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Abstract

Biosynthesis and degradation of heme, an iron-bound protoporphyrin molecule utilized by a wide
variety of metabolic processes, is tightly regulated. Two closely related enzymes, heme oxygenase
1 (HMOX1) and heme oxygenase 2 (HMOX2), degrade free heme to produce carbon monoxide,
FeZ* and biliverdin. HMOX1 expression is controlled via the transcriptional activator, NFE2L.2,
and the transcriptional repressor, Bachl. Transcription of HMOXZ and other NFE2L2-dependent
genes is increased in response to electrophilic and reactive oxygen species. Many tumor-derived
cell lines have elevated levels of NFE2L 2. Elevated expression of NFE2L2-dependent genes
contributes to tumor growth and acquired resistance to therapies. Here we report a novel role for
heme oxygenase activity in melanosphere formation by human melanoma-derived cell lines.
Transcriptional induction of HMOX1 through derepression of Bachl or transcriptional activation
of HMOXZ2 by oncogenic B-RafY600E results in increased melanosphere formation. Genetic
ablation of HMOX1 diminishes melanosphere formation. Further, inhibition of heme oxygenase
activity with tin protoporphyrin markedly reduces melanosphere formation driven by either Bachl
derepression or B-RafY600E expression. Global transcriptome analysis implicates genes involved
in focal adhesion and extracellular matrix interactions in melanosphere formation.
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Introduction

Reactive oxygen species (ROS) function as signaling molecules under physiological
conditions, but excessive production of ROS leads to oxidative stress (Alfadda and Sallam,
2012, Benhar et al., 2002, Nishigori et al., 2004, Ray et al., 2012, Sorbara and Girardin,
2011). Due to increased metabolic activity, elevated ROS production is characteristic of
neoplastic growth. Oxidative stress is involved in multiple stages of cancer development,
including oncogene activation (Maynard et al., 2009, Lander et al., 1997, Sun and Kemble,
2009), increased cell proliferation (Burdon et al., 1990, Burdon, 1995), cell motility and
metastasis (Pelicano et al., 2009, Kundu et al., 1995), metabolic reprogramming (Lee et al.,
2018, Hayes and Dinkova-Kostova, 2014) and maintenance of a cancer stem cell population
(Tanno and Matsui, 2011, Luanpitpong et al., 2018).

The Nuclear Factor Erythroid 2-Like 2 (NFE2L2; Nrf2) is the master transcriptional
activator of the oxidative stress response. Nrf2 binds to antioxidant response elements
(AREs) in DNA and regulates a cytoprotective transcriptional program (Kaspar et al., 2009,
Zhang, 2006, Malhotra et al., 2010). The Kelch-like ECH-associated protein 1 (Keapl) is a
component of a Cul3-dependent E3-ubiquitin ligase that ubiquitinates multiple lysine
residues within the N-terminal Neh2 domain of Nrf2 and targets Nrf2 for proteasomal
degradation under basal conditions (Itoh et al., 1999, Zhang et al., 2004, Kobayashi et al.,
2004, Cullinan et al., 2004). Reactive molecules, including ROS, modify cysteine residues
within Keapl and abolish its ability to form a functional E3-ubiquitin ligase (Dinkova-
Kostova et al., 2002, Zhang and Hannink, 2003, Cleasby et al., 2014). Consequently, Nrf2
accumulates in the nucleus and activates gene transcription.

Nrf2 target genes encode phase 11 detoxifying enzymes (Hayes and McMahon, 2009, Itoh et
al., 1997), drug transporters (Maher et al., 2007), anti-apoptotic proteins (Niture and Jaiswal,
2012) and components of the proteasome (Kwak et al., 2003). Induction of Nrf2 is thought
to inhibit cancer progression by facilitating the removal of ROS and damaged proteins
(Hayes and McMahon, 2009). However, increased expression of Nrf2 target genes have been
implicated in multiple cancer hallmarks — tumorigenesis, aberrant survival, invasion,
metastasis, metabolic reprogramming and drug resistance — in a variety of cancer types (Lau
et al., 2008, Wang et al., 2008b, Homma et al., 2009, Kensler and Wakabayashi, 2010, Bauer
etal., 2011, Hayes and McMahon, 2009, Kang et al., 2010, Mitsuishi et al., 2012, Niture and
Jaiswal, 2012, Rojo et al., 2014, Singh et al., 2008, Zhang et al., 2010, Rojo de la Vega et al.,
2018). Mutations in either KEAPI or NFEZL 2that stabilize Nrf2, as well as epigenetic
silencing of KEAPI, have been identified in a number of different tumor types (Hayes and
McMahon, 2009, Muscarella et al., 2011, Shibata et al., 2008, Wang et al., 2008a, Kim et al.,
2010, Solis et al., 2010, Singh et al., 2006, Rotblat et al., 2012). For example, somatic
mutation of the KEAPI gene in malignant melanoma confers resistance against cisplatin and
dacarbazine (Miura et al., 2014). Dysregulation of other signaling pathways that regulate
Nrf2 expression, stability or function can also contribute to increased expression of Nrf2-
dependent target genes in tumor cells (Rada et al., 2011, DeNicola et al., 2011). Oncogenic
forms of both Rasand B-Rafhave been reported to increase transcription of the NFE2L2
gene, leading to increased expression of Nrf2-dependent target genes (DeNicola et al., 2011,
Chen et al., 2017).
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The BTB and CNC Homology 1 (Bachl) protein competes with Nrf2 for binding to ARE
motifs and represses many Nrf2 target genes (Ogawa et al., 2001, Warnatz et al., 2011). The
heme oxygenase-1 (HMOX1) gene is the best-characterized target for Bachl repression
(Ishikawa et al., 2005, Warnatz et al., 2011). Under basal conditions, Bach1l is bound to
several ARE enhancer motifs that regulate HMOXZ expression (Reichard et al., 2007).
However, either oxidative stress or an excess heme level results in the removal of Bachl
from DNA and its translocation to the cytoplasm, where it is targeted for proteosomal
degradation. Candidate ubiquitin ligases for Bachl include HOIL (Zenke-Kawasaki et al.,
2007) and FBXL17 (Tan et al., 2013). Loss of Bach1-mediated repression enables
transcriptional activation of HMOXZ by Nrf2. HMOX1 catalyzes the degradation of heme
into carbon monoxide (CO), iron (Fe2*) and biliverdin (BV) (Otterbein et al., 2003). These
three products of heme degradation play anti-inflammatory, anti-apoptotic and anti-
proliferative roles (Bilban et al., 2008, Otterbein et al., 2003, Tauber et al., 2010, Ryter and
Tyrrell, 2000, Vile and Tyrrell, 1993). HMOX1 prevents cancer initiation by inhibiting ROS-
induced damage (Jansen et al., 2010) and by promoting DNA repair (Otterbein et al., 2011).
However, HMOX1 is overexpressed in a number of cancer types (Berberat et al., 2005,
Busserolles et al., 2006, Maines and Abrahamsson, 1996, Mayerhofer et al., 2004, Nishie et
al., 1999, Nuhn et al., 2009, Torisu-Itakura et al., 2000, Degese et al., 2012, Noh et al., 2013)
and HMOX1 overexpression has been implicated in promoting metastatic tumor growth,
evasion of apoptosis and angiogenesis in a variety of cancers (Jozkowicz et al., 2007, Chau,
2015b, Lin et al., 2013, Sunamura et al., 2003, Was et al., 2006). It has recently been
reported that loss of Keapl and thus Nrf2 activation promotes metastasis of lung
adenocarcinoma by leading to the accumulation of Bachl (Lignitto et al., 2019). Further,
this group showed that /7 vivo inhibition of HMOXZ1 by treatment with zinc protoporphyrin
(ZnPPIX) reduced metastasis (Lignitto et al., 2019). While transcription of the HMOX1
gene is tightly regulated by multiple signals, including heme, oxidative stress, cytokines,
heavy metals and bacterial endotoxin, the HMOXZ2 gene is constitutively expressed (Wegiel
etal., 2014, Bilban et al., 2008). A role for HMOX2 in cancer has not been evaluated.

The ability of melanoma cells to form spheroids — or melanospheres — when cultured in non-
adherent conditions /n vitro correlates with their tumorigenic capacity /7 vivo (Perego et al.,
2010, Sette et al., 2012, 2013, Eramo et al., 2006, 2008, Marzagalli et al., 2018). In this
report, we examined the role of Nrf2 and HMOX1 in melanosphere formation of human
melanoma cell lines. We demonstrate that silencing of either Nrf2 or HMOX1 diminishes
melanosphere formation in B-RafV60%E _driven SK-Mel-5 and SK-Mel-28 melanoma cell
lines. We further provide evidence that heme oxygenase enzymatic activity, either as a result
of HMOX1 or HMOX2 function, is required for melanosphere formation. Global
transcriptome analyses of melanospheres induced by B-RafV600E expression or derepression
of Bachl target genes revealed enrichment for genes involved in focal adhesion and
extracellular matrix (ECM)-receptor interactions. Taken together with recent evidence
implicating HMOX1 in melanoma invasion, migration and drug resistance, our data suggest
HMOX1 may provide a suitable target for the treatment of metastatic melanoma.
Metalloporphyrins, such as tin protoporphyrin (SnPP) and Stannsoporfin (SNMP), are
competitive heme oxygenase inhibitors that have long been studied for the treatment of
neonatal hyperbilirubinemia (Schulz et al., 2012). Additionally, SnPP is a clinically relevant
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compound utilized for the treatment of hepatic porphyria (Dover et al., 1991, Dover et al.,
1993), and is currently being investigated in clinical trials for the treatment of chronic
kidney disease (clinicaltrials.gov). Thus, current therapeutic metalloporphyrins may be
repurposed for the treatment of metastatic melanoma.

Materials And Methods

Cell Culture

Normal human embryonic melanocytes (NHEM) isolated from the juvenile foreskin were
purchased from PromoCell and cultured in Melanocyte Growth Medium (PromocCell,
Heidelberg, Germany). SK-Mel-2 cells were obtained from the National Cancer Institute
(NCI) DCTD Tumor Repository. All other human melanoma cell lines were a gift of Dr.
Thomas Quinn (University of Missouri) and were cultured in DMEM (Corning, Corning,
NY) containing 10% (v/v) FBS (Atlanta Biologicals, Flowery Branch, GA) and 2 mM L-
glutamine. HEK293FT cells were cultured in the presence of geneticin (500 ug/ml).

Sequencing

RNA was isolated using a PureLink RNA mini kit (Thermo Scientific, Grand Island, NY).
cDNA was synthesized using a Superscript™ I11 First Strand Synthesis Kit (Thermo
Scientific). DNA was amplified by PCR and purified using a GeneJet PCR Purification Kit
(Thermo Scientific). The DNA Core at the University of Missouri carried out sequencing
using a 3730xI 96-capillary DNA Analyzer with Applied Biosystems Big Dye Terminator.
Primers were purchased from Sigma Aldrich (St. Louis, MO). Reference sequences were
obtained from the National Center for Biotechnology Information using the following gene
accession numbers: N-Ras (NM_002524) and B-Raf (NM_004333).

Silencing Hairpin RNA Design and Synthesis

Target sequences were identified using both pSicoOligomaker 1.5 and siRNA at Whitehead
software (http://sirna.wi.mit.edu). Oligo design and cloning into the pSICOR PGK vector
(Plasmid 12084, Addgene, Cambridge, MA) were completed according to the Jack’s Lab
protocol (http://jacks-lab.mit.edu/protocols/psico).

Retroviral and Lentiviral Preparation

HEK?293FT cells were transfected using LipoD293™ DNA in vitro transfection reagent
(SignaGen, Gaithersburg, MD). For retroviral particle generation, pHCMV-10A1 (Addgene
plasmid #15805) and pGag-Pol (Addgene plasmid #14887) were transfected with either
pBABE-Empty Vector (gift of Dr. Alan Diehl, Case Western Reserve University) or pPBABE-
B-RafV600E (Addgene plasmid #17544). For lentiviral particle generation, psPAX2
(Addgene plasmid #12260) and pMD2.G (Addgene plasmid #12259) were transfected with
pSICOR constructs (described above). Supernatant was collected at both 24 and 48 hours,
combined, and filtered through a 0.45 pm filter unit (Millipore, Billerica, MA). Viral-
containing supernatant was supplemented with 8 pug/ml polybrene for infection.
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Nrf2 and HMOX1 Ablation

SK-Mel-5 and SK-Mel-28 cells were grown until 70% confluent in 75 cm flasks and then
transfected with 20 pg of CRISPR/Cas9 constructs containing guide RNAs targeting
HMOX1 or NFEZL2 (Horizon Discovery DNA 2.0) along with a plasmid expressing eGFP
using Lipofectamine 2000 transfection reagent according to manufacturer’s instructions.
Twenty-four hours after transfection, the cells were sorted by eGFP expression and plated at
clonal density on 96-well plates. Individual clones were screened for Nrf2 or HMOX1
expression by immunoblot analysis following MG132 inhibitor or CoPP treatment,
respectively. Each cell line was derived from a single clonal expansion.

Immunoblot Analysis

Cells were lysed in High Salt ELB as described previously (Attucks et al., 2014) and
electrophoresed through a Genscript ExpressPlus™ PAGE Precast gel and transferred onto
0.45 pm nitrocellulose membrane (BioRad, Hercules, CA). The membrane was incubated
for 2 hours with 5% (w/v) non-fat dry milk in PBS/0.1% (v/v) Tween-20 (Fischer Scientific)
and then incubated overnight with the appropriate primary antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, 1:000 dilution): anti-Nrf2(H-300), anti-HMOXZ1(A-3), anti-
HMOX2(B-3), anti-Bach1(F-9) and anti-Raf-B(F-7). Anti-p-tubulin(E7) was obtained from
the Developmental Studies Hybridoma Bank (lowa City, 1A) and used as a loading control
(1:1000). Then, membranes were incubated for one hour with the appropriate horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA, 1:2000 dilution). Immunodetection was achieved using SuperSignal™ West Pico
Chemiluminescent Substrate and developed in a FujiFilm Intelligent Dark Box using
LAS-3000 software or a UVP ChemiDoc. For quantitation, band intensity was measured
using MultiGauge or ImageJ software, normalized to -tubulin expression.

Melanosphere Assay

Melanosphere assays were conducted in Corning Ultra-Low Attachment 6-well plates
(Corning). Cells (20,000) were plated per well in 4 ml of stem cell medium (DMEM/F12
(1:1)) supplemented with B27 Serum-Free Supplement, 20 ng/ml Recombinant Human FGF,
20 ng/ml Recombinant Human EGF and 2.5 pg/ml Amphotericin B) (Thermo Scientific).
After 10 days, melanospheres were imaged and those that measured at least 100 uM in
diameter were counted.

Real-Time RT-PCR

RNA was extracted from 1 x 106 cells per sample using a Qiagen RNeasy mini kit
(Valencia, CA). cDNA was synthesized using a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Grand Island, NY). Quantitative PCR was carried out for 40
cycles using Thermo Scientific Maxima SYBR Green/ROX qPCR Master Mix, 7 pl of
purified cDNA (representing approximately 5 x 10* cells) and a primer concentration of
0.15 pM. All PCR reactions were conducted in triplicate. Expression levels were determined
using the Comparative Ct Method for Quantitative RT-PCR (Schmittgen and Livak, 2008).
Briefly, expression is normalized to actin and then calculated as the fold-change over an
untreated sample.
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RNA-Seq Analysis and Functional Annotation Clustering

Cells were grown in non-adherent conditions for 5 days. Each condition was done in
triplicate. RNA was isolated from 6 x 10° cells per sample using a Qiagen RNeasy mini kit.
Then, 2.5 pg of RNA were diluted to 100 ng/ul in RNAse-free water and submitted to the
DNA Core at the University of Missouri for RNA-seq analysis using an Illumina HiSeq
2000 with a 1 x 50 run type, returning approximately 34 million reads per sample. Pairwise
comparisons were done using both DESeq and EdgeR Bioconductor packages as described
previously (Li et al., 2015). Those genes found to be differentially expressed by a minimum
of a 2-fold increase by both packages were used for DAVID functional annotation clustering
(http://david.abce.nciferf.gov). Significance for DAVID functional annotation clustering was
calculated using a Fisher’s Exact Test (EASE Score). For Nrf2-target gene expression
analysis, the DESeq Bioconductor package was used.

Pharmacological Inhibitors

Tin protoporphyrin IX dichloride (SnPP) (Tocris Biosciences, Bristol, UK), protoporphyrin
IX cobalt dichloride (CoPP) (Sigma-Aldrich) and MG132 were used at 10 uM. For
melanosphere assays, SnPP-treated wells were re-treated with an additional 10 uM every 48
hours. PLX-4032 (Selleck Chemicals, Houston, TX) was used at 5 pM.

Bilirubin Quantitation

MTT Assay

Statistics

Twenty-four hours after seeding 2.5 x 10° cells per plate, CoPP was added to the appropriate
plates overnight. Cells were lysed in High Salt ELB supplemented with protease and
phosphatase inhibitors and immediately collected into a dark tube to avoid light exposure. A
Bilirubin Assay Kit (MAK126, Sigma-Aldrich) was used to measure bilirubin. Absorbance
was measured at 530 nm. Total bilirubin was calculated as described by the manufacturer.

Ten thousand cells were seeded per well of a 96-well plate and treated with inhibitors (CoPP,
SnPP, PLX-4032) as indicated. After 48 hours, the medium was replaced with 100 ul of
phenol-red free medium and 10 pl of 12 mM MTT (Molecular Probes, Life Technologies)
was added to each well. After a four hour incubation at 37°C, 75 pl of media was removed
and 50 pl of DMSO was added. After a 10 minute incubation at 37°C, the absorbance was
measured at 540 nm. Data was normalized to the absorbance of untreated SK-Mel-5 or SK-
Mel-28 cells.

Except where otherwise noted, data represent the mean + SEM of at least three biological
replicates. Significance was determined using the standard Student’s t-test.
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Results

Melanoma cell lines which harbor the activating mutation, B-RafV699E, form melanospheres
when grown in non-adherent culture conditions.

NHEM and a panel of six human melanoma cell lines were plated in ultra-low attachment
plates in defined stem cell medium. After ten days, NHEM did not survive the non-adherent
culture conditions while all melanoma cell lines remained viable (data not shown). Four
melanoma cell lines formed melanospheres of at least 100 uM in size (SK-Mel-2, M14, SK-
Mel-5, SK-Mel-28), while two did not (Hs936T, TXM13) (Fig. 1A). Over the 10-day period,
SK-Mel-2, Hs936T and TXM13 cells did not proliferate while M14, SK-Mel-5, and SK-
Mel-28 cells increased in cell number (data not shown). SK-Mel-5 cells formed the largest
number of melanospheres: 722 + 62 as compared to 100 £ 11 (M14), 49 + 3 (SK-Mel-28),
and 17 £ 5 (SK-Mel-2) for the other three sphere-forming lines (Fig. 1B).

To determine whether the melanoma cell lines harbored B-Raf and/or N-Ras mutations, the
two most commonly mutated genes in melanoma (Reddy et al., 2017), cDNA was
synthesized from RNA isolated from each of the cell lines. Sequencing of PCR-amplified
cDNA revealed that the melanoma lines that formed the largest number of melanospheres
(SK-Mel5, M14, SK-Mel-28) harbored the V600E mutation in B-Raf while the other three
lines harbored mutations in the N-Ras gene (Q61R for SK-Mel-2 and Q61K for Hs936T and
TXM13) (Fig. 1C). None of the lines harbored mutations in either the Nrf2 or Keapl genes
(data not shown). Knockdown of B-Raf by infection with a silencing hairpin RNA (shRNA)
targeting B-Raf (shB-Raf) showed a reduction in melanosphere formation in SK-Mel-5 cells
(Fig. 1D) from 616 * 110 to 300 + 50 spheroids. Infection with shB-Raf decreased B-Raf
protein levels by 50% (Fig. 1E).

Nrf2 and HMOX1 are important for melanosphere formation in B-Raf-active melanoma.

To determine whether Nrf2 contributes to melanosphere formation in B-RafV600E_
containing melanoma cell lines, SK-Mel-5 and SK-Mel-28 cells were transfected with a
CRISPR/Cas9 construct to ablate Nrf2 with MG132 added to stabilize Nrf2 protein levels.
Loss of Nrf2 in clonally expanded cell lines was verified by western blot analysis (Fig. 2A).
Loss of Nrf2 in SK-Mel-5 and SK-Mel-28 cells reduced melanosphere formation in both
lines (Fig. 2B) from 813 + 113 to 279 £ 75 and 79 + 20 to 40 + 7, respectively. Loss of Nrf2
had a modest effect on cell viability of SK-Mel-5 cells but did not affect SK-Mel-28 cells
(Fig. 2C) as determined by MTT assay. All lines were sensitive to the B-RafV600E jnhibitor,
Vemurafanib (PLX-4032), demonstrating that loss of Nrf2 did not disrupt B-RafV®00E_driven
cell proliferation (Fig. 2C). A reduction in melanosphere formation was also observed in
SK-Mel-5 cells in which levels of Nrf2 were reduced by shRNA (Supplementary Fig. S1A
and S1B). Taken together, our data suggest that Nrf2 plays a role in melanosphere formation
observed in B-RafV690E_expressing melanoma cell lines.

Increased expression of one Nrf2 target gene, heme oxygenase-1 (HMOX1), has been

implicated in promoting metastatic growth in a number of cancer types (Lignitto et al., 2019,
Jozkowicz et al., 2007, Chau, 2015a), including melanoma (Was et al., 2006, Okamoto et al.,
2006). To investigate whether HMOX1 may be involved in melanosphere formation, we first
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increased expression of HMOXZ in SK-Mel-5 cells by treating cells with cobalt
protoporphyrin IX (CoPP), a heme mimetic. When heme or CoPP bind Bachl, the repressor
is exported from the nucleus and degraded in the cytoplasm, allowing Nrf2-dependent
expression of genes normally repressed by Bachl (Zenke-Kawasaki et al., 2007, Suzuki et
al., 2004). As expected, CoPP treatment resulted in increased HMOX1 expression in SK-
Mel-5 cells (Fig. 3C). Melanosphere formation in SK-Mel-5 cells was increased following
CoPP treatment, from 788 £ 17 to 1192 + 107 (Fig. 3A), despite a decrease in cell number
as compared to untreated SK-Mel-5 cells (Fig. 3B).

Independent of its enzymatic function, HMOX1 promotes gene expression changes in the
nucleus by activating other transcription factors (Lin et al., 2007). Under basal conditions,
HMOX1 is located in the ER membrane, tethered by its C-terminus (Lin et al., 2007).
However, hypoxic exposure or hemin can induce cleavage of this C-terminal region,
releasing HMOXZ1 from the endoplasmic reticulum and allowing localization of HMOX1 to
the nucleus, where it can modulate transcription (Lin et al., 2007). To determine whether the
role of HMOX1 in melanosphere formation was a result of its enzymatic or transcriptional
roles, activity was inhibited with tin protoporphyrin (SnPP), a metalloporphyrin that acts as
a competitive inhibitor of heme oxygenase. SnPP treatment decreased melanosphere
formation in SK-Mel-5 cells (Fig. 3D) from 732 £+ 59 to 410 + 7 spheroids, providing
evidence that heme oxygenase activity is involved in melanosphere formation in B-Raf-
active melanoma. SnPP treatment did not affect HMOX1 protein levels (Fig. 3E). It is worth
noting that some have reported a compensatory mechanism leading to the upregulation of
HMOX1 following inhibition with SnPP or similar metalloporphyrins (Sardana and Kappas,
1987, Xia et al., 2006, Kwok, 2013). However, others have reported no impact of
metalloporphyrins on HMOX1 protein levels in human breast cancer cells /in vitro (Lin et al.,
2008) or DBA/1J mice /n vivo (Devesa et al., 2005). Additionally, ZnPP, but not SnPP, has
been reported to cause a compensatory upregulation (MRNA and protein) of HMOX1 in
human pancreatic cancer cells (Mohammad et al., 2019) and hamster fibroblasts (Yang et al.,
2001). Taken together, the compensatory effect of metalloporphyrins on HMOX1 expression
may be cell line-, tissue- or species-dependent and there is some evidence that SnPP may be
a more modest inducer of HMOX1 expression than ZnPP.

To further assess the role of HMOX1 in B-RafY890E_containing melanoma cells, HMOX1
expression was ablated in both SK-Mel-5 and SK-Mel-28 cells by CRISPR/Cas9 (Fig. 4A)
and clonal cell lines were acquired. Ablation of HMOX1 significantly decreased
melanosphere formation in both SK-Mel-5 and SK-Mel-28 cells (Fig. 4B). SK-Mel-5 cells
formed 550 + 94 melanospheres, while the HMOXZ1-null lines, SK-Mel-5 (5KO01) and SK-
Mel-5 (5KO02), produced 1 + 1 and 31 £ 15 melanospheres, respectively. SK-Mel-28 cells
formed 131 + 22 melanospheres, while the HMOX1-null line, SK-Mel-28 (28K01),
produced 37 + 5 melanospheres (Fig. 4B). An MTT assay showed that treatment with CoPP
or SnPP did not affect the cell viability of SK-Mel-5, SK-Mel-28 or any of the HMOX1-null
cell lines (Fig. 4C). All lines remained sensitive to treatment with PLX-4032, demonstrating
that loss of HMOX1 did not disrupt B-RafV690E._driven proliferation. A reduction in
melanosphere formation was also observed in SK-Mel-5 cells in which levels of HMOX1
were reduced by shRNA (Supplementary Fig. S1C and S1D). Together our data demonstrate
that loss of HMOX1 significantly diminishes melanosphere formation, without affecting
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proliferative capability. Use of CRISPR/Cas9 to knock out HMOX1 in two B-Raf active
melanoma cell lines suggests that HMOX1 dependence is not cell line-specific.

Oncogenic B-RafV6%0E induces Nrf2 expression and melanosphere formation in Hs936T

cells

In the human melanoma cell lines tested, the presence of mutant B-RafY800E correlated with
melanosphere formation (Fig. 1). To test whether expression of oncogenic B-RafV6%0E was
sufficient to induce melanosphere formation, Hs936T cells were infected with a retroviral
vector encoding oncogenic B-RafV800E, Hs936T cells were chosen because they do not
harbor mutant B-RafV690E and do not form melanospheres (Fig. 1). In contrast to wild-type
Hs936T cells, Hs936T cells that stably express B-RafV600E readily formed melanospheres
(324 + 34 spheroids) (Fig. 5A), suggesting that transformation by oncogenic B-RafV600E
alone is sufficient for melanosphere formation. Melanosphere formation was markedly
reduced by PLX-4032 treatment (35 + 4 spheroids) (Fig. 5A). Hs936T cells were counted
following the assay to assess the proliferation of each cell line during the ten-day period.
Hs936T cells infected with an empty vector (EV) showed a slight increase in cell number
over the 10-day period (1.35-fold increase) while those infected with B-RafV690E showed a
robust increase in cell number (100-fold increase). This increase in cell number was
markedly diminished to levels near EV-expressing controls following treatment with
PLX-4032 (4.19-fold) (Fig. 5B).

A marked increase (7.5-fold) in Nrf2 protein levels was observed in Hs936T cells upon
stable expression of oncogenic B-RafY89%E (Figs. 5C, 6A and 6B). Since Nrf2 protein levels
were elevated, we expected to find an increase in the expression of Nrf2 target genes, such
as HMOX1. However, HMOX1 protein levels significantly decreased in B-RafV600E.
expressing cells compared to EV-expressing cells (Figs. 6A and 6B). Bachl mRNA levels
were significantly increased, providing a likely explanation for the observed decrease in
HMOX1 levels in Hs936T cells that stably express B-RafV690E However, Bach1 protein
levels had a trend toward elevation that was not statistically significant. While expression of
HMOX1 was decreased, HMOX2 levels were increased in B-RafV600E-expressing cells (Fig.
6A and 6B). Quantitative RT-PCR (qRT-PCR) revealed an increase in Nrf2, Bachl and
HMOX2 mRNA levels with B-RafV800E_expression (Fig. 6C). Together, our data are
consistent with the suggestion that Nrf2 is a target gene of the B-RafV600E sjgnal
transduction pathway (DeNicola et al., 2011). However, increased expression of Nrf2 is
insufficient to drive HMOXZ expression due to a simultaneous increase in Bachl. Instead,
we show elevated expression of HMOX2 following expression of B-RafY800E jn Hs936T
cells.

Heme oxygenase activity is sufficient for melanosphere formation

We next determined if induction of HMOX1 in Hs936T cells by CoPP treatment could
contribute to melanosphere formation in Hs936T cells. Indeed, Hs936T cells treated with
CoPP formed melanospheres (630 + 128 spheroids) compared to untreated Hs936T cells (5
+ 2 spheroids) (Fig. 7A). There was no change in cell number between untreated and CoPP-
treated Hs936T cells, indicating that melanosphere formation was independent of
proliferation (Fig. 7B). Steady-state levels of HMOX21 but not HMOX2 protein and mRNA
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were markedly elevated in CoPP-treated Hs936T cells (Fig. 7C and 7D). Thus, derepression
of Bach1 via CoPP and subsequent induction of HMOX1 is sufficient to promote
melanosphere formation by a proliferation-independent mechanism.

To test the effect of HMOX activity on melanosphere formation in Hs936T cells expressing
B-RafV600E  cells were treated with SnPP, which blocks the activity of both HMOX1 and
HMOX2. The ability of Hs936T cells expressing oncogenic B-RafY690E to form
melanospheres (325 + 34 spheroids) was diminished upon treatment with SnPP (99 + 34
spheroids) (Fig. 8A). Likewise, melanosphere formation in Hs936T cells treated with CoPP
was reduced upon treatment with SnPP, from 607 + 44 spheroids in CoPP-treated cells to
129 + 16 spheroids in Hs936T cells treated with both CoPP and SnPP (Fig. 8D). SnPP
treatment did not affect HMOX1 or HMOX2 protein levels in HS936T cells (Fig. 8C).
Neither SnPP treatment in B-RafV600E_expressing Hs936T cells nor SnPP + CoPP treatment
in Hs936T cells affected proliferation (Fig. 8B and 8E). Together, these data support a role
for heme oxygenase activity in melanosphere formation, independent of cell proliferation.
Furthermore, these results indicate that increased expression of either HMOX1 or HMOX2
is sufficient to drive melanosphere formation. To determine whether HMOX1 or HMOX?2
levels differed among human melanoma cell lines, we performed western blot analysis for
both HMOX1 and HMOX2 in our panel of cell lines (Supplementary Fig. S2). CoPP-
induced HMOX1 levels were much higher in the B-RafV6%0E_expressing cell lines, SK-
Mel-5 and SK-Mel-28 than in any of the other cell lines.

Following heme degradation, biliverdin is rapidly converted to bilirubin (Ryter and Tyrrell,
2000). To measure heme oxygenase activity, we measured bilirubin levels in Hs936T cells
compared to CoPP-treated Hs936T or B-RafV600E_expressing Hs936T cells (Fig. 8F).
Bilirubin levels were increased in both CoPP-treated Hs936T and B-RafV800E_expressing
Hs936T cell lysates (Fig. 8F).

CoPP-treated and B-RafV690E_expressing Hs936T cells show increased expression levels
of genes involved in focal adhesion and ECM-receptor interactions.

Both CoPP-induced overexpression of HMOX1 as well as oncogenic transformation by
expression of B-RafV600E enabled Hs936T cells to produce melanospheres, suggesting that a
mechanism common to both changes was responsible for this effect. To elucidate an
underlying mechanism for increased melanosphere formation by CoPP and B-RafV600E,
mMRNA was isolated from Hs936T cells infected with an empty vector (EV) and either
untreated or treated with CoPP and from Hs936T cells stably expressing B-RafV6%0E, Prior
to RNA isolation, the cells were grown for five days in non-adherent conditions, a time at
which melanosphere formation was just beginning to be visible. Under these conditions, no
aggregation of untreated cells was observed. Since both CoPP-treatment and B-Raf600E
expression promote melanosphere formation in Hs936T cells, our interest was
predominantly focused on where the transcriptome signatures for these two conditions
overlapped. Two R Bioconductor packages, DESeq and EdgeR (Li et al., 2015), were used
to construct a consensus list of differentially expressed transcripts (Fig. 9). This list
contained transcripts that were up- or down-regulated by a minimum of two-fold following
either stable expression of B-RafV600E (14 411 transcripts) or treatment with CoPP (1,246
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transcripts) (Fig. 9A). The two groups shared 901 differentially expressed transcripts (Fig.
9A). Those transcripts which were up-regulated by a minimum of two-fold were used for
DAVID functional annotation clustering. After sorting by P-values, the three most
significantly enriched functional groups are shown in Figure 9B. Both conditions
demonstrated enrichment for genes involved in focal adhesion and ECM-receptor
interactions, including several integrin alpha genes, laminin beta 1 and growth factors (Table
1). Hs936T cells infected with B-RafV600F showed robust increases in mRNA expression of
a subset of Nrf2-target genes, notably malic enzyme 1 (ME1) (163-fold, A= 4.02E-69),
extracellular superoxide dismutase 3 (SOD3) (402-fold, = 4.35E-30) and glutathione S-
transferase mu 1 (GSTM1) (59-fold, A= 4.30E-22) (Table 2). As previously discussed,
HMOX1 was markedly repressed in B-RafY600E_expressing cells (2= 6.01E-185) but
increased 14-fold in CoPP-treated cells (= 1.10E-183) (Table 2).

Discussion

Mutually exclusive mutations in either N-Ras or in B-Raf are found in a majority of
melanoma tumors (Colombino et al., 2012, Reddy et al., 2017). We find that melanoma cell
lines harboring the B-Raf¥699E mutation were capable of melanosphere formation, while
melanosphere formation was markedly reduced in melanoma cell lines that contained mutant
N-RASQEIK/R (Fig. 1). Furthermore, ectopic expression of B-RafV6%0E jn the N-RAS-
mutant cell line, Hs936T, markedly increased melanosphere formation (Fig. 5). The
experiments reported in this manuscript, which indicate an important role for heme
oxygenase activity in melanosphere formation, provide novel insight into the mechanism of
melanosphere formation. Inhibition of HMOX1 protein expression by shRNA
(Supplementary Fig. S1), ablation of HMOX1 protein expression by CRISPR/Cas9 (Fig. 4)
or inhibition of HMOX activity by SnPP (Figs. 3 and 8) diminishes the ability of BRafV600E
to promote melanosphere formation. Derepression of Bachl with CoPP, leading to increased
expression of HMOXZ1, promotes melanosphere formation (Figs. 3, 7 and 8) and CoPP-
induced melanosphere formation is abolished in HMOXZ1-null cells (Fig. 4). Ectopic
expression of B-RafV600E or treatment with CoPP increased expression of genes involved in
focal adhesion and ECM-receptor signaling pathways (Fig. 9 and Table 2), suggesting that
these signaling pathways contribute to melanosphere formation.

Melanosphere formation is influenced by a number of processes including anchorage-
independent proliferation, anchorage-independent survival and the ability to form cell-cell
adhesions that facilitate multicellular spheroid formation. Our results indicate that B-
RafV600E promotes both anchorage-independent proliferation and the formation of
multicellular spheroids. In contrast, CoPP treatment increased spheroid formation without
increasing cell proliferation. To identify genes specifically involved in melanosphere
formation, we carried out an RNA-seq analysis of Hs936T cells maintained in non-adherent
conditions. We used non-adherent growth conditions for the RNA-seq analysis, as a previous
study showed a unique transcriptome signature for melanoma cells grown as melanospheres
(Hartman et al., 2014). Culture conditions can significantly influence gene expression. In
some instances, the expression of the smaller subset of genes we measured by qRT-PCR in
adherent cells (Fig. 6) differed from the results of our transcriptome analysis. For example,
when grown in adherent conditions Hs936T cells expressing B-RafY600E had elevated
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expression of Nrf2and HMOXZ2. When grown in melanospheres, these same cells showed a
decrease in Nrf2 (Table 2) and no significant change in HMOXZ2. Bachl expression was
increased in both conditions with a subsequent decrease in HMOXZ expression in both
conditions. Our analysis revealed a robust effect of B-RafY690E on gene transcription (Fig.
9), including a strong cell cycle-related gene signature, likely due to activation of
extracellular signal-regulated kinases 1 and 2 (ERK1/2) by B-RafV6%0E, The major
downstream mediators of B-Raf-dependent gene expression are ERK1 and ERK2, which
phosphorylate Ets family transcription factors in the nucleus (Yordy and Muise-Helmericks,
2000). Consistent with the absence of CoPP-induced anchorage-independent proliferation, a
cell-cycle signature was not observed in the RNA-seq analysis of CoPP-treated cells. Rather,
the top three KEGG pathways that were altered in CoPP-treated cells were focal adhesion,
calcium signaling and ECM-receptor interactions. Notably, both the focal adhesion and
ECM-receptor interactions were also altered by stable expression of B-RafV600E As HMOX
activity is required for melanosphere formation by both B-RafV809E_expressing and CoPP-
treated cells, our results indicate that HMOX promotes the generation of cell-cell contacts
that facilitate spheroid formation.

Our results suggest that either HMOX1 or HMOX2 can drive spheroid formation, as
HMOX1 is increased by CoPP treatment while HMOX2 levels are increased in B-RafV600E.
expressing Hs936T cells. Stable expression of B-RafV6%0E jn Hs936T cells led to an increase
in Nrf2 mRNA and protein levels (Fig. 5 and 6), consistent with what others have reported
(DeNicola et al., 2011). Increased steady-state levels of Nrf2 typically lead to an increase in
the expression of target genes, including HMOXZ1. Thus, we were surprised to find that
HMOX1 expression levels are markedly reduced by stable B-RafV6%0E expression in
Hs936T cells (Fig. 6). Since expression of Bachl mRNA is also increased by B-RafV600E
expression in Hs936T cells, it is likely that increased expression of Bachl is responsible for
repression of HMOX1 expression. Notably, not all ARE-dependent genes responded the
same way to stable B-RafV800E expression in Hs936T cells. Expression of several Nrf2-
dependent genes, including malic enzyme 1 (MEI), superoxide dismutase 3 (SOD3) and
glutathione S-transferase mu 1 (GSTMLJ), were increased by B-RafV600E expression in
Hs936T cells while expression of NAD(P)H quinone dehydrogenase 1 (NQOI) was
decreased (Table 2). It is likely that, in addition to Nrf2 and Bach1, other transcriptional
mediators also contribute to regulation of oxidative stress-responsive genes. For example,
GSTM1 is regulated, in part, by the Myb transcription factor (Bartley et al., 2003). Our
RNA-seq analysis revealed a 41-fold increase in MYB expression (£ = 2.00E-21) (Data not
shown) following B-RafV800E expression in Hs936T cells, suggesting that up-regulation of
GSTM!I1, but not the NQOI and NQO?Z, is the result of increased Myb-dependent
transcription. Transcriptional regulation of the large cohort of oxidative-stress response
genes is more complex than simple competition between Nrf2 and Bachl for ARE binding.

Our work adds to a growing body of evidence implicating HMOX1 in melanoma tumor
growth, migration, invasion and Vemurafenib (PLX-4032) resistance. A recent publication
demonstrated that down-regulation of HMOX1 improved sensitivity to the B-RafV600E
kinase inhibitor, PLX-4032, in human melanoma cells harboring the B-RafV80E mutation
(Furfaro et al., 2020). As acquired resistance remains a significant problem for melanoma
patients (Welsh et al., 2016), targeting of HMOX1 may provide a means to sensitize
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melanomas to Vemurafenib treatment. Knockdown of Nrf2, which results in a reduction in
HMOX1 expression, has been shown to inhibit migration and invasion of B16-F10 mouse
melanoma cells during ionizing radiation (Gao et al., 2018). Another group recently reported
a direct interaction between HMOX1 and B-Raf in A375 human melanoma cells (Liu et al.,
2019). They also demonstrate that HMOXZ1 overexpression in A375 cells leads to an
increased tumor volume while knockout of HMOX1 reduces tumor volumes in a mouse
tumor xenograft model (Liu et al., 2019). Finally, they propose a mechanism by which
HMOX1 promotes cellular proliferation by upregulation of cyclin E and CDK2 in a B-Raf-
dependent manner (Liu et al., 2019).

Taken together, the pharmacological and genetic approaches that we used to investigate the
role of heme oxygenase activity in melanosphere formation support a model in which the
enzymatic activity of heme oxygenase is required for melanosphere formation. We propose
that the underlying mechanism by which HMOX enzymatic activity promotes melanosphere
formation involves gene expression changes that lead to modulation in focal adhesion and
ECM-receptor signaling pathways. Heme degradation by either HMOX1 or HMOX2 results
in the production of CO, free iron and biliverdin/bilirubin. Several studies have reported that
CO influences gene expression (Dulak and Jozkowicz, 2003, Oliveira et al., 2015, Chi et al.,
2015). Thus, production of CO could be responsible for increased expression of genes
involved in ECM dynamics that were identified in our RNA-seq data. Dysregulation of ECM
dynamics is a hallmark of metastasis (Lu et al., 2012), allowing cancer cells to alter the way
in which they interact with surrounding tissues. In a meta-profiling analysis of expression
data from 190 human tumors, HMOX1 expression correlated with the expression of a
number of genes involved in extracellular matrix (ECM) remodeling (Tauber et al., 2010).
One of the genes identified in this analysis, peroxidasin (PXDN), encodes a peroxidase
enzyme that contributes to collagen cross-linking (Bhave et al., 2012). Expression of PXDN
was dependent on HMOX expression in both BeWo choriocarcinoma cells and 607B
melanoma cells (Tauber et al., 2010). Loss of PXDN inhibited invasion and cell growth
(Tauber et al., 2010). HMOX1 has been shown to play a unique role in lung tumor
colonization in mice (Dey et al., 2015). In normal cells, ECM detachment leads to a
specialized type of apoptosis called anoikis. Following ECM detachment in human
fibrosarcoma cells, the transcription factor ATF4 is increased which promotes resistance to
anoikis. Following ECM detachment, both Nrf2 and ATF4 bind the HMOXZ promoter and
promote gene expression (Dey et al., 2015). When injected into mice, ATF4-deficient human
fibrosarcoma cells were unable to colonize the lung. However, lung tumor colonization was
subsequently rescued by overexpression of HMOX1 (Dey et al., 2015). Together with our
data, these studies support a role for heme oxygenase activity in modulation of ECM
dynamics.

Our data suggest an HMOX-dependent mechanism for B-Raf-driven melanosphere
formation. While melanosphere formation has been shown to correlate with tumorigenic
potential, the role of HMOX activity in tumor growth and metastasis is not fully understood.
Further studies directed towards understanding the role of HMOX activity in tumor biology
may provide insight into how therapeutic metalloporphyrins, such as SnPP and ShMP, might
be repurposed for treatment of metastatic melanoma.
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Significance:

Melanoma is the fifth most common malignancy in the US. While the overall 5-year
survival rate has improved in the past decade the 5-year survival rate for melanoma
patients that are diagnosed with metastatic disease is only 23%, due in part to acquired
drug resistance to both targeted therapies (i.e. B-Raf inhibitors) and immunotherapies.
Our results suggest heme oxygenase activity as a novel target for drug development.
Importantly, current therapeutic metalloporphoryins (e.g. SnMP, SnPP) may be
repurposed for the treatment of metastatic melanoma. This report provides the first
evidence implicating heme oxygenase in a B-Raf-dependent mechanism for promoting
melanoma progression.
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Figure 1. Melanoma cell lines harboring the B-Raf Y 890F mutation form melanospheres.
Six human melanoma cell lines and primary normal human embryonic melanocytes

(NHEM) were plated for melanosphere formation assays as described in Materials and
Methods. After 10 days, the spheroids were imaged (A) and counted (B). (C) cDNA
synthesized from RNA isolated from melanoma cell lines and NHEM was amplified by PCR
and then N-Ras (NM_002524) and B-Raf (NM_004333) were sequenced. (D) SK-Mel-5
cells stably expressing either an empty pSicoR vector (EV) or a silencing hairpin RNA
(shRNA) targeting B-Raf (shB-Raf) were plated for melanosphere assays. (E) B-Raf protein
levels were assessed by immunablot analysis using p-tubulin as a loading control. Error bars
represent the standard error of the mean (SEM) of three biological replicates for immunoblot
quantitation and four for melanosphere assays. Statistical significance was determined using
the standard Student’s t-test. **~ < 0.01, ***P < 0.001.

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2021 November 01.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Jasmer et al.

Page 24

SK-Mel-5 SK-Mel-5 SK-Mel-28 SK-Mel-28

Nrf2- Nrf2- Il Untreated
= 401 % 10 uM MG132
MG132 - + - + - + - + £
2 30-
2
Nrf2 — < 201 [
£
Z 104
TUDUIIN g A Sy Sy N S
0"il ] ey -Ll

b2) ; > ’
\' v ¥ v
& ‘\{\ & ‘\{\
¥ » s »
% 0 o N
e »
9 o
100:
80.
w n
z 2 60 5
5 B
% Hkk -g_ 40 ——
7] 17
20
T 0 T
SK-Mel-5 SK-Mel-5 Nrf2- SK-Mel-28  SK-Mel-28 Nrf2-
@
215 Untreated
< Il Untreated Bl Untreate
) [ PLX-4032
W [ PLX-4032
% § 1.0 b
g
22 05 i
< o
Q
N
Tu
E o0 Y : T r
S SK-Mel-5 SK-Mel-5 Nrf2- SK-Mel-28 SK-Mel-28 Nrf2-

Figure 2. Loss of Nrf2 diminishes melanosphere formation.
SK-Mel-5 and SK-Mel-28 cells were transfected with CRISPR/Cas9 constructs to ablate

Nrf2 expression. Transfected cells were sorted by GFP expression and individual clones
were expanded. (A) Complete loss of Nrf2 was validated by immunoblot analysis following
MG132 treatment (10 uM for 6 hours) to stabilize Nrf2 protein levels. Representative blot
shown in the left panel. In the right panel, band intensity of three blots was measured and
normalized to tubulin. (B) Melanosphere formation was assessed for SK-Mel-5, SK-Mel-28
and their Nrf2-null counterparts. (C) For the MTT assay, 10,000 cells were plated per well of
a 96-well plate and treated with or without 5 pM PLX-4032 to inhibit B-RafV600E After 48
hours, the MTT assay was conducted as described in Materials and Methods. Comparisons
between wild-type and Nrf2-null lines are noted with asterisks. Comparisons between
treated and untreated cells are noted by ## (P < 0.01). Error bars represent the standard error
of the mean (SEM) of three biological replicates for immunoblot quantitation, four for the
melanosphere assay and six for the MTT assay. Statistical significance was determined using
the standard Student’s t-test. *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 3. CoPP treatment enhances melanosphere formation.
(A) SK-Mel-5 cells were treated with 10 uM cobalt protoporphyrin IX (CoPP) and

melanosphere formation was assessed. Error bars represent the SEM of four biological
replicates of each melanosphere assay. (B) Following the melanosphere assay, all cells from
each well were collected independently, melanospheres were dissociated by incubating with
TrypLE and the cells were counted. Error bars represent the SEM of four biological
replicates. (C) SK-Mel-5 cells were grown in adherent conditions and treated with 10 pM
CoPP overnight. HMOX1 protein levels were assessed by immunoblot analysis and band
intensity measured and normalized to tubulin. Error bars represent the SEM of three
biological replicates. (D) SK-Mel-5 cells were treated with 10 uM tin protoporphyrin 1X
dichloride (SnPP) every 48 hours and melanosphere formation assessed over a 10-day
melanosphere assay. Error bars represent the SEM of four biological replicates. (E) HMOX1
protein levels in SK-Mel-5 cells grown in adherent conditions and treated with 10 uM SnPP
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overnight were assessed by immunoblot analysis and band intensity measured and
normalized to tubulin. Error bars represent the SEM of three biological replicates for
immunoblot analysis and all statistical significance was determined using the standard
Student’s t-test. *£< 0.05, **P< 0.01, ***P < 0.001, NS is not significant.
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Figure 4. Ablation of HM OX1 abrogates melanospher e for mation.
SK-Mel-5 and SK-Mel-28 cells were transfected with CRISPR/Cas9 constructs to ablate

HMOX1 expression. Transfected cells were sorted by GFP expression and individual clones
were expanded. (A) Complete loss of HMOX1 was validated by immunoblot analysis
following overnight CoPP (10 uM) treatment to upregulate HMOX1. Quantitation of three
blots is shown in the lower panels. (B) SK-Mel-5, SK-Mel-28 and their HMOXZ1-null
counterparts, SK-Mel-5HMOX1- (5K 01), SK-Mel-5HMOX1- (5K02) and SK-Mel-28HMOX1-
(28K01) were plated and used for melanosphere assay. (C) For MTT assay, 10,000 cells
were plated per well of a 96-well plate and untreated or treated with 10 uM CoPP, 10 uM
SnPP or 5 pM PLX-4032. Comparisons between wild-type and HMOXZ1-null lines are noted
with asterisks. Comparisons amongst the various treatments are noted by # (#£< 0.001).
Error bars represent the standard error of the mean (SEM) of three biological replicates for
immunoblot quantitation, four for melanosphere assay and six for MTT assay. Statistical
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significance was determined using the standard Student’s t-test. *£< 0.05, **P< 0.01.
Symbols were omitted where no significance was found.
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Figure 5. Oncogenic B-Raf promotes melanosphere formation.
(A) Melanosphere formation was assessed for Hs936T cells, Hs936T cells stably expressing

either an empty pBABE vector (EV) or pBABE vector containing oncogenic B-RafV600E,
and Hs936T cells stably expressing pBABE-B-RafV600E and treated with 5 pM PLX-4032.
(B) Following the 10-day melanosphere assay, cells were collected and melanospheres
dissociated by incubation with TrypLE and counted. Error bars represent the SEM of four
biological replicates of each melanosphere assay. (C) Cells were grown in adherent
conditions and protein levels for Nrf2 and B-Raf were assessed by immunoblot analysis.
Band intensities were measured and normalized to tubulin. Error bars represent the SEM of
the three biological replicates used for immunoblot analysis. Statistical significance was
determined using the standard Student’s t-test. *£< 0.05, ***£< 0.001.
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Figure 6. Oncogenic pBABE-B-RafV600E transformed Hs936T cells demonstrate an increasein
HMOX2 mRNA and protein levels.

(A) Hs936T cells stably expressing either an empty pBABE vector (EV) or a pBABE vector
containing oncogenic B-RafV800E were grown in adherent conditions. Immunoblot analysis
was done to assess the protein levels of HMOX1, HMOX2, B-Raf, Bach1, and Nrf2. (B)
Band intensities were measured and normalized to tubulin. Error bars represent the SEM of
three biological replicates. Statistical significance was determined using the standard
Student’s t-test. *£< 0.05, **£< 0.01, NS is not significant. (C) Expression levels of
HMOX1, Nrf2, Bachl, HMOX2 and actin mRNA were determined by gRT-PCR. Error bars
represent the SEM of three biological replicates. Statistical significance was determined
using the standard Student’s t-test. *** /< 0.0001 for all genes in real-time PCR.
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Figure 7. CoPP treatment facilitates melanosphere formation in Hs936T cells.
(A) Melanosphere formation was assessed in Hs936T cells treated with or without 10 uM

CoPP. Error bars represent the SEM of four biological replicates. (B) Following the 10-day
melanosphere assay, all cells were collected and melanospheres were dissociated by
incubation with TrypLE and cells were counted. (C) Protein levels for HMOX1 and HMOX2
were assessed by immunoblot analysis for Hs936T cells grown in adherent conditions and
either left untreated or treated with 10 pM CoPP overnight. Band intensities were measured
and normalized to tubulin. Error bars represent the SEM of three biological replicates. (D)
Expression levels of HMOX1, HMOX2, Nrf2, Bachl and actin mRNA were assessed in
Hs936T cells using gRT-PCR. Error bars represent the SEM of three biological replicates.
Statistical significance was determined using the standard Student’s t-test. **P< 0.01, ***p
< 0.001, NS is not significant.
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Figure 8. Pharmacological inhibition of HM OX1 and HM OX2 diminishes melanosphere
formation in transformed Hs936T cells.

(A) Transformed Hs936T cells stably expressing B-RafV690E were either untreated or treated
with 10 pM tin protoporphyrin IX dichloride (SnPP) every 48 hours to inhibit both HMOX1
and HMOX2 activity. Melanosphere formation was assessed as compared to untreated cells.
(B) Following the 10-day melanosphere assay, all cells were collected, melanospheres were
dissociated by incubation with TrypLE and cells were counted. Error bars represent the SEM
of four biological replicates for each melanosphere assay. (C) Immunablot analysis for
Hs936T cells stably expressing B-RafV600E gjther untreated or treated with SnPP overnight
was done to assess protein levels of HMOX1 and HMOX2. Band intensities were measured
and normalized to tubulin. Error bars represent the SEM of three biological replicates. (D)
Hs936T cells were either untreated, treated with 10 pM CoPP or treated with 10 uM CoPP
plus 10 uM SnPP and melanosphere formation assessed. SnPP was added every 48 hours
while CoPP was only added on day one of the melanosphere assay. (E) Melanospheres were

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jasmer et al.

Page 33

dissociated and cells counted as described for (B). (F) Heme degradation levels were
assessed by measuring total bilirubin in Hs936T cells stably expressing an empty pBABE
vector (EV) and either untreated or treated with 10 uM CoPP overnight and in Hs936T cells
stably expressing B-RafY890E, Error bars represent the SEM of three biological replicates.
All statistical significance was determined using a standard Student’s t-test. *£< 0.05, **P<
0.01, ***P < 0.001, NS is not significant.
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Figure 9. Hs936T cellstreated with CoPP or stably expressing the active form of B-Raf, B-
RafV600E have up-regulated expression of genesinvolved in focal adhesion and ECM -receptor
interaction.

Cells grown in suspension for 4 days were collected and mMRNA isolated for high throughput
RNA sequencing. Triplicate samples for each treatment group were sequenced. Since CoPP
treatment and Hs936T cells stably expressing B-RafV600F hoth cause melanosphere
formation, we were interested in where the global transcriptome signatures overlapped. (A)
DESeq and EdgeR Bioconductor packages were used to identify differentially expressed
transcripts that were up- or down-regulated at least 2-fold. Results indicate that 901
differentially expressed transcripts were similar between the B-RafV69%0E_expressing Hs936T
cells and Hs936T cells treated with CoPP as compared to the untreated empty vector-
expressing Hs936T cells. (B) DESeq and EdgeR identified 6,997 transcripts and 357
transcripts for B-RafV600E_expressing Hs936T cells and CoPP-treated Hs936T cells,
respectively, which had at least a 2-fold increase in expression as compared to untreated
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Hs936T cells. These genes were used for DAVID functional annotation clustering. The top
three enriched functional groups, sorted by A-value, are shown above. P-values are from a
modified Fisher’s Exact Test (EASE Score). “Count” = the number of genes from the total
list of up-regulated genes that are represented in this functional group; “%” = the percentage
of genes from the total list of up-regulated genes that are represented in that functional

group.
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