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Abstract

Control of the protein synthetic machinery is deregulated in many cancers, including melanoma, in
order to increase protein production. Tumor suppressors and oncogenes play key roles in protein
synthesis from the transcription of rRNA and ribosome biogenesis to mRNA translation initiation
and protein synthesis. Major signaling pathways are altered in melanoma to modulate the protein
synthetic machinery thereby promoting tumor development. However, despite the importance of
this process in melanoma development, involvement of the protein synthetic machinery in this
cancer type is an underdeveloped area of study. Here, we review the coupling of melanoma
development to deregulation of the protein synthetic machinery. We examine existing knowledge
regarding RNA Polymerase | inhibition and mRNA translation focusing on their inhibition for
therapeutic applications in melanoma. Furthermore, the contribution of amino acid biosynthesis
and involvement of ribosomal proteins are also reviewed as future therapeutic strategies to target
deregulated protein production in melanoma.
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1. INTRODUCTION

Significant progress is being made to develop effective melanoma therapeutics. Most of the
current progress has resulted from a better understanding of the cellular pathways altered in
melanoma. In particular, regulation of the MAPK pathway has been very actively studied,
which has resulted in the development of drugs targeting mutant V690EBRAF, such as
vemurafenib (Flaherty et al., 2010, Larkin et al., 2014) and dabrafenib (Falchook et al.,
2012, Hauschild et al., 2012), and MEK, such as trametinib (Flaherty et al., 2012, Salama
and Kim, 2013). Furthermore, anti-CTLA4 and anti-PD-1 immunotherapies have improved
treatment options available to melanoma patients (Hodi et al., 2010, Topalian et al., 2014).
While these significantly improve short-term treatment options, they are restricted to those
patients who will respond to these drugs and limited by the development of recurrent
resistant disease (Johnson et al., 2014, Sullivan and Flaherty, 2013, Wagle et al., 2014).
Thus, there is still a need for a better understanding of the disease in order to develop
therapies that would have long-term efficacy without the development of resistance.

Knowing what cellular alterations are most important for melanoma transformation is
essential to identify new targets for treating melanoma. The vast majority of melanomas
have constitutive activation of the MAPK pathway by BRAF or NRAS mutations. This leads
to increased cell growth, proliferation, and survival. The PI3BK/AKT signaling pathway also
plays an important role in melanoma, being constitutively activated in many melanomas,
and is important for regulating cell proliferation and loss of regulation of apoptotic signaling
(Smalley and Herlyn, 2005). Upstream of AKT, PTEN loss is observed in over 25% of
melanomas and its functional deregulation is important for tumor development (Stahl et al.,
2003). Increasingly, it is being realized how alterations to oncogenic and tumor suppressive
factors are tied to the protein synthetic machinery. This review highlights how pathways
necessary for melanoma growth and proliferation are linked to the protein synthetic
machinery and how targeting protein synthesis provides promising therapeutic treatment
options for melanoma.

2. PROTEIN SYNTHETIC MACHINERY FACTORS

The entire process of protein synthesis requires substantial energy for the transcription of
ribosomal RNA (rRNA) by RNA polymerase | or 111 (Pol I or Pol 1), transcription of
ribosomal protein mMRNA by RNA polymerase |1 for ribosome biogenesis, transfer RNA
(tRNA) transcription by Pol 111, processing of pre-rRNA by small nucleolar RNA (snoRNA)
guided exo- and endonuclease activity, and mRNA translation initiation, elongation, and
termination. Transcription of rRNA, necessary components of ribosomes, is carried out by
Pol I and its associated factors. In general, rRNA transcription requires the formation of a
pre-initiation complex consisting of Pol I, upstream binding factor (UBF), and the SL1
complex, which contains the TATA-binding protein (TBP) and three Pol I-specific TBP-
associated factors (TAFs): TAF 48, TAF|63, and TAF95/110 (White, 2005) (Fig. 1A). In
addition, transcription intermediary factor 1A (TIF-1A) is necessary for transcriptional
activity as well as TIFIC and transcription factor 1IH (TFIIH) (White, 2005) (Fig. 1A).
These factors and others not detailed for the brevity of this review are important for effective
rRNA synthesis and thus are potential targets for regulation of Pol I activity. Furthermore,
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following transcription, RNA may interact with many different RNA-binding proteins
involved in steps such as maturation, transport, stability, regulation, and translation of RNA,
the perturbation of which can lead to disease (Glisovic et al., 2008). For a more detailed
review of RNA polymerase | and its regulation as well as RNA-binding proteins, see
references (Grummt, 2003) and (Gerstberger et al., 2014) , respectively.

Translation of MRNA into protein requires the interaction of the ribosome with initiation,
elongation, and release factors. Cap-dependent translation initiation requires the recognition
of the 5” 7-methyl-guanosine cap by the elF4F complex. As shown in Figure 1B, this
complex consists of elF4E, which recognizes the 5° cap, elF4A, a RNA helicase, and elF4G,
which binds elF3 of the pre-initiation complex, and poly(A)-binding protein (PABP) to
circularize mRNA. elF4B stabilizes the elF4F complex by binding elF4A and PABP
(Blagden and Willis, 2011). The 43S pre-initiation complex consists of a ternary complex of
initiator met-tRNA, elF2, and GTP, the 40S small ribosomal subunit, elF1, elF1A, and elF3
(Fig. 1B). The pre-initiation complex can then recognize mRNA via the binding of elF3 to
elF4G. Scanning of mMRNA then proceeds with the assistance of elF1 and elF1a until the
AUG start codon is recognized where elF5 is then recruited, triggering the hydrolysis of
GTPs on elF2 and elF5B to join the 60S ribosomal subunit. elF5A is actually an elongation
factor that promotes the translation of polyproline motifs (Gutierrez et al., 2013). Thus,
translation initiation proceeds with efficient functioning of the elF4F complex and the 43S
pre-initiation complex. For a detailed review of mRNA translation initiation, including cap-
dependent, and IRES-mediated translation, see reference (Sonenberg and Hinnebusch, 2009)
and for information on elongation and termination during protein synthesis, see reference
(Dever and Green, 2012).

Many processes regulate mMRNA translation initiation. elF2 of the ternary complex consists
of a, B, and y subunits. The GTP bound to elF2 is hydrolyzed during translation initiation.
Under normal unstressed conditions GDP is exchanged for GTP via the guanine nucleotide
exchange factor (GEF) elF2B. However, various stresses can activate kinases that
phosphorylate elF2a causing elF2 to bind to elF2B and prevent dissociation, which prevents
GEF activity and inhibits translation initiation (Gebauer and Hentze, 2004) (Fig. 2A). The
elF4F complex is also subjected to regulation via post-translational modifications. elFAE-
binding proteins (4EBPs) bind to elF4E to inhibit mMRNA translation (Pause et al., 1994).
Kinases such as mTOR phosphorylate 4EBPs preventing interaction with elF4E, which
allows elF4E to bind to elF4G thus permitting translation initiation (Gebauer and Hentze,
2004, Brunn et al., 1997) (Fig. 2B). In addition to 4EBP1, mTOR also regulates p70S6K.
Activation of p70S6K by mTOR phosphorylation leads to the degradation of PDCD4, a
protein that interferes with elF4A/elF4G interaction (Dorrello et al., 2006) and the activation
of elF4B (Blagden and Willis, 2011) (Fig. 2B). mTOR inactivation prevents target
phosphorylation leading to decreased translation initiation (Ma and Blenis, 2009). MNK1/2,
activated via the MAPK pathway phosphorylates and activates elF4E and elF4B (Blagden
and Willis, 2011, Topisirovic et al., 2004) (Fig. 2B). Thus, elF2 of the ternary complex and
the elF4F complex are key regulatory points. Regulation of translation initiation by cellular
processes or for therapeutic efforts centers on these factors. For a more comprehensive
review of mMRNA translation initiation and its regulatory components, see reference
(Gebauer and Hentze, 2004).
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3. MELANOMA SIGNALING PATHWAYS COUPLED TO THE PROTEIN
SYNTHETIC MACHINERY

The entire process to produce protein requires coordination of many different components
from the transcription of rRNA genes via RNA polymerase | for ribosome biogenesis to
MRNA translation and its associated initiation and elongation factors. Several signaling
pathways commonly perturbed in melanoma have been linked to protein production
suggesting an essential requirement in melanoma development (Fig. 3A).

3.1 MAP kinase pathway in Pol | transcription

The MAPK pathway is an important regulator of rRNA transcription and thus, is coupled to
protein synthesis. UBF, TIF-1A, and TBP are essential components of the pre-initiation
complex necessary for transcription initiation of rDNA by Pol | (White, 2005). UBF and
TIF-1A stimulation of Pol I transcription is ERK1/2-dependently activated (Stefanovsky et
al., 2001, Stefanovsky and Moss, 2008, Zhao et al., 2003, Hannan et al., 2013) and TBP
promoter activity is MEK-dependently induced (Johnson et al., 2000, Johnson et al., 2003)
(Fig. 3B). Increased TBP expression could then increase SL1 abundance as the SL1 complex
contains TBP, and thus could promote Pol | transcription (Hannan et al., 2013). In addition,
ERK1/2 can phosphorylate and stabilize c-MYC (Sears et al., 1999), which in turn can
increase Pol | transcription (Hannan et al., 2013). Over-activation of the MAPK pathway is
commonly observed in melanomas, however it is also prevalent in other cancers such as
colon cancer and serous ovarian cancer (Dhillon et al., 2007). Thus, MAPK pathway
activation in these cancers can enhance rRNA transcription, which is necessary for ribosome
production and consequently protein synthesis.

3.2 PI3 kinase pathway in Pol | transcription

The PI3K/AKT/mTOR pathway also ties into multiple Pol | transcription processes. PTEN
loss is observed in many cancers including breast, lung, glioblastoma, and melanoma (Leslie
and Downes, 2004). Decreasing PTEN expression, as found in many melanomas, enhances
RNA Pol I-dependent transcription through the PI3BK/AKT/mTOR pathway (Zhang et al.,
2005) (Fig. 3A). In glioblastoma cell lines, increasing PTEN expression disrupted SL1
binding to rDNA promoters (Zhang et al., 2005). AKT can activate Pol | transcription at
multiple stages, including initiation, elongation, and cotranscriptional processing and it
cooperates with c-MYC to promote Pol | transcription (Chan et al., 2011). Part of its effect
on rRNA synthesis is independent of mMTORC1 (Chan et al., 2011). mTOR predominantly
acts through its targets 4EBP1 and p70S6K to affect mMRNA translation initiation (Gebauer
and Hentze, 2004) but it can also affect Pol | transcription. Through p70S6K, it regulates
phosphorylation of UBF (Hannan et al., 2003), and phosphorylation and activation of TIF-
IA (Mayer et al., 2004), enhancing Pol I transcription (Fig. 3B). The PI3K pathway is
associated with protein synthetic machinery and is frequently activated in many cancers
such as breast, endometrium, colon (Yuan and Cantley, 2008), and melanoma thus, it is an
important regulator of this process in cancer.

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2016 January 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kardos and Robertson Page 5

3.3 Regulation of translation initiation factors

MRNA translation initiation factors are linked to melanoma growth and proliferation. For
example, elF3c downregulation causes cell cycle arrest, reduced cell proliferation, and cell
death of mouse melanoma cells (Emmanuel et al., 2013). mRNA levels of a negative
regulator of translation, elF3f, are decreased in many melanomas and its overexpression
induces apoptosis and inhibits cell proliferation, likely by enhancing ribosome degradation
(Shi et al., 2006). Furthermore, EIF3F loss of heterozygosity (LOH) was found in 75% to
92% of melanomas resulting in decreased EIF3F gene copy number compared to normal
tissues (Doldan et al., 2008). Collectively, this implies that elF3, the initiation factor
required for interaction between the elF4F complex and the 43S pre-initiation complex, is
altered in melanoma to promote mRNA translation. Although IRES trans-acting factors
(ITAFs) can also play an important role in cancer (Faye and Holcik, 2014), this review
focuses on cap-dependent translation and the 43S pre-initiation complex.

mMRNA recruitment to the 40S ribosome subunit is the rate limiting step of mMRNA
translation and elF4F is an essential component of this activity, suggesting that it plays a key
role in translational control (Duncan et al., 1987). EIF4A1 mRNA, but not mRNA from
other elF4 members, is overexpressed in human melanoma cells (Eberle et al., 1997). elF4E
and elF4G are upregulated in many cancers (Silvera et al., 2010). Over 2 decades ago, it was
observed that elFAE is present in limiting amounts in cells and overexpression of elF4E
caused the transformation of fibroblasts (Lazaris-Karatzas et al., 1990). Furthermore, its
overexpression can selectively alter the translation of cancer-related mRNA transcripts
(Larsson et al., 2007). Recently, the elF4AF complex has been identified as an important
downstream target of both the PI3BK/AKT/mTOR and MAPK pathways.

The PIBK/AKT/mTOR and MAPK pathways can regulate elF4AF at various levels. elF4E is
necessary for oncogenic transformation by PI13K and AKT (Ruggero et al., 2004). In
multiple melanoma cell lines, the MAPK pathway downregulated microRNA miR-768-3p
leading to elFAE upregulation and increased protein synthesis (Jiang et al., 2014). Recently,
persistent formation of the elF4F complex was associated with resistance to anti-BRAF,
anti-MEK, and combination therapies (Boussemart et al., 2014). Inhibiting the elF4F
complex synergized with mutant BRAF inhibition (Boussemart et al., 2014). Furthermore,
expressing V69%EBRAF in melanocytes increased elFAE phosphorylation and protein
synthesis (Croft et al., 2014). Thus, the effect of V600EBRAF can act through mMRNA
translation initiation. The MAPK pathway is also linked to translation initiation through
ERK1/2 phosphorylation of MNK1/2. These serine/threonine kinases phosphorylate elFAE
at Ser209, which promotes cellular transformation (Topisirovic et al., 2004). The MAPK
and PIBK/AKT/mTOR pathways regulate the initiation factor elF4B. MNK1 from the
MAPK pathway and p70S6K1 from the PI3BK/AKT/mTOR pathway both phosphorylate
elF4B, causing increased association with elF3 and increased elF4A activity (Blagden and
Willis, 2011) (Fig. 3C). These results provide evidence that signaling pathways essential to
melanoma growth and survival can act through translational initiation processes to exert
their effect.
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3.4 Elongation factors

Factors that facilitate mRNA translation elongation have also been studied in melanoma
development. Inhibition of hypusination, the conversion of a lysine residue to hypusine, of
the elongation factor elF5A has been found to be impaired in murine melanoma growth
(Jasiulionis et al., 2007). elF5AZ2 is a target of PISBK/AKT that promotes melanoma cell
invasion and MMP-2 activity and its expression is correlated with melanoma thickness
while inversely correlated to survival (Khosravi et al., 2014). In addition, the eukaryotic
elongation factor eEF2 was identified as a potential serum biomarker in melanoma (Suzuki
etal., 2010). The MAPK and PI3K/AKT pathways cooperate to activate eEF2 by inhibiting
eEF2K phosphorylation of eEF2, which promotes mRNA translation elongation (Wang et
al., 2014b). Involvement of elongation factors in melanoma development provides another
avenue for therapeutic targeting, but this research area needs more development.

4. TARGETING PROTEIN SYNTHESIS FOR MELANOMA THERAPY

Many protein synthesis inhibitors (PSls) tested clinically in the past targeted the elongation
step, impairing peptidyl transferase function, translocation, or aminoacyl-tRNA binding
(Vazquez, 1979, Pestka, 1977). These inhibitors demonstrated nonspecific toxicity by
blocking global protein synthesis in normal cells (Malina et al., 2012). This led many
researchers to disregard the mRNA translation apparatus as a viable treatment option. For
example, in a phase |1 study of homoharringtonine, a PSI that blocks protein synthesis by
blocking the A-site in the peptidyl-transferase center (Gurel et al., 2009), patients with
various solid tumors including melanoma, sarcoma, breast, head & neck, and colorectal
carcinomas neither completely nor partially responded to the agent (Ajani et al., 1986).
However, novel routes to inhibit translation more effectively with less toxicity are being
developed, leading to a new wave of therapies, which are discussed below.

4.1 RNA polymerase | in cancer

RNA polymerase | activity, and to a larger extent ribosome biogenesis, may be linked to
cancer development. Increased numbers of nucleoli were identified as a marker of
aggressive tumors (Derenzini et al., 2009). Nucleolar changes were first observed in 1896
when cancer cells were observed to have large nucleoli (Pianese, 1896). It was later
determined that the nucleolus of all malignant cells are larger in proportion to nuclear size
(MacCarty, 1936). Perry et al. reported that many melanomas contained macronucleoli
(Perry et al., 1986). Furthermore, malignant melanoma tumor thickness correlated with
increased numbers of nucleolar organizer regions (NORs), which are regions containing
chromosomal DNA and protein involved in ribosomal synthesis (Barzilai et al., 1998). Since
nucleolar size is closely related to its function in ribosome biogenesis (Derenzini et al.,
1998, Hernandez-Verdun, 2006), enlarged nucleoli in melanoma suggests a potential link
between increased ribosome biogenesis, and to a larger extent mMRNA translation, and
melanoma. Pol I transcription and ribosome biogenesis are aberrantly regulated in cancer
(Hannan et al., 2013, Bywater et al., 2013) and the MAPK and PI3K/AKT/mTOR pathways
are linked to these processes (Fig. 3A). Whether increased ribosome biogenesis constitutes a
dependency in melanoma, and a weakness to be therapeutically exploited, needs further
investigation.
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4.2 RNA polymerase | inhibition

Many approved anticancer drugs affect rRNA biogenesis by indirectly impairing RNA
polymerase | function (Hein et al., 2013). In one study of 36 drugs in clinical use, 21 were
found to have rRNA synthesis inhibitory activities, either by inhibiting rRNA transcription
or rRNA processing, including alkylating agents such as cisplatin and oxaliplatin and DNA
intercalating agents such as doxorubicin, mitoxantrone, and actinomycin D (Burger et al.,
2010). Inhibition of ribosome biogenesis by chemotherapeutic drugs may contribute to the
efficacy of particular therapeutic regimens (van Sluis and McStay, 2014). However, since
melanoma should be dependent on ribosome biogenesis, it would be expected that a drug
affecting rRNA synthesis like cisplatin should be effective. Cisplatin inhibits synthesis of
rRNA by forming DNA adducts (Jamieson and Lippard, 1999, Rosenberg, 1985) causing
cytotoxicity due to poor DNA repair (Chaney et al., 2005) and displacing UBF as well as
RNA Pol | to the periphery of the nucleolus (Jordan and Carmo-Fonseca, 1998).
Unfortunately, even though it is effective in several cancers, and used as a first-line therapy
in cancers such as testicular, ovarian, cervical, head & neck, and small-cell lung cancer
(Basu and Krishnamurthy, 2010), it is not so in melanoma (Lee et al., 1995). This is likely
because two genes needed to remove cisplatin-induced DNA damage, ERCC1 and XPF, are
induced by cisplatin in melanoma (Li and Melton, 2012) and not necessarily because
melanoma is not dependent on ribosome biogenesis. To combat cisplatin resistance, trials
have tested its effectiveness in combination with other more effective melanoma drugs. For
instance, cisplatin combined with IFN-alpha and IL2 can produce response rates of 50-60%
and complete response in 20% of melanoma patients (Anderson et al., 1995). However, not
all combinations improve responses as cisplatin and tamoxifen was only effective in 26% of
cases (Middleton et al., 2000). Nevertheless, clinical trials are ongoing to test the
effectiveness of cisplatin in combination with ipilimumab, ADI-PEG 20, AM0010, and
LY2801653 in melanoma patients (NCT01409174, NCT01665183, NCT02009449, and
NCTO01285037). Thus, combinations of existing chemotherapeutic drugs may be effective
for treating melanoma due in part to an effect on rRNA biogenesis.

Most anticancer drugs affecting rRNA synthesis are likely too toxic to be ideal clinical
treatment options. Even if cisplatin in combination with therapies such as IFN-alpha and 1L2
improves patient outcome, it is not an ideal agent to target the protein synthetic mechanisms
due to toxicity associated with general DNA damage. BMH-21 is another drug that non-
specifically targets DNA by intercalating into DNA to inhibit rDNA transcription (Colis et
al., 2014, van Sluis and McStay, 2014). In melanoma, a mouse xenograft model showed that
BMH-21 significantly decreased tumor growth (Peltonen et al., 2014), however, it causes
widespread DNA damage making it toxic. Other chemotherapeutic drugs have encountered
similar issues. Even though oxaliplatin (Raymond et al., 1998), doxorubicin (Sivam et al.,
1995), mitoxantrone (Fujimoto and Ogawa, 1982), and actinomycin D (Kroon et al., 2014)
can have therapeutic efficacy in preclinical studies in melanoma, this has not had high
therapeutic response rates in clinical trials (Lutzky, 2006, Ellerhorst et al., 1999, Arseneau et
al., 1986). Other treatment options to disrupt rDNA transcription by directly or indirectly
inhibiting Pol | transcription might be better approaches (Fig. 3B). CX-5461, a drug
developed by Cylene Pharmaceuticals, disrupts pre-initiation complex formation on the
rDNA promoter, thus inhibiting Pol | transcription, and was demonstrated to decrease
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melanoma, pancreatic, and lymphoma growth in vivo (Drygin et al., 2011, Bywater et al.,
2012, van Sluis and McStay, 2014). CX-5461 activates p53, induces autophagy and
senescence, and is tolerated by normal cells (Drygin et al., 2011, Bywater et al., 2012).
Although not yet tested clinically in melanoma patients, it would be interesting to see if this
drug could overcome problems encountered with nonspecific inhibitors of Pol |
transcription. Furthermore, another small molecule, CX-3543, can disrupt nucleolar G-
quadruplex complexes, inhibiting Pol I transcription, which can cause apoptosis in cancer
cells and was demonstrated to decrease breast as well as pancreatic tumor growth (Drygin et
al., 2009). CX-3543 has completed phase |1 trials to assess its efficacy in neuroendocrine
and carcinoid tumors (NCT00780663). While existing drugs targeting Pol | transcription
have not been effective for treating melanoma, the next generation of specific inhibitors of
Pol | transcription may be better options.

4.3 mRNA translation inhibition

Translation of MRNA to protein involves initiation, elongation, termination, and ribosome
recycling. Initiation is the most common point to target translational regulation, where
recruitment of MRNA to the 40S ribosomal subunit is the rate-limiting step (Ingolia et al.,
2009, Sonenberg and Hinnebusch, 2009). Increased translational activity during melanoma
development involves initiation factors essential for melanoma growth. Many initiation
factors are being investigated as potential therapeutic targets. Best known are elF4F,
necessary for cap-dependent translation initiation, and elF2 of the ternary complex (Figs. 3C
and 3D).

4.3.1 Targeting the elF4F complex—Multiple drugs targeting the elF4F initiation
complex to inhibit mMRNA translation initiation have been developed and are at various
stages of preclinical testing (Malina et al., 2011, Malina et al., 2012). Inhibitors of the elF4A
subunit include pateamine A, hippuristanol, and silvestrol (Fig. 3C). Pateamine A sequesters
elF4A onto nonspecific RNA preventing its normal functioning (Bordeleau et al., 2005, Low
et al., 2005). Des-amino pateamine A (DMDA-PatA), an analog of pateamine A, led to
significant tumor regression of melanoma, colon, non-small cell lung cancer, and leukemia
mouse models (Kuznetsov et al., 2009). While DMDA-PatA has mRNA translational
inhibitory activity, reported effects on DNA synthesis inhibition (Kuznetsov et al., 2009)
and RNA transcription (Romo et al., 2004) could also contribute to efficacy. Like pateamine
A, silvestrol sequesters free elF4A nonspecifically on RNA (Bordeleau et al., 2008).
Silvestrol induced G2 cell cycle arrest and decreased AKT and mTOR phosphorylation in
melanoma cells (Chen and Swanson). Hippuristanol is an allosteric inhibitor of elF4A that
prevents elF4A from binding to RNA (Bordeleau et al., 2006), but has largely been
unstudied in melanoma. Other inhibitors of the elFAF complex target elF4E and its
interaction with elF4G or the mRNA 5’ cap (Fig. 3C). 4EGI-1 is a cap-dependent mRNA
translation inhibitor that disrupts the elF4E/elFAG association and enhances 4EBP1
association with elF4E (Moerke et al., 2007). 4EGI-1 inhibited xenograft melanoma and
breast cancer tumor growth with negligible toxicity (Chen et al., 2012). 4E1RCat is a
molecule identified in a screen to bind to elF4G to hinder elF4F assembly (Cencic et al.,
2011b) and 4E2RCat was identified to prevent elF4E interaction with elFAG (Cencic et al.,
2011a). Both inhibit cap-dependent translation and reverse drug resistance in a lymphoma
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model, but neither molecule has been studied in melanoma. Since the MAPK and PI3K
pathways activate translational initiation through elF4F, these drugs could be used to disrupt
the downstream pathway signaling in melanoma cells.

4.3.1.1 Targeting the MRNA 5’ cap: Since elF4E binds the 5’ cap of mMRNA, cap analogs
are elF4F therapeutic inhibitors able to impair mRNA translation initiation. 5 cap mimics
such as ribavirin have been effective in preclinical studies (Fouchier et al., 1996); however,
these may not be ideal translation inhibitors since these caps are needed for multiple RNA
processes and could lead to toxic side effects (Malina et al., 2011). Processes requiring 5’
cap involvement include nuclear export, splicing, mRNA 3’-end formation, nonsense-
mediated decay, and miRNA processing (Malina et al., 2012). Furthermore, cap analogs
cannot freely cross phospholipid bilayers (Malina et al., 2012), complicating the clinical use
of these drugs. Thus, therapies targeting the elF4F complex rather than the cap-binding site
might be a better therapeutic approach.

4.3.1.2 Targeting MNK1/2: Directly downstream of p38 and ERK in the MAPK pathway
are the MNK1/2 proteins (Buxade et al., 2008, Waskiewicz et al., 1997), which are serine/
threonine kinases that phosphorylate elFAE on Ser209 (Pyronnet et al., 1999) and elF4B
(Blagden and Willis, 2011), which could be targeted to inhibit mMRNA translation. elFAE
phosphorylation at Ser209 leads to cellular transformation (Topisirovic et al., 2004, Wendel
et al., 2007) mediated through the MAPK pathway. As such, these kinases are potentially
important therapeutic targets (Hou et al., 2012), but few specific inhibitors of MNKZ1/2 have
been developed (Hou et al., 2012). Of those being studied, cercosporamide decreased B16
melanoma pulmonary metastases growth and colon carcinoma xenograft tumor growth by
blocking MNK phosphorylation of elF4E (Konicek et al., 2011). Another agent, CGP
57380, decreased growth of multiple V609EBRAF melanoma cell lines (Boussemart et al.,
2014) (Fig. 3C). Interestingly, vemurafenib-resistant melanoma cell lines were more
resistant to MNK inhibitor CGP 57380 (Boussemart et al., 2014), suggesting that
vemurafenib activity could need MNK-dependent inhibition of translation initiation. Thus,
MNK1/2, downstream of the MAPK pathway, is a viable target for those melanomas in
which the MAPK pathway is constitutively activated.

4.3.1.3 Targeting el F4E using antisense oligonucleotides: elF4E antisense
oligonucleotides (ASOs) could also be used as cancer therapeutics to inhibit mMRNA
translation (Fig. 3C). 4E-ASO4 in breast and prostate cancer mouse xenograft models
decreased cancer cell growth with negligible systemic toxicity (Graff et al., 2007). A phase |
clinical trial using LY2275796, an ASO targeting elF4E, showed no effect on tumor
development, including in melanoma, mesothelioma, head & neck carcinoma, colon, and
lung cancer patients (Hong et al., 2011). The authors suggested that future trials should
examine LY2275796 in combination with other agents (Hong et al., 2011). Lack of efficacy
may have occurred for a number of reasons; elF4E knockdown clinically may not be as
robust as in preclinical models, knockdown could result in a cytostatic rather than cytotoxic
response (Hong et al., 2011), IRES-mediated translation might compensate for impaired
elF4F complex, or the complex nature of translation initiation regulation could result in
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bypass of this impairment. Thus, ASOs might not be the right approach to target elF4E in
melanoma or in other cancer types.

4.3.1.4 Disruption of elF4F signaling by targeting mTOR: An alternative to targeting the
elF4F complex itself for mRNA translation inhibition is to inhibit or activate regulators of
the complex, such as the mTOR pathway. mTOR is a well-known regulator of growth factor
signaling, stress responses, and amino acid sensing. mTOR is one component of the
rapamycin and nutrient-sensitive mTORC1 complex, as well as the growth factor-sensitive
and nutrient-insensitive mTORC2 complex (Guertin and Sabatini, 2007). mTORCL1 targets
regulators of MRNA translation, and thus, will be the focus of this section. Numerous drugs
are being developed or are approved by the FDA to target mTOR. mTOR inhibitors include
rapamycin analogs (rapalogs), TOR-kinase inhibitors (TOR-KI), and dual PI3K/TOR-KI
(Fig. 3C). The rapalog temsirolimus is FDA-approved for advanced renal cell carcinoma
(RCC) treatment (Kwitkowski et al., 2010) and completed a Phase 111 trial in mantle cell
lymphoma (Hess et al., 2009), while the rapalog everolimus is FDA-approved for kidney
cancer, breast cancer, subependymal giant cell astrocytomas, and pancreatic neuroendocrine
tumors (Lebwonhl et al., 2013). Rapamycin and rapalogs such as temsirolimus, and
everolimus have been evaluated in melanoma. Everolimus (Rao et al., 2006) but not
temsirolimus (Margolin et al., 2005) has shown some positive results in melanoma as a
single agent. Phase Il combination studies of everolimus with sorafenib or with
temozolomide, paclitaxel, and carboplatin failed to show significant improvement (Margolin
etal., 2012, Dronca et al., 2014, Hauke et al., 2013). These therapies have limitations
because rapamycin and rapalogs only partially inhibit mTOR kinase activity (Malina et al.,
2011). Rapamycin can suppress p70S6K phosphorylation but cannot suppress 4EBP1
phosphorylation entirely (Choo et al., 2008). In addition, a p70S6K-IRS1 negative feedback
loop exists whereby inhibitors of mTOR will activate the PI3K pathway (Harrington et al.,
2005). Even more worrisome for melanoma is the existence of an mTORC1-MAPK
feedback loop in which everolimus activated the MAPK pathway in human tumors that
included melanoma (Carracedo et al., 2008). Thus, rapamycin and rapalogs have a
significant disadvantage that not only prevents them from completely inhibiting translation
initiation but also activates an important melanoma cell survival pathway. An effective agent
would need to avoid these drawbacks.

TOR-KIs were designed to overcome the drawbacks of rapalogs by blocking both the
mTOR complexes to more completely inhibit 4EBP1 and p70S6K phosphorylation, thereby
inhibiting MRNA translation. TOR-KIs show better efficacy compared to rapalogs (Malina
etal., 2012, Livingstone et al., 2010). Of these, AZD8055, which is being investigated in a
Phase I trial for hepatocellular carcinoma (NCT00999882), synergizes with vemurafenib to
inhibit vemurafenib resistant melanoma cell lines (Shi et al., 2011). While these drugs
completely inhibit mTOR kinase activity, it does not address the negative feedback loop
leading to activation of PI3K following mTOR inhibition. However, a class of compounds
called dual specificity PISBK/TOR-KI that includes NVPBEZ235, GSK2126458, and PI-103
can block both mTOR and PI3K, leading to blocking of PI3K reactivation following
p70S6K inhibition (Malina et al., 2012) (Figs. 3B and 3C). Unfortunately, these inhibitors
have off-target effects (Malina et al., 2012), which is problematic. Nevertheless, some PI3K/
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TOR-KIs have demonstrated promising results in melanoma. NVPBEZ235, which is in
clinical trials for kidney cancer (NCT01453595), prostate cancer (NCT01634061), and
pancreatic neuroendocrine tumors (NCT01628913), synergized with vemurafenib to inhibit
growth of vemurafenib-resistant melanoma cells (Shi et al., 2011). NVPBEZ235 combined
with AZD6244, a MEK inhibitor, showed synergism in melanoma cell lines (Aziz et al.,
2010) and caused tumor regression and improve survival in a genetically engineered mouse
model (Roberts et al., 2012). A phase Ib clinical trial investigating NVPBEZ235 with the
MEK inhibitor MEK162 was recently completed (NCT01337765) to determine the maximal
tolerable dose. GSK2126458, which is in a clinical trial for advanced solid tumors and
lymphoma (NCT00972686), was able to inhibit trametinib-resistant tumor growth and, in
combination with dabrafenib and trametinib, significantly improve efficacy (Villanueva et
al., 2013). Further studies combining GSK2126458 with the MEK inhibitor GSK1120212
induced apoptosis and enhanced growth inhibition of BRAF-resistant melanoma cells
(Khalili et al., 2012, Greger et al., 2012), but a Phase I trial using this combination was
terminated due to lack of efficacy (NCT01248858). In addition, PI-103 treatment in
xenograft models of glioblastoma, prostate, breast, colon, and ovarian demonstrated
therapeutic activity (Raynaud et al., 2007), however, although P1-103 decreased cultured
melanoma cell viability, treatment in a mouse model led to immunosuppression, promoted
tumor growth, and inhibited apoptosis (Lopez-Fauqued et al., 2010). Whether these negative
results are due to limitations of PI3K/TOR-KI specificity or due to an inability to effectively
inhibit translation remains to be determined. Incidentally, resistance to PI3K/TOR-KIs can
occur due to increased elF4E and c-MYC levels (llic et al., 2011) and combination therapies
may be needed to resolve resistance development. In summary, the mTOR pathway is a
promising target to disrupt translation initiation, but each drug targeting this pathway has
particular limitations. Overcoming these issues would be required to effectively inhibit
translation initiation to treat melanoma by targeting the mTOR pathway.

4.3.2 TARGETING elF2a—Another target to inhibit translation initiation is elF2. This
initiation factor is essential for start codon recognition and the formation of the 43S
ribosomal complex (Gebauer and Hentze, 2004). The guanine nucleotide exchange factor
complex elF2B normally exchanges GDP for GTP on elF2 so that translation initiation can
continue (Webb and Proud, 1997). However, when elF2a is phosphorylated at Ser51 (Ser52
in humans) it irreversibly binds to elF2B inhibiting GEF activity of elF2B, thus inhibiting
mMRNA translation (Krishnamoorthy et al., 2001, Kimball, 1999) (Fig. 2A). It must be noted
that elF2a phosphorylation can also increase translation of some inefficiently translated
MRNAS to induce pro-survival pathways (Koromilas, 2014). PKR-related endoplasmic
reticulum kinase (PERK), RNA-dependent protein kinase (PKR), general control non-
derepressible 2 kinase (GCN2), and heme-regulated inhibitor kinase (HRI) are four kinases
that phosphorylate elF2a (Fig. 3D). Phosphorylation of elF2a is an important regulatory
step in translation initiation that warrants more study in melanoma. Increased elF2a
expression occurs in benign and malignant melanomas (Rosenwald et al., 2003) and
blocking elF2a phosphorylation can cause malignant transformation of fibroblasts (Donze et
al., 1995) suggesting a tumor suppressor role. Modulation of elF2a phosphorylation is
important for regulating translation initiation making it a potentially important therapeutic
target.
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4.3.2.1 PKR-Related endoplasmic reticulum kinase (PERK): PERK is one elF2a kinase
that may have a role in melanoma growth. PERK is activated by endoplasmic reticulum
(ER) stress, which can be induced by proteasome inhibitors. Vemurafenib (V600EBRAF
inhibitor) treatment can activate PERK by causing GRP78 to dissociate from PERK,
initiating an ER stress response leading to elF2a phosphorylation (Ma et al., 2014).

Thus, V6OOEBRAF inhibition exerts some of its therapeutic effect through disruption of
mRNA translation. Activating elF2a kinases may provide a unique mechanism to inhibit
translation initiation. Sinulariolide and #1181 are two small molecules that activate PERK
(Fig. 3D). Sinulariolide is a molecule derived from coral that activates the PERK/ elF2a-
mediated apoptotic pathway, suppressed hepatocellular carcinoma growth, and suppressed
proliferation and migration of melanoma cells (Chen et al., 2013, Li et al., 2013). #1181 is a
molecule shown to inhibit melanoma and breast xenograft tumor growth without apparent
toxicity causing phosphorylation of elF2a likely through PERK or PKR (Chen et al., 2012).
Although these results are encouraging, PERK can also facilitate cell survival or tumor
formation (Koromilas, 2014), as was seen in fibrosarcoma and mouse embryonic fibroblast
cell lines (Kazemi et al., 2007) as well as in a mouse minute mutant model (Hart et al.,
2012). Thus, activating elF2a phosphorylation by targeting PERK has potential to impair
melanoma growth, however the pro-survival effects of PERK must be taken into
consideration.

4.3.2.2 RNA-dependent protein kinase (PKR): PKR is another elF2a kinase able to
modulate elF2a phosphorylation, and thus, mRNA translation initiation. PKR is an
interferon (IFN) induced kinase activated by double-stranded RNA binding typically in
response to a viral infection (Mounir et al., 2009). Expression of a nonfunctional dominant-
negative mutant PKR in fibroblasts caused malignant transformation, suggesting PKR may
function as a tumor suppressor (Koromilas et al., 1992). Inability to phosphorylate elF2a
could lead to translation initiation without any brake mediated by PKR activity.
Furthermore, inactivation of PTEN, which occurs frequently in melanoma, caused a
reduction of elF2a phosphorylation in human melanoma cells (Mounir et al., 2009).
Restoration of functional PTEN in PTEN-null glioblastoma or prostate cancer cells led to
elF2a phosphorylation through PKR function, linking the PTEN tumor suppressor to protein
synthesis inhibition independent of its role modulating PI3K activity (Mounir et al., 2009)
(Fig. 3D). Consequently, therapeutic activation of PKR function might be beneficial to
PTEN mutant melanomas, but since many signaling pathways activated in melanoma are
coupled to translation, it might be beneficial for treating all melanomas.

4.3.2.3 Heme-regulated inhibitor kinase (HRI): HRI is a kinase that is activated upon
heme deficiency, causing elF2a phosphorylation and inhibition of protein synthesis (Chen,
2007). N,N’-diarylureas, particularly BTdCPU, activate HRI, causing elF2a
phosphorylation and inhibition of ternary complex accumulation leading to decreased
proliferation of human melanoma, lung, breast, and prostate cancer cells and growth of
xenograft breast tumors (Chen et al., 2011) (Fig. 3D). Bortezomib, a 26S proteasome
inhibitor, caused rapid phosphorylation of elF2a in B16F10 melanoma cells via HRI
(Yerlikaya and DoKudur, 2010). Bortezomib is FDA approved for treatment of multiple
myeloma and mantle cell lymphoma, and is a potential treatment option for metastatic
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melanoma (Shahshahan et al., 2011). It is being tested in combination with other agents such
as ABT-737, sorafenib, and dacarbazine for better efficacy killing melanoma cells (Reuland
etal., 2012, Kumar et al., 2013, Poklepovic et al., 2013). Thus, the therapeutic activation of
HRI, like PERK and PKR activation, is a promising option to therapeutically inhibit
melanoma development.

4.3.2.4 General control non-derepressible 2 kinase (GCN2): GCNZ2 is also able to
phosphorylate elF2a, thus impairing mRNA translation initiation. GCN2 senses nutrient
starvation and is critical for metabolic homeostasis of cancer cells (Ye et al., 2010) (Fig.
3D). Since tumor cells are typically under nutrient deprivation, GCN2 may be an appropriate
therapeutic target since tumor cells would be more sensitive to nutrient disruption than
normal cells, leading to triggering of GCN2 activation (Ye et al., 2010). Uncharged tRNAs
bind GCN2 causing autophosphorylation at T899 (Dong et al., 2000), which activates GCN2
leading to elF2a phosphorylation (Berlanga et al., 1999) (Fig. 3D). Halofuginone, an
inhibitor of prolyl-tRNA synthetase activity can activate GCN2 function by duping the cell
into thinking it is nutrient starved (Keller et al., 2012). It was shown to inhibit melanoma
bone metastases as well as reduce brain metastases and is reported to decrease bladder
carcinoma, glioma, prostate cancer, hepatocellular carcinoma, Wilms tumor, brain, and
pancreatic cancer growth (Juarez et al., 2012). Disruption of proline biosynthesis activated
GCNZ2, causing elF2a phosphorylation and decreased protein synthesis (Kardos et al.,
2015). Therapeutic strategies to activate GCN2 include amino acid starvation, use of
inhibitors of tRNA synthetases, and mimics of uncharged tRNAs (Fig. 3D). Since cancer
cells have higher demands for nutrients compared to normal cells, this elF2a kinase may be
one approach to activate phosphorylation for therapeutic application while causing minimal
nonspecific toxicities.

4.3.2.5 elF2a phosphatases: elF2a phosphorylation can also be modulated, to disrupt
mRNA translation, by phosphatases that reverse the actions of the four elF2a kinases.
Salubrinal is a molecule that inactivates the dephosphorylation of elF2a by promoting the
disassembly of protein phosphatase 1 (PP1) with constitutive repressor of elF2a
phosphorylation (CReP) or GADD34 (Chen and Perrine, 2013) (Fig. 3D). This maintains
elF2a phosphorylation leading to reduced protein production. Salubrinal is currently in a
Phase I clinical trial to test its effectiveness in combination with carfilzomib for multiple
myeloma treatment (NCT01775553). Therapeutic treatments maintaining phosphorylation
by preventing phosphatase action are attractive therapeutic approaches for melanoma
treatment but more work is needed in this area to realize its full potential.

5. AMINO ACID SYNTHESIS INHIBITION

Another way to perturb mTOR and/or GCNZ2 signaling for melanoma therapy to disrupt
protein synthesis is by disrupting amino acid biosynthesis. Disruption of amino acid
biosynthesis can potentially affect cancer cells, including melanoma, disproportionally
compared to normal cells because of the intense nutrient stress experienced by cancer cells.
A slight disruption of nutrient availability in cancer cells that normal cells could tolerate
could trigger mTOR inactivation and GCN2 activation in melanoma, leading to inhibition of
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translation (Fig. 4). Thus, amino acid synthesis and bioavailability are possible therapeutic
strategies for melanoma treatment.

5.1 Arginine

5.2 Proline

As a therapeutic target for disrupting protein production, arginine has been at the center of
amino acid research in melanoma. Clinical trials have focused on sensitivity of melanomas
to arginine deprivation. Arginine is a substrate for nitric oxide synthase (NOS), and a
component of the urea cycle. A majority of melanomas do not express argininosuccinate
synthetase (ASS) so they rely on exogenous arginine (Savaraj et al., 2010), and as such, are
susceptible to arginine depletion. For instance, arginine depletion was shown to induce rapid
death of B16-F10 murine melanoma because cells failed to exit the cell cycle into a
quiescent state as occurred with nontransformed cells (Scott et al., 2000). Arginine
degradation depletes the substrate pool for proinflammatory nitric oxide and activates GCN2
in T-cells (Rodriguez et al., 2007). Human melanoma cells were highly sensitive to arginine
deiminase (ADI) and exhibited reduced ASS gene expression (Sugimura et al., 1992).
Arginine degradation using ADI leads to growth inhibition and cell death in melanoma but
not normal cells (Ensor et al., 2002). Pegylated ADI (ADI-PEG20) has antitumor activity in
melanoma (Ensor et al., 2002). ADI-PEG20 has been evaluated by Polaris Inc., formerly
Phoenix Pharmacologics, and was granted orphan drug status by the FDA (Shen and Shen,
2006). In addition to melanoma, hepatocellular carcinoma, mesothelioma, prostate, and renal
cancer are arginine auxotrophic, due to variable loss of ASS (Delage et al., 2010) and are
also being tested in clinical trials (NCT01287585, NCT02029690, NCT01497925). A Phase
I/11 clinical trial showed 6 of 24 metastatic melanoma patients responded (5 partial, 1
complete response) and the drug was well tolerated (Ascierto et al., 2005). Latest Phase 1/I1
clinical trial results of 31 advanced melanoma patients showed 9 patients achieved stable
disease with 2 durable responses (Ott et al., 2013). Furthermore, a clinical trial is ongoing
combining ADI-PEG20 with cisplatin (NCT01665183). Preclinical studies of ADI-PEG20
and cisplatin have shown additive and synergistic drug interactions with no increased
toxicity (Phillips et al., 2013). Even though arginine depletion can activate GCN2 and
inhibit mTOR signaling, it also activates MEK and ERK (Savaraj et al., 2010), which could
lead to negative side-effects. It remains to be determined whether the effect of arginine
deprivation is mediated by mTOR and GCNZ2 but limiting arginine availability can impair
melanoma cell survival.

Proline biosynthesis has attracted recent attention as a therapeutic target for melanoma to
disrupt protein production. Compared to melanocytes, proline biosynthesis is elevated in
melanoma cells (De Ingeniis et al., 2012). Proline is synthesized from glutamate (Fig. 4) and
requires the concerted effort of pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-
carboxylate reductase (PYCR) converting L-glutamate to L-P5C to L-proline with the
reverse reactions carried out by pyrroline-5-carboxylate dehydrogenase (P5CDH) and
proline dehydrogenase (PRODH), respectively. Recent work suggests that enzymes in the
proline biosynthesis pathway may contribute to cancer development. PYCR protein
expression is upregulated in melanoma (De Ingeniis et al., 2012) and is MY C-dependently
increased (Liu et al., 2012). PRODH, catalyzing the reverse reaction from proline to P5C is
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a tumor suppressor (Liu et al., 2008, Liu et al., 2006), a p53 target gene (Polyak et al., 1997),
and is inhibited by MYC (Liu et al., 2012). ALDH18A1, the gene encoding P5CS, which
synthesizes P5C from glutamate, is MY C-dependently induced in T-cells (Wang et al.,
2011), Burkitt lymphoma, and prostate cancer (Liu et al., 2012). ALDH4A1, the gene
encoding P5CDH that catalyzes the reverse reaction of P5C to glutamate, was identified as a
p53-inducible gene (Yoon et al., 2004). Collectively, these results suggest proline synthesis
is vital for oncogenesis, where a tumor suppressor maintains proline catabolism and proline
synthesis is driven by an oncogene (Fig. 4). Recently, ALDH18A1 was targeted with SIRNA
to disrupt proline biosynthesis, which decreased melanoma tumor growth by activating
GCNZ2 and decreasing protein synthesis (Kardos et al., 2015). Likewise, overexpression of
PRODH to promote proline catabolism led to apoptotic cell death in colon cancer cells
(Donald et al., 2001). These results suggest that reduction of proline, whether via inhibiting
its biosynthesis or inducing its degradation has a detrimental effect on cancer cells, possibly
by disrupting translation initiation. In addition to its effects on elF2a, targeting proline
biosynthesis has the potential to disrupt cancer cell metabolism. Proline biosynthesis has
been linked to glycolysis and the pentose phosphate pathway (PPP) through what is termed
the proline cycle whereby PYCR oxidation of NAD(P)H to NAD(P)+ during the conversion
of P5C to proline can regenerate NAD(P)+ for glycolysis or the PPP (Phang et al., 2012,
Hagedorn and Phang, 1986). Thus, targeting proline biosynthesis might inhibit multiple
processes highly relied upon by cancer cells for growth, including protein production, but
would have a negligible effect on normal cells.

5.3 Other amino acids

In addition to arginine and proline, the biosynthesis of many other amino acids could be
useful therapeutic targets for disrupting protein production in melanoma cells. Since mTOR
and GCN2 sense nutrient availability, it is likely that the presence or absence of any amino
acid might trigger activation or repression of these pathways (Fig. 4). In fact, GCN2 should
be activated by any uncharged tRNA (Wek et al., 1995, Zhang et al., 2002). While it is
unclear whether depletion of each amino acid in cancer cells can activate GCN2, several
amino acids have been studied in relation to an effect on melanoma development. Serine,
leucine, tyrosine, and phenylalanine all have an important role in melanoma. The serine
pathway is promoted by phosphoglycerate dehydrogenase (PHGDH) expression, an enzyme
that catalyzes the first step of serine biosynthesis and is located in a region of chromosome
1p commonly amplified in melanoma as well as other cancers such as breast cancer
(Possemato et al., 2011). PHGDH is amplified in melanoma and its knockdown can inhibit
melanoma cell survival (Mullarky et al., 2011). It is interesting that in the same screen that
identified PHGDH as a metabolic gene necessary for in vivo tumorigenesis, PYCRL1 from the
proline biosynthesis pathway was also found (Possemato et al., 2011), highlighting the
importance of these pathways in cancer. Leucine is known to be important for mTOR
signaling (Lynch, 2001). Leucine deprivation in melanoma cells causes apoptosis leading to
decreased cell and tumor growth (Sheen et al., 2011). Intracellular levels of tyrosine and
phenylalanine were higher in a melanoma cell line than normal cells suggesting the former
are dependent on these amino acids (Fu and Meadows, 2007). Tyr and Phe restriction
inhibits invasion, proliferation, apoptosis, and enhances chemotherapeutic efficacy in
melanoma (Fu and Meadows, 2007). Whether mRNA translation initiation inhibition from
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GCNZ2 activation is an integral component of these observed effects from serine, leucine,
tyrosine, or phenylalanine remains to be determined but each case highlights the potential
therapeutic value for targeting amino acid biosynthesis for the treatment of melanoma and
likely for other cancer types.

5.4 Amino acid transport

Disruption of amino acid biosynthesis is only one of multiple routes to reduce intracellular
amino acid levels to inhibit protein production. Amino acid availability can be disrupted by
deprivation or by siRNA targeting of biosynthetic enzymes to inactivate mTOR and activate
GCNZ2, however an alternative approach to deplete intracellular amino acids is to target
amino acid transport. Expression of the L-type amino acid transporter 1 (LAT1) and the
neutral amino acid transporter ASC amino-acid transporter 2 (ASCT2) are increased in
human melanomas and are also found at high levels in lung, prostate, and breast cancer
(Wang et al., 2014a) (Fig. 4). ASCT2 inhibition led to decreased melanoma growth through
inhibition of mMTORCL signaling dependent on leucine and glutamine (Wang et al., 2014a).
In another study using a canine model, highest LAT1 mRNA levels in malignant melanoma
tissues correlated with increased distant metastases (Fukumoto et al., 2013). Two LAT1
inhibitors, BCH and LPM, enhanced inhibitory growth activities of various anti-cancer
drugs in this model (Fukumoto et al., 2013), highlighting its therapeutic potential. Thus,
amino acid synthesis and transport offers unique approaches to disrupt melanoma
development. As sensors of amino acid levels, mMTOR and GCN2 could both be perturbed
through disruption of amino acid synthesis or transport, impairing ternary complex and
elF4F functioning necessary for translation initiation (Fig. 4). Furthermore, targeting amino
acid biosynthesis can disrupt specific metabolic processes dependent upon the particular
pathway being targeted. Most normal cells do not have the demanding requirement for a
constant supply of amino acids and high metabolic activity occurring in cancer cells. Thus,
targeting amino acid biosynthesis may be one approach to overcome issues involved with
targeting a single pathway while avoiding complications of high toxicity.

6. TARGETING RIBOSOMAL PROTEINS

Proteins constituting the ribosome itself could also be therapeutic targets in cancer to disrupt
the production of proteins (Fig. 5A). The eukaryotic ribosome contains approximately 79
ribosomal proteins (RPs) and 4 ribosomal RNAs (rRNAS) in its 80S structure comprised of
the 60S and 40S subunits (Ben-Shem et al., 2011) (Fig. 5A). Ribosome biogenesis is an
intricate process that requires considerable energy (Warner et al., 2001) involving the
transcription of rRNA, tRNA, and mRNA, RNA processing, nuclear assembly, and export of
subunits. As such, regulation of the ribosome is essential to avoid wasting of cellular energy.
Ribosome production, and in effect protein synthesis, can be directly regulated by
oncogenes and tumor suppressors (Ruggero and Pandolfi, 2003). Since the rate of protein
synthesis is proportional to the rate of cell proliferation and growth (Baxter and Stanners,
1978, Rudra and Warner, 2004, Thomas, 2000), cancer cells must rely heavily on protein
synthesis. This reliance on protein synthesis can be attributed not only to disruption of
translational control at the level of mMRNA translation but also to accelerated ribosome
biogenesis (Schneider and Sonenberg, 2007) (Fig. 5A). Recently, a link between ribosome
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biogenesis and the tumor suppressor p53 was discovered, termed the RP-MDM2-p53
pathway, which acts as a stress response to ribosome biogenesis disruption (Deisenroth and
Zhang, 2010, Warner and Mclntosh, 2009) (Fig. 5B). Enablers of this pathway will bind to
MDM2 inhibiting p53 ubiquitination thus leading to cell cycle arrest, apoptosis, or
senescence (Vogelstein et al., 2000). These effects are dependent on p53 because deletion of
p53 prevents activation (McGowan et al., 2008, Terzian and Box, 2013). p53 ties into Pol |
transcription through inhibition of SL1 binding to UBF (Ruggero and Pandolfi, 2003). Thus,
disruption of ribosome biogenesis can impair rDNA transcription, ribosome generation, and
MRNA translation while activating the tumor suppressor p53 to cause cell cycle arrest and
apoptosis (Fig. 5B). This suggests that therapies to disrupt ribosome biogenesis could inhibit
cancer growth.

Many RPs have been identified as enablers, the most prominent being RPL5 and RPL11
(Dai and Lu, 2004, Zhang et al., 2003) (Fig. 5B). However, others include RPL23 (Dai et al.,
2004), RPL26 (Zhang et al., 2010), RPS7 (Zhu et al., 2009), RPL37 (Daftuar et al., 2013),
RPS3 (Yadavilli et al., 2009), RPS15 (Daftuar et al., 2013), RPS20 (Daftuar et al., 2013),
RPS27 (Xiong et al., 2011), and RPS27A (Sun et al., 2011). Large subunit ribosomal
proteins have been grouped into separate categories based on effect on melanoma cell
viability (Kardos et al., 2014). It was shown that disruption of RPs that are not enablers of
the RP-MDM2-p53 pathway have the potential to not only impair protein synthesis, but also
stabilize p53 (Fig. 5B). In fact, sSiRNA knockdown of RPs, such as RPL13, that are not
enablers of this pathway resulted in p53 stabilization and inhibition of protein synthesis
(Kardos et al., 2014). This led to a greater effect on melanoma cell viability than normal
cells and decreased melanoma tumor growth (Kardos et al., 2014). Others have shown in
prostate cancer, glioma, and gastric cancer that knockdown of RPL19, RPS9, and RPLS6,
respectively, can disrupt cancer growth (Bee et al., 2011, Lindstrom and Nister, 2010, Wu et
al., 2011). Thus, targeting RPs may be a viable option for melanoma treatment, and likely
other cancer types (Fig. 5B).

Disruption of ribosome biogenesis by targeting certain RPs appears to exert its effect
through inhibition of global protein synthesis, specific protein synthesis, and extra-
ribosomal functions (Terzian and Box, 2013). Disruption of ribosome biogenesis can impair
the formation of fully functional ribosomes, thus global protein synthesis will be impaired
due to the depletion of functioning ribosomes. Depending on the particular RP targeted, the
synthesis of specific mMRNAs may be differentially affected. This is an area that is currently
poorly understood. However, recent studies on RPL38 have shown that this RP is important
for the translation of a specific subset of Hox mRNA (Kondrashov et al., 2011) suggesting
that certain RPs assist in the translation of particular mMRNAs. Furthermore, some RPs have
been implicated in extra-ribosomal functions such as mRNA translational regulation (off the
ribosome) (Mazumder et al., 2003) and modulation of regulatory proteins (Wan et al., 2007).
Disruption of these RPs might affect mMRNA translation on multiple levels, some of which
remain to be fully dissected. Much is still unknown about the nuances of ribosomal proteins
and how they may contribute to the translational requirements of melanoma cells. Targeting
the protein synthetic machinery in melanoma requires that the ribosome itself be considered
as a viable therapeutic target.
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CONCLUSION

Targeting the protein synthetic machinery in melanoma cells is often overlooked as a
therapeutic strategy. Because major signaling pathways in melanoma cells regulate protein
synthesis at multiple levels, a greater focus on known and unknown regulatory mechanisms
of protein synthesis in melanoma is needed. A better understanding of mMRNA translation
regulatory factors, amino acid biosynthesis, and ribosomal proteins will enable novel
therapeutic approaches to be evaluated. It is just now being discovered how ribosomal
proteins and ribosome biogenesis tie into cell signaling and tumor development. RPs are not
simply structural components of the ribosome but have complex functions and identifying
the role played in translation and cell signaling can open new therapeutic approaches.
Disrupting amino acid biosynthesis can inhibit protein synthesis while also affecting certain
metabolic processes required for melanoma cell survival. Thus, agents could be developed
to simultaneously target increased metabolic and protein synthesis demands required by
melanoma cells for the long-term treatment of melanoma patients. It has not been firmly
established which cancer types would benefit most from targeting mRNA translation, thus
many approaches warrant further study not only in melanoma but also in other cancer types
to determine potential efficacy. A better comparison of the role of the protein synthetic
machinery between different cancer types will be essential to determine which cancer types
would benefit most from therapies targeting translational apparatuses and provide an
explanation as to why certain treatments might not be universally effective.

Despite all the advances in our understanding of protein synthesis and melanoma, some
important questions remain. First, to better understand the contribution of protein synthesis
to melanoma development, the connections between the MAPK and P13K pathway and
protein synthesis need to be more thoroughly dissected. Second, mechanisms leading to the
reactivation of the protein synthetic machinery during resistance to Y89°EBRAF inhibition
should be dissected. Third, if the protein synthetic machinery is one of the central foci of
mutant BRAF melanoma viability, it is equally important to dissect its role in wildtype
BRAF melanomas. Finally, unraveling the variable responses of inhibitors of the protein
synthetic pathway in preclinical models and in clinical trials needs explanation. The answer
to this important question may be because the target is not essential to tumors, overlapping
compensating pathways, or because resistance mechanisms exist. In conclusion, more
effective melanoma treatment will require a better understanding of the deregulation of the
protein synthetic machinery, and how amino acid biosynthesis as well as ribosome
biogenesis contribute to this process in melanoma cells.
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Figure 1. Factors associated with Pol | transcription and mRNA translation
(A) Transcription of rDNA by RNA polymerase | (Pol I). Ribosomal RNA (rRNA) is

transcribed from rDNA by Pol | and its associated factors. A pre-initiation complex of Pol I,
upstream binding factor (UBF), and the SL1 complex forms around rDNA. The SL1
complex consists of the TATA-binding protein (TBP) and three Pol | specific TBP-
associated factors (TAFs): TAF 48, TAF|63, and TAF95/110. Transcription intermediary
factor 1A (TIF-1A), TIFIC, and transcription factor 1IH (TFIIH) also assist in rDNA
transcription. (B) Cap-dependent mRNA translation initiation. A ternary complex of initiator
met-tRNA, elF2, and GTP becomes part of the larger 43S pre-initiation complex by
associating with the 40S small ribosomal subunit, elF1, elF1A, and elF3. elF3 binds to
elF4G in the elF4F complex to recognize mRNA. The elF4F complex comprises of elF4E,
elF4G, and elF4A. elF4E recognizes the 5° 7-methyl-guanosine cap, elF4A performs RNA
helicase activity on mRNA, and elF4G binds to the poly(A)-binding protein (PABP) (not
shown) and the 43S pre-initiation complex via elF3. elF4F is stabilized by elF4B. elF5 is
recruited to trigger joining of the 60S ribosomal subunit once the mMRNA start codon is
recognized.
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Figure 2. mRNA translational regulation
(A) GTP from the ternary complex of initiator met-tRNA, elF2, and GTP is hydrolyzed into

GDP during translation initiation. GEF activity of elF2B typically exchanges GDP with
GTP to continue translation. However, the o subunit of elF2 can be phosphorylated by
kinases activated by various stresses, such as amino acid starvation, ER stress, heme
depletion, and viral infection. The phosphorylation causes a tighter binding of elF2 to
elF2B, inhibiting GEF activity and thus translation initiation. GADD34 and CReP counter
the Kinase activity by bringing phosphorylated elF2a to PP1 for dephosphorylation to
enhance translation. (B) The elF4F complex is regulated by MAPK and PI3K/AKT/mTOR
pathways. MAPK activity through MNK1/2 phosphorylates elF4E and elF4B, enhancing
translation. mTOR phosphorylates 4EBP and p70S6K (S6K) to promote translation.
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Figure 3. Targeting translation in melanoma
(A) Diagram of how the MAPK pathway, PI3K pathway, and p53 modulate protein

synthetic machinery. (B) Pol I transcription can be regulated by many different mechanisms.
This figure depicts the regulatory methods most relevant to melanoma. UBF, TBP, and TIF-
IA can all be regulated by the MAPK pathway via ERK1/2. The PI3K/AKT/mTOR pathway
regulates transcription through the phosphorylation of UBF and TIF-1A. AKT also regulates
Pol I transcription through mTORC1-independent mechanisms. p53 is able to impair Pol |
transcription by inhibiting SL1 binding to UBF. Nonspecific inhibitors of Pol | transcription
include cisplatin, BMH-21, and CX-3543 which disrupt transcription through activity on
genomic DNA. Drugs targeting signaling pathways can also exert effect through disruption
of Pol | transcription. BRAF and MEK inhibitors impair ERK1/2 ability to activate UBF,
TBP, and TIF-1A. TOR kinase inhibitors (TOR-KIs) and rapalogs impair the ability of
mTOR to activate UBF and TIF-1A. PI3K/TOR-KIs also prevent feedback activation of
PI3K by mTOR inhibition and prevent mTORC1-independent Pol I activation by AKT.
CX-5461 acts independently of mMTOR and MAPK pathways by preventing SL1 complex
association. (C) elF4F complex inhibition. mTOR regulates elF4F activity through 4EBP1
and p70S6K. Rapalogs, TOR-KIs, PI3K/TOR-KIs, and amino acid starvation can all inhibit
mTOR activity, thus reducing mRNA translation. Regulation of translation through the
MAPK pathway can be inhibited at the point of MNK1/2 by cercosporamide. Multiple drugs
targeting the elF4F complex are currently under investigation as potential cancer
therapeutics. These include elF4A inhibitors, inhibitors of elF4E/elF4G interaction, elF4E
cap-binding activity, and antisense oligonucleotide inhibitors of elF4E. Furthermore, the
biogenesis of 60S and 40S subunits necessary for mRNA translation can be impaired via
ribosomal protein (RP) knockdown, or various Pol | disruptors. (D) Ternary complex
inhibition. Activation of any of the elF2a kinases causes phosphorylation of elF2q, leading
to sequestration of elF2B, preventing GEF activity needed to continue translation. Many
stresses can lead to kinase activation. Amino acid starvation or the mimicking of uncharged
tRNA can activate GCN2. ER stress is a common activator of PERK. N,N’-diarylureas are
activators of HRI, and PTEN activity independent of PI3BK/AKT can lead to PKR activation.
In addition, inhibitors of elF2a phosphatase activity such as salubrinal can block elF2B
function.
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Figure 4. Amino acid synthesis inhibition
Diagram illustrating pathways targeting amino acid biosynthesis or transport for therapeutic

applications. LAT1 and ASCT2 are two amino acid transporters important in melanoma.
Depletion of intracellular amino acid pools, whether by disrupting transport or biosynthesis,
could alter mTOR and GCN2 signaling, inhibiting mRNA translation initiation. Many amino
acids regulate cellular processes other than protein synthesis. Two examples are arginine and
proline. Arginine is used in the urea cycle and proline can contribute to glycolysis and the
pentose phosphate pathway. Lastly, tumor suppressors and oncogenes regulate amino acid
biosynthetic pathways as evidenced by the role of p53 and MY C in proline biosynthesis.
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Figure 5. Targeting ribosome biogenesis

(A) Under normal conditions cells produce 60S and 40S ribosomal subunits through

Page 36

ribosome biogenesis in order to translate mMRNA into protein. In addition, p53 is targeted for

degradation by the E3 ubiquitin ligase MDMZ2. (B) Disruption of ribosome biogenesis,
whether from ribosomal protein (RP) knockdown or from RNA Polymerase I (Pol I)

disruption, causes cells to slow or stop the production of fully functional ribosomal subunits,
which impairs mMRNA translation. Furthermore, disruption of ribosomal protein production
causes enabler RPs to bind to MDM2 inhibiting p53 ubiquitination. This stabilizes p53

leading to cell cycle arrest, apoptosis, or senescence.
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