitted linear regression line.
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association was found between RAD6B and overall survival.
However, when a similar analysis was performed using the
GSE19234 data set (http://ncbi.nlm.nih.gov/geo) developed
from metastatic cutaneous melanomas,49 a significant in-
verse association (P Z 0.047; hazard ratio, 2.55) was found
between high expression of RAD6B and overall survival
(Supplemental Figure S6). This association was seen when
cohorts were divided at 25th percentile, at median of RAD6B
gene expression, and adjusted for sex. Because there was no
consistency between multiple data sets of the same disease,
this indicates that the effects observed are database-specific.
This may be due to diverse collection of melanoma patients
or differences in therapy or treatment protocols between the
patient cohorts. The discrepancies in survival results between
the data sets could also result from variability in gene
expression measurements, lack of accuracy, and/or
completeness of clinical information.

Ingenuity Pathway Analysis of DEGs from RNA-
sequencing analysis revealed three networks that were
impacted by RAD6B gene disruption: i) a 701 gene network
involved in cholesterol metabolism, glycolysis, protein ubiq-
uitination, and apoptosis; ii) a 710 gene network enriched for
pathways involved in immune cell signaling, stem cell plu-
ripotency, WNT signaling, melanoma signaling, and melano-
cyte development and pigmentation; and iii) a 1202 gene
network involved in cell cycle control, DNA replication, DNA
repair, and damage response. These data reveal novel RAD6B
functions besides its recognized role in the translesion DNA
synthesis pathway. Because b-catenin is frequently activated
during melanomagenesis via nonmutational alterations,4 the
reported data suggest the importance of RAD6B-mediated b-
catenin activation in melanoma signaling. RAD6B disruption
most profoundly affected WNT1 expression, suggesting that
canonical WNT1 is the major b-catenin activator inM14 cells.
Besides WNT1 downregulation, these data also showed in-
creases in noncanonical WNT5A expression in RAD6B
knockout cells, resembling normal melanocytes. WNT5A is
implicated in melanoma invasion19,50,51; however, this is not
The American Journal of Pathology - ajp.amjpathol.org
supported by our data. Conflicting roles for canonical WNT
signaling in the context of melanoma development and pro-
gression have also been reported, with some showing corre-
lations between b-catenin loss and poor survival,15e18whereas
others reporting a prometastatic role for b-catenin.19e21,52,53

Our findings are consistent with the latter role, demonstrating
a direct role for RAD6B/WNT/b-catenin in melanoma devel-
opment/progression. Using a variety of analysis methods, it
was shown that RAD6B knockout or inhibition decreases b-
catenin transcriptional activity and expression of b-cat-
enineregulated transcriptional targets. However, the direct
impact of b-catenin targeting could not be assessed because
transfection with b-catenin siRNA caused loss of melanoma
cell viability.Amajor obstacle to achieving selective inhibition
of b-catenin is the overlap of b-catenin binding sites for T-cell
factor 4(TCF), adenomatous polyposis coli (APC), and E-
cadherin.54 Although b-catenin interaction with E-cadherin is
essential for cell adhesion and stem cell function, binding of b-
catenin with APC is required for its degradation, and b-catenin
binding with TCF is required for its transcriptional activity.
Similarly, the b-catenin binding sites for coactivators CREB-
binding protein (CBP) and p300 also overlap, also making it
difficult to selectively target b-catenin.

Neural crest cells aremultipotent stem cells that differentiate
into neurons, glia, melanocytes, and cartilage.55 Melanocytic
lineage specification and commitment are initiated by TCF/b-
catenin induction of SOX10 and MITF.56 Because RAD6B
knockout results in SOX10,MITF, andmelanA protein down-
regulation, we posit that under conditions of RAD6B loss, the
melanoma cells undergo reprogramming or trans-
differentiation to nontumorigenic states. Expression of SOX2,
a transcription factor essential for self-renewal and mainte-
nance of pluripotency,57 is increased inRAD6B knockout cells
compared with parental control M14 and HEMa-LP cells.
SOX2 is also required for directing differentiation to neural
progenitors and maintenance of neural progenitor stem cells.58

In this context, although b-catenineregulated c-MYC expres-
sion is reduced,MYCN expression is increased approximately
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15-fold in the RAD6B knockout cells compared with parental
M14 and HEMa-LP cells. MYCN expression is generally
excluded in neural crest stem cells; however, its expression
along with SOX2 biases the stem cells toward neural progen-
itor expansion andmaintenance of neural fate.59e61 Consistent
with these data, the proneural gene ASCL162,63 is overex-
pressed approximately 12-fold (PZ 1.14 � 10�5) in RAD6B
knockout cells compared with parental control and HEMa-LP
cells, suggesting potential lineage alteration. RNA-sequencing
analysis also showed significant decreases in SOX15
(approximately threefold; P Z 0.0083) and SOX18 (approxi-
mately 10-fold; P Z 3.21 � 10�23) expression levels in the
RAD6B knockout cells compared with control. Although the
functional relationships of these SOX family members in
melanoma programming remain to be investigated, SOX
familymembers can act as oncogenes, tumor suppressor genes,
or both, depending on the cellular context.64 Rather than
reprogramming to a pluripotent state, it is also possible that
alterations caused by RAD6B disruption result from dediffer-
entiation or transdifferentiation of melanoma to alternative or
intermediate nontumorigenic states. In this context, forced
expression of reprogramming factors SOX2,OCT3/4, orKLF4
in metastatic A2058melanoma cells resulted inmesenchymal-
epithelialelike transdifferentiation and attenuation of malig-
nancy in vitro and in vivo.65 This reprogramming-induced loss
of malignancy was accompanied by reductions in b-catenin
and epithelial-mesenchymal transitionerelated genes, and loss
of MITF, SOX10, and TYR expression levels.65 Interestingly,
because RAD6B gene disruption induces similar changes, we
posit an important regulatory role for RAD6B in melanoma
programming and tumor development.

Additional studies are needed to establish the trajectory of
melanoma reprogramming in RAD6B-disrupted cells;
nonetheless, our data reveal a novel and significant role for
RAD6B via WNT/b-catenin signaling in melanoma devel-
opment. Our data suggest that RAD6B targeting can provide
a new approach to force aggressive melanoma cells to
nontumorigenic nonmelanotic cell types.
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