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Summary

FBXW?7 is well characterized as a tumor suppressor in many human cancers including melanoma;
however, the mechanisms of tumor suppressive function have not been fully elucidated. We
leveraged two distinct RNA sequencing datasets: human melanoma cell lines (7=10) with control
versus silenced FBXW?7 and a cohort of human melanoma tumor samples (7=51) in order to
define the transcriptomic fingerprint regulated by FBXW?7. Here, we report that loss of FBXW7
enhances a mitochondrial gene transcriptional program that is dependent on MITF in human
melanoma and confers poor patient outcomes. MITF is a lineage-specific master regulator of
melanocytes, and together with PGC-1alpha is a marker for melanoma subtypes with dependence
for mitochondrial oxidative metabolism. We found that inactivation of FBXW?7 elevates MITF
protein levels in melanoma cells. /n vitro studies examining loss of FBXW?7 and MITF alone or in
combination showed that FBXW?7 is an upstream regulator for the MITF/PGC-1 signaling.
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Melanoma is an aggressive cancer with high mutational load due to ultraviolet irradiation
affecting several ‘driver’ oncogenes and tumor suppressors along with ‘non-driver’ or
‘passenger’ mutations (Reddy, Miller, & Tsao, 2017). While frequently altered driver
genetic events are well characterized, their functional repertoire is not fully explored. BRAF
and NVRAS are highly mutated oncogenes in melanoma that cooperate with tumor
suppressors such as CDKNZA, TP53, PTEN, NF1, and FBXW7for tumor initiation and
progression (Aydin et al., 2017; Dankort et al., 2009; Maertens et al., 2013). FBXW7
encodes an E3 ubiquitin ligase that is mutated or deleted in a variety of cancers including
melanoma (Aydin et al., 2014; Davis, Welcker, & Clurman, 2014; Kourtis, Strikoudis, &
Aifantis, 2015). Several oncoproteins are substrates of FBXW?7 including MTOR, CYCLIN
E1, NOTCH1, MYC, JUN, and PCG-1alpha rendering FBXW?7 protein as an efficient tumor
suppressor (Davis et al., 2014; Mao et al., 2008). Albeit as a proven tumor suppressor in
cancer and its ability to regulate key signaling pathways during tumorigenesis, its functional
roles in melanoma is not fully explored (Aydin et al., 2017; Aydin et al., 2014).

MITF is a lineage-specific master regulator of melanocyte development, survival,
differentiation, and function (Hsiao & Fisher, 2014; King et al., 1999). It stimulates the
melanin biosynthetic pathway by activating transcription of pigmentation genes (7YR,
TYRPI1, DCT, PMEL, and MLANA), and regulates melanocyte survival (BCLZ, BCLZAI)
and proliferation (CDK2) (Hsiao & Fisher, 2014; King et al., 1999). In melanoma, its role is
complex as MITF acts as an oncogene in a subset of melanomas (MITF-high) whereas its
down-regulation is well characterized in others (MITF-low). Recent studies broaden the
functional roles of MITF by identifying it as a key regulator for tumor metabolism in
BRAFV600E_griven melanomas (Hag et al., 2013; Vazquez et al., 2013). Shifts within the
tumor’s energy dynamics from oxidative phosphorylation to aerobic glycolysis or vice versa
are well recognized, a metabolic reprogramming that occurs to meet the tumor’s energy
requirements (Vander Heiden, Cantley, & Thompson, 2009). Oxidative phosphorylation
depends on the ability of functionally intact mitochondria to metabolize oxygen, whereas
glycolysis can occur independent of mitochondria. PGC-1alpha (encoded by the
PPARGCI1A gene) controls mitochondrial biogenesis and oxidative phosphorylation
(Vazquez et al., 2013). MITF directly regulates PGC-1alpha transcription. MITF-expressing
melanomas have higher levels of oxidative genes (Haq et al., 2013). BRAFY600F suppresses
MITF/PGC-1lalpha axis, and enhances aerobic glycolysis, and its inhibition with the BRAF
inhibitor vemurafenib re-routes away from glycolysis towards oxidative phosphorylation
(McQuade & Vashisht Gopal, 2015). In this study, we describe that the FBXW?7 tumor
suppressor pathway is a bona fide regulator of MITF and the MITF/PGC-1alpha axis that
associates with poor patient outcomes.

To gain insight into molecular mechanisms regulated by FBXW?7 in melanoma, we
examined transcriptional programs altered upon silencing of FBXW/7in ten human
melanoma cell lines using RNA sequencing analysis. Functional gene groups involved in
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oxidative phosphorylation were found consistently elevated across the cell lines (Figure 1a).
Specifically, a cohort of nuclear and mitochondrial-encoded genes encoding for components
of the respiratory chain, inner and outer mitochondrial membrane factors, as well as those
encoding for mitochondrial ribosomal proteins were found as significantly increased (Figure
1b). These results were validated using selected nuclear genes involved in regulating
mitochondrial function and those encoded by mitochondria using gRT-PCR and western
blotting (Figure 1c). We next examined morphological changes of mitochondria upon loss of
FBXW?7 in human melanoma cells. We noted that in control lines the mitochondria network
demonstrates a normal distribution of fused and fragmented mitochondria, whereas in
FBXW?7 silenced cells an enhanced fragmented phenotype suggesting increased activity was
noted (Figure 1d). To further validate these findings on human tumor samples, we
interrogated our previously published RNA sequencing dataset (Badal et al., 2017)
consisting human primary melanomas (7=51) as well as the TCGA melanomas. Our primary
melanoma cohort consisted of treatment naive melanomas representing early- (T1, <1.0 mm,
n=10), intermediate- (T2 and T3, 1.01-4.0 mm, n= 27), and late-category or advanced (T4,
>4.0 mm, = 14) tumors, with an overall survival of 90 months (mean) and 93.5 months
(median) (Badal et al., 2017). We found that FBXW7 transcript levels anti-correlated with
genes regulating mitochondrial function (Figure le, 1f, and Figure S1a). Down-regulation of
FBXW?7transcripts and elevated levels of genes involved in mitochondrial function
correlated with poor patient survival (Figure 1g). These results suggest that transcriptional
silencing of FBXWW/7associates with an active mitochondrial gene expression program and
underlies an aggressive phenotype in melanoma. Intriguingly, we noted that FBXW7 was
one of the genes with the highest inverse correlation with M/TF (Figure 1f).

The MITF/PGC-1alpha axis regulates mitochondrial oxidative phosphorylation and
detoxification of reactive oxygen species (Haqg et al., 2013; Vazquez et al., 2013). While
PGC-1lalpha is a substrate of FBXW?7 (Olson et al., 2008), to our knowledge, modulation of
MITF by FBXW?7 and FBXW7/MITF/PGC-1alpha in the context of tumor metabolism has
not been previously described. Based on our findings in human melanoma samples, we next
examined the relationship between FBXW?7 and MITF by silencing FBXW7 using FBXW7-
specific sSiRNA in six melanoma cell lines. We observed consistent and significant increase
of MITF protein levels upon loss of FBXW?7 in these cells that harbored either oncogenic
BRAFVEIE or NRASYCL (Figure 2a). As expected, PGC-1alpha and PGC-1beta showed
uniform increase. To determine whether this regulation is at the transcriptional level, we
examined M/TFmRNA levels in a panel of FBXW7-silenced melanoma cell lines by qRT-
PCR. M/TFmRNA was elevated in some, but not all cell lines (Figure 2b). Isoforms of
FBXW?7 are expressed in different cellular compartments; the alpha isoform is expressed in
the nucleus (Davis et al., 2014). We next confirmed that FBXW?7-a regulates MITF by loss-
of-function or gain-of-function approaches using alpha isoform-specific-siRNA and -
expression vector, respectively (Figure 2c¢). These results were validated in 293T cells where
MITF is not constitutively expressed (Figure 2d). When FBXW?7 and MITF were silenced
together versus individually, we found that PGC-1alpha levels and cell survival
characteristics regulated by FBXW?7 were dependent on MITF (Figure 2e and 2f). To further
explore the MITF-dependency in the context of FBXW?7 inactivation, we silenced FBXW7
and M/TFalone or in combination together with scrambled siRNA, and performed RNA
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sequencing. These experiments confirmed that genes regulating mitochondrial function and
energy homeostasis are mediated by inactivation of the FBXW?7 tumor suppressor that is
dependent on MITF, delineating a previously unknown signaling link between FBXW?7/
MITF/PGC-1lalpha (Figure 2g and 2h). To determine the functional impact of our findings,
specifically on the mitochondrial respiration, we next examined oxygen consumption rate
(OCR) in control versus silenced FBXW?7and MITFalone or in combination in two
melanoma cell lines using the Seahorse Mito Stress platform. We noted significant increase
of mitochondrial respiration upon inactivation of FBXW?7 that was dependent on MITF,
providing further evidence on the regulatory role of FBXW?7 on the function of mitochondria
(Figure 2i).

In summary, we characterized the transcriptomic signature of human melanomas expressing
low levels of FBXW?7 that associated with poor patient outcomes. We identified FBXW?7
tumor suppressor as a regulator of MITF. Specifically, a global up-regulation of a
mitochondrial gene transcriptional program and mitochondrial function dependent on MITF/
PGC-1lalpha axis was defined. Our data suggested that FBXW?7 regulates MITF via post-
transcriptional mechanisms. Our studies expand the functional repertoire of FBXW?7 tumor
suppressor in melanoma.
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Significance

The functional roles of FBXW?7 in melanoma are not fully elucidated. Our study provide
evidence of a novel mechanism of FBXW?7 by regulating MITF and the MITF/
PGC-1lalpha axis to support the metabolic requirements of the tumor, and underscore a
subtype of melanomas with elevated oxidative phosphorylation and poor prognosis.
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Figure 1. FBXW?7 silencing enhances a mitochondrial gene transcription program
(a) Human melanoma cell lines were transfected with either scrambled or FBXWW/7-specific

pooled four distinct siRNAs (Dharmacon, Lafayette, CO), mRNA isolated, and subjected to
RNA sequencing. Ten cell lines were examined: 501Mel, A2058, HT144, MeWo, MM415,
MM485, SH4, SkMel3, WC119, and WM35. Differentially expressed genes between
scrambled versus FBXW7 siRNA conditions were determined by using the limma software
package (Law, Chen, Shi, & Smyth, 2014; Smyth, 2004). To identify functional pathways
deregulated between the groups, the top 1000 up- and down-regulated genes were analyzed
using DAVID (the Database for Annotation, Visualization, and Integrated Discovery). The x-
axis represents the —log, of the p-value and the y-axis the functional processes.

(b) Genes involved in mitochondrial function found as differentially expressed between
scrambled versus FBXW7siRNA (adjusted p-value < 0.05) were grouped based on
functional category. The x-axis represents mitochondrial functional groups and the y-axis the
log, fold-change.

(c) Two melanoma cell lines, A2058 and MM415, were transfected with scrambled or
FBXW7-specific siRNA in triplicates, followed by total RNA isolation and gRT-PCR of
genes for mitochondrial function, including those encoded by mitochondria (M7-ND1, MT-
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NDZ, and MT-COJ). Selected proteins were validated by western blot using MM415 whole
cell lysates. Densitometry analysis is indicated in Figure S1b.

(d) MM415 cells were transfected with scrambled or FBXW7-specific siRNA for 48 hours.
Cells were seeded on rat-tail collagen | coated plates for 24 hours prior to the following
indicated treatments. Mitochondria and nuclei were labeled with MitoTracker Green (100
nM) and Hoechst 33342 (20 mM) for 30 minutes at 37°C, respectively. Phenol red free
media supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics was used for all
imaging performed on a Zeiss Imager.Z1 equipped with a N-Achroplan 40x/0.75 water
immersion lens and an AXioCAM MRm digital camera. Images were captured using
AxioVision 4.8 and Zeiss Zen software.

(e) Our previously published (Badal et al., 2017) RNA-Seq dataset of human primary
melanomas (/7=51) was queried for FBXW?7and mitochondrial genes. Heatmap represents
supervised clustering based on FBXW7mRNA expression levels (high to low, x-axis) and
mitochondrial genes (y-axis).

() Pearson correlation coefficient values (+1 to —1, y-axis) for FBXW?7 and genes regulating
mitochondrial function (x-axis) were calculated from the RNA-Seq dataset, and are shown in
a dot plot graph that also includes M/TF.

(g) Kaplan-Meier survival curves of the patient cohort were examined for FBXW7and
genes regulating mitochondrial function. Survival curves showing clinical outcome of
melanoma patients based on FBXW/7 (top) and mitochondrial gene (bottom) expression
levels are indicated. Samples are divided into three groups of similar size with high (7=15),
medium (/7=14), and low (/77=15) expression levels.
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Figure 2. FBXW?7 tumor suppressor modulates MITF, and M1 TF-dependent mitochondrial gene

transcriptional program and oxidative metabolism

(&) MITF protein levels were assayed using Western blotting (Pierce, Waltham, MA, USA)
following transient transfection of either scrambled or FBXW7-specific siRNA in a panel of
human melanoma cell lines. MM127, MM415, and MM485 harbor an NRASR61 mutation
whereas SH4, HT144, and A2058 melanoma lines have the BRAFV600F mutation.
PGC-1lalpha (Santa Cruz Biotechnology, Inc. Dallas, TX, USA) and PGC-1beta (Bethyl
Laboratories, Inc. Montgomery, TX, USA) levels are shown. B-actin (Cell Signaling
Technology, Inc., Danvers, MA, USA) was used as loading control. Densitometry is depicted

in Figure S2.

(b) A panel of human melanoma cell lines were transfected with scrambled or FBXW7-
specific sSiIRNA and at 72h was processed for total RNA isolation and gRT-PCR for M-
MITF. Expression levels of M-MITFwere normalized to p-actin. The data plotted represent
means + standard deviations of three independent experiments. Significance is indicated by

p-value < 0.05.

(c) MITF levels were examined by Western blotting after silencing FBXW7with FBXW7-a.
specific SIRNA in MM415 and A2058 lines (top panel) and overexpressing FBXW?7-a using
HA-tagged FBXW7-a expression plasmid (bottom panel) in the A2058 human melanoma
cell line. Experiments were performed at 72h. Densitometry is depicted in Figure S2.

(d) MITF levels were examined upon silencing of FBXW?7 using FBXW7-specific sSiRNA in
the presence of flag-tagged MITF expression vector or expression vector alone (top panel).
Empty vector and flag-tagged MITF expression plasmid alone or together with HA-tagged
FBXW?7-a were transiently transfected in 293T cells. MITF protein levels were examined
using Western blotting (bottom panel). p-actin was used as loading control. Densitometry is

depicted in Figure S2.
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(e) FBXW?7 and MITF were silenced alone or in combination using gene-specific SiRNAs in
the MM415 human melanoma cell line (siMITF from Dharmacon, Lafayette, CO) followed
by Western blotting. MITF, PGC-1alpha, and PGC-1beta levels were analyzed. -actin was
used as loading control. Densitometry is depicted in Figure S2. Densitometry is depicted in
Figure S2.

(f) FBXW7 and MITF were silenced alone or in combination using gene-specific siRNAs in
MM415 melanoma cells followed by XTT assay (Cell Signaling Technology, Inc., Danvers,
MA, USA) to analyze cell viability using manufacturer’s instructions (top panel). The
absorbance was read at 450nm in a 96-well plate reader. Representative crystal violet
stainings are depicted in the bottom panel showing cellular density in the different
experimental conditions.

(g) FBXW7 and MITF were silenced alone or in combination using gene-specific SiRNAs in
MMA415 cells followed by total RNA isolation, library preparation (TruSeq RNA Library
Prep Kit Illumina, San Diego, CA), and sequencing (Illumina NextSeq500, San Diego, CA),
and analyzed as described previously (Badal et al., 2017). Differentially expressed genes for
each condition were analyzed. Functional pathways and genes regulating mitochondrial
function deregulated upon FBXW?7 silencing that are dependent on MITF are selected and
displayed.

(h) Validation experiment was performed using qRT-PCR on the same conditions using a
selected number of genes involved in mitochondrial function.

(i) Oxygen consumption rate (OCR) was examined through the Seahorse technology using
the manufacturer’s guidelines (Santa Clara, CA, USA). A2058 and MM415 melanoma cells
were transfected with either scrambled, or gene-specific siRNAs for FBXW?7 and MITF
alone or in combination. At 72 hours the Mito Stress Test was performed and the data was
normalized by a colorimetric assay.
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