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Abstract

UBEZ2N is a K63-specific ubiquitin conjugase linked to various immune disorders and cancer.
Here we demonstrate that UBE2N and its partners UBE2V1 and UBE2V?2 are highly expressed in
malignant melanoma. Silencing of UBE2N and its partners significantly decreased melanoma cell
proliferation and subcutaneous tumor growth. This was accompanied by increased expression of
E-cadherin, p16, and MC1R and decreased expression of melanoma malignancy markers including
SOX10, Nestin, and ABCB5. Mass spectrometry-based phosphoproteomic analysis revealed that
UBEZ2N loss resulted in distinct alterations to the signaling landscape: MEK/ERK signaling was
impaired, FRA1 and SOX10 gene regulators were downregulated, and p53 and p16 tumor
suppressors were upregulated. Similar to inhibition of UBE2N and MEK, silencing FRA1
decreased SOX10 expression and cell proliferation. Conversely, exogenous expression of active
FRA1 increased pMEK and SOX10 expression and restored anchorage-independent cell growth of
cells with UBE2N loss. Systemic delivery of NSC697923, a small molecule inhibitor of UBE2N,
significantly decreased melanoma xenograft growth. These data indicate that UBE2N is a novel
regulator of the MEK/FRA1/SOX10 signaling cascade and is indispensable for malignant
melanoma growth. Our findings establish the basis for targeting UBE2N as a potential treatment
strategy for melanoma.
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Introduction

Metastatic melanoma is the most aggressive and difficult to treat skin cancer. The incidence
of melanoma is on the rise especially among the young population. The NIH SEER program
estimated that 87,110 people were diagnosed with melanoma in the United States in 2017,
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accounting for 5.2% of all new cases of cancer, and that 11% of these patients would
succumb to the disease (1). In recent years, immunotherapies and BRAF/MEK oncokinase
inhibitors have yielded a high response rate (2-6). However, these treatments fail to produce
a long-lasting benefit for the majority of responders due to the rapid development of
resistance through cancer cell intrinsic and extrinsic mechanisms (7,8).

The RAS/RAF/MEK/ERK signaling cascade is commonly activated by growth factors and
cytokines via an orchestrated cascade of reversible posttranslational modifications, most
notably phosphorylation and ubiquitination. In cancer cells, this pathway is often
constitutively active as a result of genetic changes. Specifically, BRAF mutation occurs in
nearly 70% of cutaneous melanomas and 90% of these mutations are BRAFV600E which is a
potent activator of the downstream MEK/ERK Kkinases (9). The transformation potency of
mutant BRAF is subject to further regulation by ubiquitination (10).

Ubiquitination is a rather complex and multifaceted process (11). Poly-ubiquitination
involves binding of additional ubiquitin monomers to a lysine (K) or methionine (M) residue
(e.g. K48, K63, and M1) of the preceding ubiquitin, forming structurally and functionally
distinct ubiquitin polymers (Ub). K48-Ub primarily targets proteins to the 26S proteasome
complex for degradation, whereas K63-Ub regulates signal transduction and gene expression
(12). Ubiquitination typically requires concerted actions of an ubiquitin activating E1
enzyme, an E2 ubiquitin conjugase and E3 ubiquitin ligases and it is proteolytically cleaved
by deubiquitinases (11). While E1 is functionally ubiquitous, E2 and E3 enzymes and
deubiquitinases are multifaceted. For example, CYLD is a deubiquitinase specific for M1-
Ub and K63-Ub and it inhibits inflammation and tumorigenesis (13)(14). In contrast,
UBEZ2N (also called Ubc13) is a K63-Ub-specific E2 enzyme recently characterized as a
crucial growth promoter of several human cancers, such as breast cancer, neuroblastoma, B-
cell lymphoma, and colon cancer (15-19). UBE2N interacts with a non-catalytic variant
UBE2V1 (UeV1) or UBE2V2 (MMS?2) to activate NF-xB and p38 signaling pathways (15)
and DNA repair (20), respectively. However, little is understood about the role of UBE2N in
melanoma and the mechanisms underlying its function in cancer.

In this study, we demonstrated that UBE2N and variants are essential for melanoma cell
proliferation, survival, and malignant progression. Using unbiased proteomic approach, we
revealed a global effect of UBE2N on cell signaling and gene regulation, and identified a
MEK/FRA1/SOX10 signaling cascade acting downstream of UBE2N. We also verified
FRAZ1 as a key promoter of pMEK and SOX10 expression and melanoma growth. Finally,
we showed the feasibility of pharmacologically interfering with UBE2N function to hinder
melanoma xenograft growth in mice.

Materials and Methods

Cell culture and gene transduction

Cells were cultured at a 37°C incubator supplemented with 5% CO2 and all culture media
and supplements were obtained from (Thermo Fisher Scientific, Waltham, MA). A375,
A2058, and Skmel28, and B16-F10 cells were obtained from (ATCC, Manassas, VA) via
Duke Cell Culture Facility. DM598, DM733, and DM738 cells were kindly provided by Dr.
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Hilliard Seigler (Duke University Medical Center). They were derived from primary
biopsies of metastatic melanoma obtained under a Duke University Institutional Review
Board approved protocol with written informed consent from patients. These studies were
conducted in accordance with U.S. Common Rule. A375, A2058, B16, DM598, DM733,
and DM738 were maintained in Dulbecco’s Madified Eagle Medium (DMEM) with 10%
fetal bovine serum (FBS). Cell lines were confirmed to express Mart-1 and Nestin, but no
further authentication was performed in this study. A2058, A375, and B16 were negative for
all pathogens, except mycoplasma sp., as screened by PCR (IDEXX BioResearch,
Columbia, MO). Other cell lines were not screened. Normal human melanocytes were
isolated from surgically discarded foreskin samples obtained in accordance to an IRB
protocol approved by Duke, and cultured in complete melanocyte growth medium 254. The
pLKO lenti-viral ShRNA and CRISPR constructs specific for UBE2N, UBE2V1, UBE2V2,
and FRAL (Supplementary Table S1) were obtained from (Duke Functional Genomics
Shared Resource, Durham, NC). The retroviral expression vector for the constitutively active
FRA1DD mutant was generated as previously described (21). For gene transduction, A375,
A2058, and DM598 cells were incubated with the viral media supplemented with 8 pg/ml
polybrene overnight at a 37°C incubator supplemented with 5% CO2. Transduced cells were
selected with 1 pg/ml puromycin for 1-2 weeks.

Cell growth assay and soft agar colony formation

For cell proliferation assay, cells were seeded onto 96-well dishes at 5,000 cells/well and
next day, cells were incubated in quadruples for 48 hours with increasing concentrations of
NSC697923 (0, 1, 2, 4, and 8 uM) (Selleckchem, Houston, TX), cells were incubated with 5
pL 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (20mg/mL, Sigma-
Aldrich, St. Louis, MO) for 2 hours and media were then replaced with DMSO to dissolve
the thiazol crystals. Absorbance was measured using a plate reader (Synergy H1, BioTek
Winooski, VT). For soft agar colony formation, 1 mL of 0.5% noble agar was transferred to
each well of a 6-well plate to form the base layer. Gene transduced A375 cells were mixed
with 0.35% Noble agar, and then seeded in triplicates at 5,000 cells/well onto the solidified
base. About 15 minutes later, one mL of 10% FBS/DMEM was carefully added to each well.
The plates were kept in a 37°C incubator with 5% CO2 and 200 ul of 10% FBS/DMEM
fresh media were added to each well every other day. Two weeks later colonies were stained
with nitro blue tetrazolium (NBT) dye overnight at 37°C. Colonies were imaged and counted
using the Olympus microscopic imaging system.

Immunoblotting

Primary human melanocytes, A375, A2058, DM598, DM733, DM738, and B16 cells were
grown to about 90% confluence in either the 10%FBS/DMEM medium or the complete
melanocyte medium. Protein lysates were collected with RIPA buffer. Transduced cells were
re-seeded 1-2 weeks after selection with puromycin and protein lysates were collected 24
hours later. For Western blotting, proteins (20 pg/sample) were separated by 10-12%
polyacrylamide gel electrophoresis, transferred onto nitrocellulose membrane, and then
blotted with the following antibodies listed in (Supplementary Table S2). The blots were
detected with IRDye-conjugated secondary antibodies (Invitrogen), and imaged with the
Odyssey Imagining system (Li-COR, Lincoln, NE).
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Flow Cytometry

A375 cells transduced to express shCon, shUBE2N, shUBE2V1 or shUBE2V2 were fixed
with 70% ethanol for 30 minutes at 4°C, treated with 50 uL (100 pg/mL) of ribonuclease
solution, and stained with 200 pL of Propidium lodide. Cells were analyzed using the BD
LSRFortessa cell analyzer. Cell cycle analysis was performed using FlowJo software.

Histology and immunostaining

Immunofluorescent (IF) staining was performed with frozen tissue sections, as previously
described (21). Primary antibodies used for IF are listed in (Supplementary Table S2).
Samples were counterstained with DAPI (Thermo Fisher Scientific). Images were taken with
the Olympus BX41 microscopic imaging system or the Olympus 1X73 imaging system
(Center Valley, PA).

Real-time RT-PCR

Total RNA was isolated from cells using the Qiagen RNAeasy kit (Qiagen, Valencia, CA).
cDNA was generated by iScript reverse transcriptase supermix and real time PCR was
carried out using the SYBR green master mix (BioRad, Hercules, CA) in StepOnePlus Real
time systems (Applied Biosystems). PCR primers spanning the exon-exon junctions were
designed specifically for SOX10, FRA1, UBE2N, UBE2V1, UBE2V2, p53, p16, and
GAPDH (Supplementary Table S3).

Phosphoproteomic analysis

Phosphoproteomic analysis was performed as previously described (Foster MW et al. JPR
2017), and expanded methods are in Supplemental Methods. Briefly, lysates were prepared
in 8 M urea buffer, and following reduction/alkylation, proteins were digested overnight with
TPCK-trypsin. Following cleanup, phosphopeptides were enriched using titanium dioxide,
and enriched peptides were analyzed using a nanoAcquity UPLC system (Waters) interfaced
to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). Label-free quantitation
using accurate-mass and retention time alignment was performed in Rosetta Elucidator, and
database searching was performed using Mascot 2.5 (Matrix Science). Raw data have been
deposited to the MassIVE repository (MSV000082208).

Animal studies

Animal studies were performed in compliance with Duke Animal Care and Use Committee.
Four to six-weeks old NSG SCID mice were obtained from Duke Cancer Institute Animal
Facility and animals (n=5/group) were injected subcutaneously in the right and left flank
regions with 150,000 A375 cells expressing shCon, shUBE2N, shUBE2V1, or shUBE2V?2
suspended in 100 pl (PBS/matrigel mixed at 3:1 vol/vol). Tumors were measured biweekly
with a caliper for up to 4 weeks after which the animals were sacrificed. Tumor tissues were
fixed in 10% neutral buffered formalin for histology, flash frozen for protein extraction, or
embedded in OCT for cryosectioning and immunofluorescence staining. For the
pharmacological study, 8 NSG SCID mice were injected subcutaneously with 150,000 A375
cells in both flanks. Four mice were randomly selected the next day, and treated every other
day for a total of 18 days with either solvent (0.5% DMSO and 30% Corn oil) or 5 mg/kg
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NSC697923. Tumors were measured every 4 days and animals were euthanized for tissue
collection as described above.

UBE2N is required for melanoma cell proliferation.

To assess the relevance of UBE2N in melanoma, we examined NCBI GEO gene expression
datasets, and found that the UBE2N mRNA levels were higher in the metastatic tumors
compared to normal skin and benign nevi (Figure 1A). By immunoblotting, we found that
UBE2N, UBE2V1 and UBE2V2 were ubiquitously expressed in melanocytes, but UBE2V2
and UBE2N, particularly the mono-ubiquitinated UBE2N (UBE2N-Ub) (22), exhibited
increased expression in the metastatic melanoma cell lines, including A2058, A375, DM598,
DM733, DM738, and Skmel28, compared to normal melanocytes. The increased
expressions of UBE2N, UBE2V1, and UBE2V2 were especially pronounced in melanoma
cells grown with the melanocyte culture media (Figure 1B). These data indicate that UBE2N
and variants are highly expressed in melanoma cells.

To determine the functional importance of UBE2N, we first performed shRNA-mediated
gene silencing of UBE2N, UBE2V1, and UBE2V2 in A375 melanoma cells. The efficiency
of gene silencing was as verified by immunoblotting and real time g-PCR (Figure 1C,
Supplementary Figure S1A-C). Consistent with UBE2N being the primary E2 enzyme
responsible for K63-Ub, gene silencing of UBE2N and variants markedly reduced K63-Ub
of the whole cell lysates, as shown by immunoblotting (Supplementary Figure S1D). MTT-
based cell growth analysis showed that gene silenced cells grew significantly slower than
control cells (Figure 1D). Further cell cycle analysis via flow-cytometry revealed that
UBE2N-loss significantly increased the percentage of cells in the subG0 and G0/G1, and
inhibited M-phase entry (Figure 1E-F). To verify the observed growth effects, we performed
gene silencing with a second shRNA construct targeting UBE2N and CRISPR-constructs
targeting UBE2V1 and UBE2V2 in both A375 and A2058 cells. Time-course growth
analysis showed that each of these targeting strategies resulted in decreased cell proliferation
(Supplementary Figure S2A-B). These data indicate that UBE2N and variants are crucial for
melanoma cell proliferation.

UBE2N and variants are required for melanoma growth and progression in vivo.

To determine whether UBE2N and its variants are important for melanoma growth in vivo,
we performed subcutaneous tumor growth analysis. We found that cells with gene silencing
of UBE2N or the variants formed significantly smaller tumors than those of the control cells
(Figure 2A-B). Consistently, these tumors were less proliferative and more apoptotic, as
indicated by reduced number of Ki-67-positive cells and increased number of cleaved
caspase 3-positive cells, respectively (Figures 2C-D). In addition, the shUBE2N, shUBE2V1
and the shUBE2V2 tumors showed a markedly increased expression of the epithelial cell
marker E-cadherin (Figures 2E). Interestingly, gene silencing of UBE2N and UBE2V1, but
not UBE2V2, reduced expression of the cell adhesion marker B1-integrin (Figure 2F).
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Cells with UBE2N loss often appeared bigger and flatter than control cells in culture, which
is indicative of differentiation and senescence. By immunostaining, we found that both the
melanocyte differentiation marker MC1R and the cell growth inhibitor and senescent marker
p16 were significantly increased in the UBE2N, UBE2V1 and UBE2V2 gene silenced
tumors compared to the control tumors (Figure 3A-B). In contrast, markers previously
linked to melanoma malignancy, including SOX10 (23) and Nestin (24), were significantly
decreased in these tumors (Figure 3C-D). These results indicate that UBE2N and its variants
are required for melanoma growth and malignant progression.

UBEZ2N is essential for the expression of a pro-oncogenic protein landscape.

Phosphoproteomics has emerged as an important technique for investigating aberrant
signaling in cancer and response to therapy (25)(26). We used mass spectrometry to quantify
changes in the phosphoproteomes of A375 cells in response to gene silencing of UBE2N. A
total of 7,022 phosphopeptides were quantified (Supplementary Table S4-5), with 2,127
peptides that reached an FDR-corrected p<0.05; of these 258 were upregulated >5-fold, and
509 were downregulated <5-fold in the shUBE2N-expressing vs. control cells (Figure 4A).
Contained within these dysregulated phosphopeptides were a number of well-characterized
and regulatory sites in a range of pro-growth and pro-invasion molecules (Figure 4B). For
example, phosphorylation of ERK1/2 (at sites critical for kinase activation) was markedly
reduced in shUBE2N-expressing cells while ERK1/2 protein levels were unchanged (Figure
4C), and this correlated with the reduction of phosphorylation of ERK sensors such as the
PXTP site (Thr526) of the transcriptional repressor ERF (Figure 4B), an Ets family member
crucial for cell-cycle progression (27). We also found that the phosphorylation of MEK1/2
(Ser217/221), the upstream activator of ERK1/2, was similarly affected (Figure 4C).
Interestingly, phosphorylation of MEK2 (Thr394), a modification known to be regulated by
CDKS5 to inhibit the canonical MEK activity (28), was increased in cells with UBE2N loss
(Figure 4B). These effects on the MEK1/2-ERK1/2 pathway were consistent with the anti-
proliferative effects of UBE2N knockdown.

While total levels of ERK and MEK1/2 proteins were unchanged, we identified a number of
dysregulated phosphoproteins with marked changes in total protein abundance in shUBE2N-
expressing cells. These included SOX10 and Fos-related antigen 1 (FRAL), transcription
factors important for melanoma progression and therapeutic resistance (23)(29) (Figure 4C).
In addition, we observed an upregulation of p53 and p16 tumor suppressors (Figure 4C). The
relative mRNA levels of FRA1, SOX10, p16, and p53 in shUBE2N versus control cells
correlated well with their protein expression, demonstrating that these proteins were
transcriptionally regulated (Figure 4D). To verify the observed molecular changes, we
performed immunoblotting with lysates collected from A375 and A2058 cells that had
undergone gene targeting with a second shRNA construct for UBE2N and a CRISPR
construct for each of the variants. We found that each of these gene targeting approaches
resulted in decreased expression of pMEK, pERK, SOX10, and FRAL in both A375 and
A2058 cells (Supplementary Figure S2C-D). Collectively, these data show that UBE2N
regulates an oncogenic proteome at both post-translational and transcriptional levels.
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A375 and A2058 cells express the BRAF(V600E) mutant. We examined whether the
observed growth and molecular effects of UBE2N are specific to BRAF mutant cells. For
this, we targeted UBE2N and variants in DM598 cells which harbor an NRAS mutation
(30). Interestingly, we found that silencing of UBE2N and variants each reduced cell
proliferation of DM598 cells, but the effects were less dramatic than those on A375 and
A2058 cells (Supplementary Figure S2A-B and S3A). Immunaoblotting showed that pMEK,
PERK, SOX10, and FRA1 were not affected by UBE2N loss in DM598 cells
(Supplementary Figure S3B). These data implicate that UBE2N regulation of MEK/ERK
signaling might be specific to BRAF mutant cells.

FRA1 mediates UBE2N regulation of MEK and SOX10, and plays a pivotal role in melanoma

growth.

To verify that the observed molecular changes were due to reduced UBE2N function, we
treated cells with increasing doses of NSC697923, a small molecular compound that
specifically inhibits K63-Ub via disruption of UBE2N interaction with UBE2V1 and
UBE2V2 (31). By immunoblotting, we found that NSC697923 decreased FRA1 and SOX10
expression in a dose-dependent manner in both A375 and A2058 cells, as did treatments of
the MEK inhibitor trametinib (Supplementary Figure S4A-B), suggesting that UBE2N acts
through MEK to regulate FRA1 and SOX10.

FRA1 is an AP1 family gene regulator and promoter of many malignancies including
melanoma (29). We asked whether FRAL loss contributes to the growth defects and other
molecular changes observed in shUBE2N cells. To address this question, we first expressed
a constitutively active FRAL mutant (FRA1DD) in A375 cells expressing sShUBE2N. By
immunoblotting, we found that exogenous FRA1DD expression restored the expressions of
pMEK, pERK, and SOX10 that were otherwise downregulated by UBE2N gene silencing or
treatment of NSC697923 (Figure 5A, Supplementary Figure S4C). ATPase-based cell
growth analysis showed that FRA1DD expression restored proliferation of cells with
UBE2N-targeted gene silencing (Figure 5B). Additionally, FRA1DD decreased sensitivity of
A375 cells to NSC697923 treatment at both high and low serum culture conditions as
measured for the 2 and 4 uM doses (Supplementary Figure S4D-E). Moreover, FRA1DD
expressing cells showed increased subcutaneous tumor growth (Supplementary Figure S4F-
G).

Next, we performed FRA1-targeted gene silencing with lentiviral ShRNA in A375 and
A2058 cells. We found that FRA1 gene silencing decreased pMEK, pERK, and SOX10
expressions (Figure 5C), and inhibited proliferation of both cell lines (Figure 5D). Further
soft agar colony formation assay showed that gene silencing of FRA1, UBE2N, UBE2V1, or
UBE2V2 each resulted in a significant decrease of colony formation, whereas FRA1DD
increased it (Figure 5E-F). These data indicated that FRA1 is an important mediator of
UBEZ2N regulation of MEK/SOX10 signaling, and plays a pivotal role in melanoma growth.

Pharmacological inhibition of UBE2N mitigates melanoma growth in vivo.

Consistent with gene silencing effects, treatment of NSC697923 inhibited the proliferation
of A375, A2058, and B16 melanoma cell lines in a dose response manner, and sensitized
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cells to death under serum-starved conditions (Figure 6A-C). In addition, we observed that
NSC697923 significantly slowed cell migration, as demonstrated by scratch-wounding assay
(Supplementary Figure S5A-B).

To establish the utility of NSC696723 for in vivo applications, we examined its effect on the
A375 xenograft model. We found that intraperitoneal injections of NSC697923 (5 mg/Kg)
administered every other day significantly reduced subcutaneous tumor growth of A375
cells in immunodeficient NSG mice (Figure 6B-C). Immunoblotting of tumor protein lysates
confirmed that total K63-Ub was reduced by about 2-fold in tissues treated with NSC697923
(Figure 6D). By immunostaining, we found that tumors treated with NSC697923 were less
proliferative and more apoptotic than the control tumors, as indicated by the reduced number
of Ki-67 cells (Figure 6E) and the increased number of cleaved caspase 3-positive cells,
respectively (Figure 6F). In addition, we found that NSC697923 treated tumors expressed
markedly reduced levels of SOX10, Nestin and ABCB5 (Figure 6G-I). In contrast, p16 was
increased in the drug-treated tissues (Figure 6J). During the course of treatment, none of the
treated animals showed any superficial signs of toxicity or significant weight loss
(Supplementary Figure S6A-C). These results indicate that systemic delivery of NSC697923
impedes melanoma growth by decreasing the expression of melanoma malignancy markers
and increasing the expression of tumor suppressors.

Discussion

Our study demonstrates a critical role of UBE2N and its variant partners in melanoma
growth and progression. We characterized UBE2N as a negative regulator of tumor
suppressors and a positive regulator of oncogenic proteins. Specifically, our data support a
working model where FRAL as a crucial effector molecule acting downstream of UBE2N to
maintain the MEK/FRA1/SOX10 signaling cascade and melanoma malignancy (Figure 7).
Most importantly, we established the preclinical feasibility of applying a small molecular
inhibitor of UBE2N to attenuate melanoma growth in vivo. Our findings underscore UBE2N
as a new promising therapeutic target for melanoma. Given that UBE2N is relevant to many
other cancers (15-19), the mechanistic insights obtained from this study have broad
implications.

Previous studies have linked UBE2N to NF-xB, p38, and p53 signaling pathways in several
cancer models (15-19). Our studies have for the first time identified a novel MEK/FRA1/
SOX10 signaling cascade downstream of UBE2N. It is rather intriguing that UBE2N
regulation appears to be specific to BRAF but not NRAS mutant cells. BRAF(V600E) is
subject to K63-Ub which is required for BRAF(VV600E)-driven transformation (10). While
our attempts to detect BRAF-K63-Ub were not successful, we observed that UBE2N loss
increased MEK?2 phosphorylation at a non-canonical Thr394 residue, a modification
previously shown to be responsible for CDK5-mediated MEK/ERK inactivation and control
of insulin resistance (28). Further studies are needed to determine whether this is the main
mechanism underlying MEK inactivation by UBE2N-loss. It is also interesting to observe
that knockdown of UBE2V2 appears to induce a more potent effect on cell proliferation than
that of other subunits. Like any other gene targeting approach, there is a risk of off-target
effects. RT-PCR and immunoblotting data show that UBE2N and UBE2V1 are highly
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expressed in shUBE2V?2 cells, suggesting that non-specific targeting of UBE2N and
UBE2V1 is unlikely the main cause of the dramatic phenotype. While the high efficiency of
UBE2V2 knockdown and other unknown non-specific effects might contribute to the
observed phenotype, it is conceivable that UBE2V2 has UBE2N-independent functions, as
were recently reported for UBE2N (32,33). It is also clear that UBE2V2 has MEK-
independent functions (34). This is shown by our data demonstrating that knockdown of
UBE2V?2 significantly decreased cell proliferation of DM598 cells but it has a negligible
effect on MEK activation. Further studies are required to better understand the distinct
mechanisms mediating the functions of each UBE2N subunit and how these proteins
crosstalk with BRAF oncogene.

As an AP1 family transcription factor, FRA1 regulates expression of genes involved in cell
cycle progression, tumor cell migration, and angiogenesis (29). Additionally, FRA1
regulates membrane lipid synthesis independent of its transcriptional activity and
subsequently AKT activation (21) (35). FRA1-tageted gene silencing decreased MEK/ERK
activation, and MEK-inhibition decreased FRAL expression, supporting the existence of a
positive feedback signaling loop. FRA1 silencing also slightly downregulated the expression
of UBE2V2 (Figure 5C). FRAL is known to be induced by MEK (36) and interestingly, in
turn activates MEK/ERK signaling through AP1 target genes such as HBEGF, thereby
maintaining a positive feedback signaling loop (37). Since the effects of UBE2N loss on
MEK and FRAL both appear to be specific to BRAF mutant cells, it is conceivable that they
are regulated through a BRAF-related common target of UBE2N.

SOX10 is a neuronal cell marker expressed at a basal level in normal human melanocytes,
but its expression is significantly upregulated in malignant melanomas (38). SOX10
regulates the expression of Nestin, another neural progenitor cell marker associated with
melanoma growth and migration (39). ABCB5 belongs to a family of membrane transporters
that regulate membrane potential and chemoresistance (40). The downregulation of SOX10,
Nestin, and ABCBS5 by genetic and/or pharmacological inhibition of UBE2N supports that
UBEZ2N is essential for malignant growth of melanoma cells. Further, we established that in
melanoma, SOX10 is regulated by UBE2N via FRAL. In line with our findings, UBE2V1
and UBE2V?2 are overexpressed in human embryonic stem cells and cancer cell lines
compared to their normal adult counterparts (41). It is highly conceivable that UBE2N and
variants play a role in cancer stem cell phenotype.

Lastly, UBE2N may also be involved in modulation of a tumor microenvironment that favors
tumor progression and resistance to therapy. In this regard, UBE2N loss altered expression
of a plethora of molecules relevant to extracellular matrix and immune function
(Supplementary Table S5). Further studies are needed to understand how UBE2N regulates
the metabolic landscape of the tumor microenvironment which by itself provides a goldmine
of opportunities for new cancer therapeutics (42). UBE2N also inhibits the conversion of
regulatory T-cells into effector T-cells (43), suggesting that treatment of UBE2N inhibitors
such as NSC697923 could improve the anti-tumor immune response stimulated by immune
checkpoint inhibitors.
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Figure 1. UBE2N isimportant for melanoma cell proliferation.
(A) Relative UBE2N mRNA expression levels obtained from NCBI GEO data sets

GDS3966 (31 primary and 52 metastatic melanomas) and GDS1375 (7 normal skin, 18 nevi
and 37 malignant melanomas). Graphs represent averages of UBE2N mRNA normalized to
that of primary tumor or normal skin +/- SD. (B) Immunoblotting for UBE2N, UBE2V1
and UBE2V2 in primary human melanocytes and metastatic human melanoma cell lines
cultured with either 10% FBS/DMEM or melanocyte culture media. Actin was used as a
loading control. (C) Confirmation of shRNA-mediated gene silencing via immunoblotting.
(D) Cell proliferation via MTT assay. Graphs represent average percentages of cell
proliferation normalized to control A375 cells at 72 hours after seeding +/- SD, p<0.05. (E)
Cell cycle analysis of gene transduced A375 cells via flow cytometry. (F) Graph represents
average percent of cells in subGO, GO, S and M-phases +/- SD. P-values of <0.01 were
obtained via unpaired student T-test.
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Figure 2. Gene silencing of UBE2N inhibits melanoma growth and progression.
(A) Image of subcutaneous tumors generated in NSG SCID mice with gene transduced

A375 cells. (B) Tumor size. Graph depicts average tumor size (n=10/group) +/- SD. P-
values of less than 0.05 were obtained via unpaired student T-Test comparing gene silenced
groups to the control group. (C-F) Immunofluorescence staining of 4-weeks old
subcutaneous tumors for Ki-67, cleaved caspase 3, E-cadherin and p1-integrin [orange].
Nuclei [blue].
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Figure 3. UBE2N isrequired for the suppression of melanoma cell differentiation.
(A-D) Immunostaining of subcutaneous tumors for MC1R, p16, SOX10, and Nestin

[orange], Nuclei [blue]. Graphs depict average percentages of MC1R, p16, SOX10, and
Nestin-positive cells over total cell population quantified from 5-10 images of each group +/
— SD. p-values of less than 0.01 were obtained via student T-test.
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Figure 4. UBE2N is essential for the expression of a pro-oncogenic protein landscape.
(A) Phosphopeptide expression in A375 cells expressing shUBE2N versus shCon was

visualized by volcano plot. Phoshopeptides in red and blue were =5-fold higher and >-5-
fold lower, respectively, in sShUBE2N cells compared to shCon cells (w/ FDR-corrected
p<0.05; unpaired T-test). (B) Differentially-expressed phosphopeptides were queried in the
phosphosite database (www.phosphosite.org). The expression values of select phosphosites
identified in low throughput studies (i.e. validated sites with known target kinases and/or
regulatory function) were converted to Z-scores followed by two-dimensional hierarchical
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clustering using JMP Pro. (C) Protein and phosphoprotein expressions were confirmed by
Western blotting. (D) mRNA expression was quantified by real-time RT-PCR. Total RNA
samples were isolated from A375 cells expressing shCon and shUBE2N. Graphs represent
averages of relative mRNA levels of FRA1, SOX10, p53, and p16 normalized to GAPDH +/
- SD. p-values <0.01 were obtained via unpaired student T-test.
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Figure5. FRA1 mediates UBE2N regulation of MEK and SOX10, and plays a pivotal rolein
melanoma growth.

(A) Immunoblotting of protein lysates isolated from A375 cells transduced to express
shCon, shUBE2N, shUBE2V1, shUBE2V2, and FRA1DD. (B) Cell growth analysis via
MTT assay. Graph depicts growth curve of A375 cells in triplicates expressing sShUBE2N
alone or with FRA1DD +/- SD. (C) Immunoblotting of lysates isolated from A375 and
A2058 cells transduced to express shCon or shFRAL. (D) Cell growth analysis via MTT
assay. Graphs depict time-course growth of triplicates of transduced A375 and A2058 cells
expressing shFRAL normalized to control cells +/- SD. (E) Representative images of soft
agar colonies of transduced A375 cells. (F) Colony counts. Graph represents average
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number of soft agar colonies of triplicate dishes +/- SD, p-values<0.05 were obtained via
unpaired student T-test.
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Figure 6. Systemic treatment of NSC697923 inhibits melanoma xenogr aft growth, and decreases
melanoma tumor growth and malignancy.

(A) Cell growth analysis via MTT assay. A375, A2058, and B16 were treated with varying
concentrations of NSC697923 in the presence of 1% or 10% FBS. Graphs represent
averages of tetrad wells +/- SD, p-values<0.05 were obtained via unpaired student T-test.
(B) Subcutaneous tumor growth kinetics. A375 cells (1.5x10%/injection) were injected into
both flanks of NSG mice. Animals (n=4/group) were then treated every other day with
intraperitoneal dose of 100 ul solvent (5% DMSO in 30% corn oil) or NSC697923 (5 mg/Kg
body weight). (C) Images of the subcutaneous tumors collected 22 days after injection. (D)
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Immunoblotting of protein lysates isolated from subcutaneous tumors for K63-Ub and
Actin. (E-J) Immunostaining of the frozen sections of the subcutaneous tumors for Ki-67,
cleaved caspase 3, SOX10, Nestin, ABCB5, and p16 [orange]. Nuclei [blue]. Graphs depict
quantification of relative percentages or intensities of cells positively stained for the above
markers. P-values less than 0.05 were obtained via unpaired student T-test.
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Figure 7. Working model for UBE2N function in melanoma.
UBEZ2N acts in part through a MEK/FRA1/SOX10 signaling cascade to promote melanoma

growth, survival, and malignant progression.
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