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Iron-sulfur (Fe-S) clusters are considered to be one of the oldest cofactors utilized by
proteins and are essential for life from bacteria to mammals. Multiple processes in the cell
require Fe-S cofactors, such as electron transfer in mitochondrial respiration, enzymatic
reactions, and as structural components in DNA repair enzymes. We describe here the first post-
translational mechanism to regulate Fe-S assembly and delivery through the ubiquitination and
degradation of a key cytosolic iron-sulfur cluster assembly (CIA) pathway component by a
MAGE-RING ligase (MRL). The MAGE protein family consists of ~40 members in humans that

function in complex with E3 ubiquitin ligases to enhance ubiquitination activity, alter E3
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subcellular localization, and/or specify E3 targets. Using biochemical and cellular approaches we
have discovered that the MAGE-F1-NSE1 ligase disrupts Fe-S cluster delivery through
ubiquitination and degradation of the CIA pathway protein MMS19. MMS19 is a substrate
specifying, late-acting component of the CIA pathway that facilitates Fe-S transfer from the
multi-component cascade of assembly proteins to specific recipient apoproteins. Notably, many
MMS19 targets are enzymes involved in DNA repair. We found that MAGE-F1 directs the E3
ligase NSEL1 to target MMS19 for ubiquitination and degradation. Knockdown of MAGE-F1
stabilized MMS19 and overexpression of MAGE-F1 decreased MMS19 levels without affecting
MMS19 mRNA levels. We further confirmed MAGE-F1 inhibits Fe-S incorporation into known
MMS19-dependent Fe-S proteins, such as FANCJ, POLD1, RTEL1, XPD, and DPYD, but not
MMS19-independent Fe-S proteins, such as PPAT. Loss of Fe-S incorporation leads to
decreased DNA repair capacity of cells, exemplified by decreased homologous recombination
rates and altered sensitivity to DNA damaging agents. Importantly, numerous cancer types
harbor copy-number amplification of MAGE-F1, including lung squamous carcinoma and head
and neck squamous carcinoma. Consistent with MAGE-F1 inhibitory activity on Fe-S
incorporation into key DNA repair enzymes, MAGE-F1-amplified tumors bear a significantly
greater mutational burden than non-MAGE-F1-amplified cancers and the expression of MAGE-
F1-NSE1 correlates with poor patient prognosis. In summary, we provide the first evidence for
post-translational regulatory control of Fe-S cluster assembly and a novel mechanism by which a
broad spectrum of DNA repair enzymes can be regulated and lead to genomic instability in

cancer.
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CHAPTER ONE

MAGE FAMILY OF PROTEINS

Introduction

The Melanoma Antigen Gene (MAGE) family has garnered growing interest as biomarkers in
cancer and targets of immunotherapies because a subset of these >40 human proteins are
classified as cancer-testis antigens (CTAs), which have restricted expression to the testis (and
occasionally ovary and placenta) and are aberrantly re-expressed in cancer where they can be
immunogenic (reviewed in (Simpson et al. 2005)). Collectively, MAGEs have been found to be
broadly expressed in many tumor types, including colon (Mori et al. 1996), melanoma (Brasseur
et al. 1995; Barrow et al. 2006), brain (Scarcella et al. 1999), lung (Tajima et al. 2003; Gure et al.
2005; Kim et al. 2012), prostate (Karpf et al. 2009), and breast (Otte et al. 2001; Ayyoub et al.
2014), among others. For many years, the focus on MAGE CTAs was centered on their potential
for cancer immunotherapy. However, this approach has had little success and met recent
challenges. Detailed functional studies of these proteins have started to emerge and suggest that
their expression in cancer is not simply due to non-specific, progressive promoter demethylation
due to global genomic instability in cancer. MAGE genes are associated with hallmarks of
aggressive cancers, including worse clinical prognosis, increased tumor growth, metastases, and
enrichment in stem cell-like populations. Importantly, functional studies have shown that some
MAGE CTAs can have non-overlapping oncogenic driver activity. Thus, MAGE CTAs may

provide a novel means to develop cancer-specific therapeutics to treat a broad range of cancers.



MAGE Family of Proteins

MAGE genes are conserved in all eukaryotes and have rapidly expanded in gene number in
mammals (Figure 1-1). Members of the human MAGE family can be divided into two
categories based on tissue expression pattern: Type | MAGEs are considered CTAs and in
humans include the MAGE-A, -B, and -C subfamily members which are clustered on the X-
chromosome (reviewed in (Barker and Salehi 2002; Simpson et al. 2005)). Type Il MAGEs
(MAGE-D, -E, -F, -G, -H, -L subfamilies and Necdin) are expressed throughout many tissues in
the body and are not restricted to the X chromosome (reviewed in (Barker and Salehi 2002)).
Both type I and type Il MAGEs contain a MAGE homology domain (MHD) that is
approximately 170 amino acids (Figure 1-2 A), which on average is 46% conserved amongst all
human MAGEs (Doyle et al. 2010). Structural studies have revealed that the MHD consists of
tandem winged helix motifs (Figure 1-2 B through D) (Doyle et al. 2010). Our lab has shown
that a defining biochemical function of MAGEs is their ability to bind to specific E3 RING
ubiquitin ligases through their MHDs (Table 1-1), which may alter the relative orientation of the
two winged helix motifs (compare Figure 1-2 B and C with D) (Doyle et al. 2010). Importantly,
we and others have determined that MAGEs can regulate the ubiquitination of proteins through
modulating the activity of their cognate E3 ligase. This includes, enhancing general ligase
activity, binding to and specifying novel substrates for ubiquitination by the E3 ligase complex,
and altering the subcellular localization of E3 ligases to dictate substrates (Figure 1-2 E) (Doyle
et al. 2010; Hao et al. 2013; Pineda et al. 2015). Thus, aberrant expression of MAGEs in tumor
cells can lead to alterations in cellular processes and signaling pathways through ubiquitination

and potentially other activities to contribute to tumorigenesis.



MAGE:s are associated with poor clinical prognosis

Extensive studies of MAGE expression in various cancers (Table 1-2) have shown their
predictive association with poor clinical outcomes. For example, MAGE-A3 and -A9 expression
is significantly correlated with decreased survival in non-small cell lung cancers (Gure et al.
2005; Zhang et al. 2015) and MAGE-AS3, -A6, and -C2 expression in breast cancers is
significantly associated with estrogen receptor-negative or progesterone receptor-negative status,
higher grade tumors, and correlated with worse outcome (Ayyoub et al. 2014; Yang et al. 2014).
In ovarian cancers, MAGE-AL, -A9, and -A10 expression are associated with worse prognosis
(Daudi et al. 2014; Xu et al. 2015). MAGEs are also associated with increased rates of
recurrence after therapy. In gastric carcinoma, MAGE-A1-6 expression in peritoneal washes
after cancer resection correlated with a significant decreased disease-free survival rate (Jeon,
Kim, and Chae 2014), and in hepatocellular carcinoma MAGE-A9 expression was significantly
correlated with decreased disease-free survival, advanced tumor grade, metastasis, portal vein

invasion, and overall survival (Gu et al. 2014).

MAGE CTAs have oncogenic activity

MAGE:s are not only associated with poor clinical prognosis, but recent reports suggest they
function as drivers of tumorigenesis. Upon expression, multiple cancer types become addicted to
MAGE:s for viability, such as MAGE-As or MAGE-Cs in breast (Pineda et al. 2015), lung
(Pineda et al. 2015), colon (Pineda et al. 2015), mast cells (Yang, O'Herrin, Wu, Reagan-Shaw,
Ma, Nihal, et al. 2007), multiple myeloma (Atanackovic et al. 2010), and melanoma (Yang,

O'Herrin, Wu, Reagan-Shaw, Ma, Bhat, et al. 2007). MAGE-A3 and -C2 expression in cancer
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lines has been shown to increase invasive potential in vitro (Liu et al. 2008; Yang et al. 2014).

Furthermore, MAGE-A3 and -A6 promote the transformation of fibroblasts and increased soft
agar growth of cancer cells (Pineda et al. 2015). More impressively, MAGE-A6 promotes
anchorage-independent growth of normal diploid colonic epithelial cells (Pineda et al. 2015). In
addition, MAGEs enhance tumor formation in vivo. Orthotopic xenografts of MAGE-A3
overexpressing human thyroid carcinoma cells exhibited increased tumor growth and metastases
to the lung (Liu et al. 2008), and MAGE-C knockdown delayed tumor formation of metastatic
melanoma in vivo (Bhatia et al. 2013). Furthermore, MAGE-B knockdown suppressed the
growth of melanoma cells in a syngeneic mouse tumor model (Yang, O'Herrin, Wu, Reagan-
Shaw, Ma, Bhat, et al. 2007). These studies suggest that MAGE CTAs may have oncogenic
activity and additional rigorous studies in genetically engineered models of cancer in mice are
warranted. Additionally, the contribution and activities of specific MAGEs (including many

MAGE-B genes) needs further investigation.

Mechanism in cancer development and progression

Although mechanistic studies of MAGEs are limited, there is a growing body of evidence for
their interactions with other proteins, especially E3 ubiquitin ligases. The MHDs of MAGE-A2, -
A3, -A6, and -C2 can bind to the coiled-coil domain of the TRIM28/KAP1 ubiquitin ligase
(Yang, O'Herrin, Wu, Reagan-Shaw, Ma, Bhat, et al. 2007; Doyle et al. 2010). MAGE-C2
increases phosphorylation of TRIM28/KAP1 and improves DNA repair after double-stranded
breaks, possibly by enhancing complex formation between TRIM28/KAP1 and ATM (Bhatia et

al. 2013). Our lab and others have shown that MAGE binding can enhance TRIM28/KAP1’s



ubiquitin ligase activity against p53, resulting in its degradation in a proteasome-dependent
manner (Doyle et al. 2010; Nardiello et al. 2011). In the presence of wild-type p53, knockdown
of MAGE-A genes appears to increase p53 recruitment to target promoters (Marcar et al. 2010)
and increase mMRNA levels of p53 transcriptional targets (Nardiello et al. 2011; Marcar et al.
2010). Others have also suggested that MAGE-A binds to p53 DNA-binding domain directly
which may prevent its transcriptional activity (Marcar et al. 2010; Monte et al. 2006).
Additionally, MAGE-As and -C2 may downregulate p53 activity through preventing its
acetylation (Yang, O'Herrin, Wu, Reagan-Shaw, Ma, Bhat, et al. 2007) at promyelocytic
leukemia (PML) nuclear bodies by recruiting HDAC3 (Monte et al. 2006) and blocking p300-
mediated PML acetylation (Peche et al. 2012).

However, the relevance of MAGE-As in cancer is not limited in scope to modulating p53
function. Expression of MAGE-A3 or -A6 does not correlate with p53 mutation status in
multiple tumor types (Pineda et al. 2015). Most recently, our lab has determined the MAGE-AS3-
TRIM28 and MAGE-A6-TRIM28 ligase complexes can ubiquitinate the alpha catalytic subunit
(PRKAAL1) of the tumor suppressor AMPK that functions as the master cellular energy sensor
and regulator (Hardie, Ross, and Hawley 2012; Pineda et al. 2015; Hardie 2015). This event
leads to AMPK degradation and reduction of overall AMPK protein levels in tumors (Pineda et
al. 2015). Furthermore, downregulation of AMPK by MAGE-A3 and -A6 led to significantly
decreased autophagy levels and upregulation of mTOR signaling (Pineda et al. 2015), which may
provide the optimal environment for early tumor formation and growth (Choi, Ryter, and Levine
2013; Wei et al. 2013; White 2012). Importantly, use of AMPK agonists significantly decreased

MAGE-A6-mediated anchorage-independent growth in vitro (Pineda et al. 2015). Because
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AMPK agonists (e.g. metformin) and mTOR inhibitors (e.g. everolimus) are already in use in the

clinic (Kasznicki, Sliwinska, and Drzewoski 2014; Baselga et al. 2012), an immediate applicable
point of these results may be to utilize MAGE-A3 and -A6 as a biomarkers for effective use of
these drugs (Pineda et al. 2015).

MAGE-A11 is unique among the type | MAGEs in that it is known to be involved in the
regulation of hormonal signals in prostate cancer (Karpf et al. 2009; Bai, He, and Wilson 2005).
Binding of MAGE-A11 to the N-terminal FXXLF motif of the androgen receptor (AR)
facilitates SRC/p160 co-activator binding (Bai, He, and Wilson 2005). Transcriptional activity of
AR was also enhanced by epidermal growth factor (EGF)-mediated phosphorylation and
ubiquitination of MAGE-A11 (Bai and Wilson 2008). In addition to modulating hormone
signaling, MAGE-A11 may play a role in mediating survival of tumors in stressful conditions
(such as when tumors outgrow their blood supply) by stabilizing HIF-1alpha levels, possibly by
binding to and inhibiting PHD2, a prolyl 4-hydroxylase which modulates HIF-1alpha stability

(Aprelikova et al. 2009).

MAGEsSs and cancer stem cells

In addition to their ability to function as oncogenes, MAGEs are enriched in the stem cell
population of certain cancers. MAGE-A3 has much higher expression in a cancer stem cell-like
side population in bladder cancer, which compared to the main population, exhibited more robust
tumor growth in vivo (Yin et al. 2014). Additionally, MAGE-A2, -A3, -A4, -Ab, -Al2, and -B2
are highly enriched in the stem cell-like side population of multiple cancer cell lines (Yamada et

al. 2013). Furthermore, analysis across the maturation stages of B-cells demonstrated that
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MAGE-C1 is expressed with high frequency in CD34+ stem cells and early to immature B-cells

(CD10+ or CD19+) (Wienand and Shires 2015), suggesting that MAGE-C1 may be intimately
related to the initiating cell population in this disease. Consistently, MAGE-C1 correlates with
decreased time to relapse after allogeneic stem cell transplant (Atanackovic et al. 2009) and
decreased overall survival (Atanackovic et al. 2009; Andrade et al. 2008). Whether MAGEs

contribute to maintenance of cancer stem cells within tumors will need to be examined.

Transcriptional regulation of MAGEs in cancer

Determining the regulatory processes controlling the aberrant re-expression of MAGEs in cancer
may provide insight into potential drug targets for MAGE-expressing tumors. The use of
demethylating agents such as 5-aza-2-deoxycytidine (5DC) can induce expression of MAGE-Al
in cell lines derived from malignant tumors (Weber et al. 1994; De Smet et al. 1999), and this
effect can be augmented through the use of trichostatin A, an HDAC inhibitor (Schwarzenbach
et al. 2014; Wischnewski, Pantel, and Schwarzenbach 2006). This suggests that type | MAGEs
are not normally expressed in somatic cells due to methylation of CpG islands in their promoter
regions. Mechanisms proposed for the demethylation of type | MAGE promoters include the
deregulation of KIT tyrosine kinase activity (Yang, Wu, et al. 2007) and the FGFR2-111b that
was found to be a putative upstream regulator of MAGE-A3/6 expression (Kondo et al. 2007).
Fibronectin knockdown also led to increased MAGE-A3 expression (Liu et al. 2008).
Fibronectin signaling through integrin receptors, FGFR2 signaling, and the c-KIT pathway all

involve the PI3K/Akt (Khwaja et al. 1997; Hadari et al. 2001; Linnekin 1999) and Ras pathways



(Schlaepfer et al. 1994; Kouhara et al. 1997; Linnekin 1999), suggesting that these pathways
may be the key to understanding how type | MAGEs are turned on in cancer cells.

In addition to CpG promoter demethylation, several studies have implicated additional
transcriptional regulation of MAGEs in cancer. In one study, 5DC was not able to induce
MAGE-AL in several normal diploid cell lines (Weber et al. 1994), indicating that there may be
more involved in the regulation of these CTAs than simply CpG demethylation. However, 5DC
was able to induce MAGE-A1, -A2, -B1, and -B4 expression in normal XY karyotype human
dermal fibroblasts (Vatolin et al. 2005). Brother of the Regulator of Imprinted Sites (BORIS) is a
CTA and transcription factor that was found to induce the expression of MAGE CTAs in normal
human dermal fibroblasts and cancer lines (Vatolin et al. 2005; Schwarzenbach et al. 2014). In
addition, the Ets-1 and Sp1 transcription factors may potentially play a role in promoting
expression of MAGE CTAs, but MAGE promoter demethylation is a prerequisite (De Smet et al.
1995; Wischnewski et al. 2007). The relevance of these factors in the regulation of MAGE

expression is intriguing and should be further defined in the context of cancer progression.

MAGE-based therapy: from immunotherapies to direct targeting

The relatively restricted expression of MAGESs and their antigenicity has spurred research into
utilizing them as targets for immunotherapies. In the largest therapeutic trial in lung cancer,
MAGRIT (MAGE-A3 as Adjuvant Non-Small Cell Lung Cancer Immunotherapy), recombinant
MAGE-AS3 protein was injected in approximately 2,700 patients after lung cancer tumor
resection (Tyagi and Mirakhur 2009). Although the MAGE-A3 vaccine was well-tolerated by

patients, the phase 111 clinical trial failed to demonstrate an increase in disease-free survival
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versus placebo (Ruiz, Hunis, and Raez 2014). Additionally, there have been unexpected deaths

in anti-MAGE T-cell-based therapies due to cross-reactivity to unrelated proteins and to certain
MAGEs found at low levels in normal brain (Linette et al. 2013; Morgan et al. 2013). These
examples demonstrate the critical need to further pursue rigorous, detailed studies of MAGE
expression across normal tissues and suggest that mechanistic studies of the MAGE proteins may
offer valuable, alternative approaches to targeting a wide spectrum of cancers. For example,
targeting MAGE-E3 ligase interactions, inhibiting MAGE-A11 binding to the androgen receptor
in prostate cancers, and disrupting MAGE-A3/6 interaction with AMPKal or using AMPK
agonists or mTOR inhibitors in MAGE-A positive cancers are all potential new routes to target

the activity of MAGEs.

Conclusions

MAGEs are expressed in a wide-variety of cancers, but the transcriptional programs controlling
their aberrant expression are unclear. MAGESs can drive tumor progression through various
mechanisms, which ultimately result in more aggressive, metastatic tumors that have greater
chance of recurrence. They are attractive targets of cancer therapy and more mechanistic studies
of MAGE function in cancer will facilitate the development of targeted therapy across multiple
types of cancers. Further study of MAGESs may facilitate determining their physiological
function in the testis and may elucidate the role of a conserved gametogenic program in the

context of cancer.
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MAGE F1 AND POTENTIAL CLUES TO ITS FUNCTION

MAGE-F1
Human MAGE-F1 was discovered as the fourth type Il MAGE in 2001, after the discoveries of
MAGE-D1, -D2, and NECDIN (Stone et al. 2001). The gene is located on chromosome 3q
separate from all other protein-coding MAGEs (which are located on either chromosomes 15 or
the X chromosome) and is encoded by a single exon, which translates to a 307 amino acid
protein. The MAGE homology domain in MAGE-F1 is composed of amino acids 83-253.
The gene was discovered while screening a cDNA library generated from stage 11l and IV serous
ovarian tumors for genes that were immunogenic to serum from ovarian cancer patients
(SEREX) (Stone et al. 2001). Whereas it was determined to be non-immunogenic, it was chosen
out of interest in sequence homology to other known MAGE proteins (Stone et al. 2001). It was
found to be expressed in all human tissues tested (Stone et al. 2001). An exclusive characteristic
of MAGE-F1 compared to other MAGEs is a region of 6-7 GGA repeats (Stone et al. 2001),
which encode a series of glutamates and is present near the center of the MAGE homology
domain ~11 residues away from the dileucine motif (L87 L88) that is conserved across MAGEs
and is required for E3 RING ligase binding (Doyle et al. 2010).
Curiously, MAGE-F1 may have been lost (nonsense mutation) and gained (restoration of full
length gene) multiple times over the evolution of different species (Figure 1-3) Notably, itis a
pseudogene in both mouse and rat due to an early stop codon.

There are no other studies solely devoted to MAGE-F1 in the literature. The few accounts

of MAGE-F1 studies include a paper published by our lab in 2010 that found in an in vitro
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screen of multiple MAGEs and E3 ligases that in vitro translated MYC-MAGE-F1 can bind to

recombinant GST-NSEL1 E3 ligase (Doyle et al. 2010). Prior to those results, another lab in 2008
demonstrated that a pulldown of FLAG-MAGE-F1 from cells does not bind endogenous NSE1
(Taylor et al. 2008). One other paper published in 2014 showed that FLAG-MAGE-F1 binds
MYC-NSEL1 in cells (Gur et al. 2014). In addition, the same paper found that MAGE-F1 bound
the SUMO ligase PIAS1, as did MAGE-A1, MAGE-D1, MAGE-L2, and Necdin (Gur et al.
2014), but did not follow up on MAGE-FL1 in either aspect, instead focusing on how Necdin

promotes the degradation of PIAS1 and also inhibits its SUMOylation activity.

MAGE-G1, NSE1, and the SMC5/6 complex

MAGE-GL1 is the MAGE family member that is closest in sequence similarity to MAGE-F1.
Their MAGE homology domains are ~60% similar at the amino acid level (Doyle et al. 2010).
MAGE-G1 binds the E3 ligase NSE1 in the structural maintenance of chromosomes (SMC) 5/6
complex, which also includes NSE4, SMC5, SMC6, and NSE2 in humans (Taylor et al. 2008).
The SMC5/6 complex has roles in resolution of stalled replication forks (Irmisch et al. 2009),
repair of double stranded DNA breaks by promoting homologous recombination between sister
chromatids (De Piccoli et al. 2006), facilitating stable replication of ribosomal DNA, and
maintenance of telomeres (Murray and Carr 2008; Potts 2009). MAGE-G1 binds NSE1 through
its MAGE homology domain and conversely, NSE1 binds MAGE-G1 via its first winged-helix
domain (WHZ1) (Doyle et al. 2010). The MAGE homology domain of MAGEs consists of two
domains, winged-helix-A and winged-helix-B (Doyle et al. 2010). There is a conserved dileucine

motif in the winged-helix-A domain of MAGEs, and a mutation of the dileucine motif of
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MAGE-GL1 (L96A L97A) is sufficient to disrupt binding to NSE1 but does not affect binding to

NSE4a (Doyle et al. 2010).

It is thought that the SMC5/6 complex, similar to its fellow structural maintenance of
chromosomes family members cohesin (SMC1/3) and condensin (SMC2/4), encircles DNA with
its associated non-SMC proteins to perform its actions (Kanno, Berta, and Sjogren 2015;
Uhlmann 2016).The SMC5 and SMC6 proteins are coiled-coil structures that each fold upon
themselves such that they bring together their N- and C-termini ends, which is the structure that
is dubbed the “head” of the protein (Palecek et al. 2006). The heads of SMC5 and SMC6 contain
ATP-binding cassette (ABC) family ATPase domains which bind ATP and stabilize the
interaction between the two proteins, with additional stabilization provided by the kleisin protein
NSE4 (Uhlmann 2016). The interaction between the two proteins are also stabilized by
interactions at the end opposite the heads (termed the “hinge”) (Uhlmann 2016). In vitro, NSE4
was found to bind via its C-terminal half to the heads of SMC5 and SMC6. Full-length MAGE-
G1 likewise was found to bind to the heads of SMC5 and SMC6; however, MAGE-G1 binding
to SMC5 was less dependent on a portion of the globular C-termini end of SMC5 (amino acids
1011-1065), suggesting that NSE4 and MAGE-G1 may bind SMC5 differentially (Palecek et al.
2006). It has not yet been elucidated as to which portion of MAGE-G1 binds SMC5 and SMC6.

Despite identification of NSE1 as an E3 ligase in the SMC5/6 complex, no direct
ubiquitination target for the MAGE-G1-NSE1 complex has been reported, although the
ubiquitination of NSE1, SMC5, and SMC6 have been observed in cells (Taylor et al. 2008). The
E3 ligase NSE1 has a C-terminal RING domain (Pebernard et al. 2008), a domain which binds

E2 enzymes and is necessary for ubiquitination activity (Plechanovova et al. 2012). Experiments
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in fission yeast with deletion of the RING domain of NSE1 demonstrated sensitivity to MMS,

HU, and UV, providing evidence that the RING domain, is necessary for DNA repair (Pebernard
et al. 2008). In addition, fission yeast with deletion of the RING domain of NSE1 exhibited
decrease NSE4 foci formation in the nucleus after DNA damage with MMS (Pebernard et al.
2008), though MMS addition to human cells did not exhibit a dramatic change in SMC5 or
SMC6 ubiquitination, suggesting the ubiquitination of other proteins may be important for DNA
damage response (Taylor et al. 2008). Although the aforementioned paper was not able to
demonstrate E3 ligase ubiquitination activity for NSE1 and suggested instead that the RING
domain is necessary for the trimeric interaction between NSE1, NSE3, and NSE4 (Pebernard et
al. 2008), further experiments in our lab demonstrated that NSE1 does indeed have E3
ubiquitination activity in vitro, which is enhanced in the presence of MAGE-G1 (Doyle et al.
2010).

Intriguingly, gel filtration of the SMC5/6 complex members demonstrated that there is a
subset of the MAGE-G1-NSE1 complex that fractionates separately from the SMC5/6 complex
and a smaller subset of NSE1 that appears to also fractionate separately from MAGE-G1 (Taylor
et al. 2008). Additionally, knockdown of any component of the SMC5/6 complex destabilizes all
other members of the complex (Taylor et al. 2008), but our lab has observed that efficient
knockdown of MAGE-GL1 does not completely eliminate the levels of NSE1, suggesting there
may be a pool of NSE1 that does not bind the SMC5/6 complex or MAGE-G1 (unpublished data

by Melissa Brulotte).
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Conclusions

MAGE-FL1 is a yet functionally uncharacterized MAGE protein that is expressed throughout the
human body and has been found to have unique properties including a stretch of glutamate
residues in its MAGE homology domain and evidence for dynamic changes in its presence or
absence in different species. Its potential binding partner NSE1 is a member of the SMC5/6
complex that binds to MAGE-F1’s closest family member, MAGE-G1, which has important
roles in recombination. Clarifying the interplay of this relationship will set the stage for new
insights into the possible cause for MAGE family member expansion, which started rapidly in
placental mammals, and potentially help determine the degree to which MAGEs have
overlapping roles or possibly function as modular proteins to confer new targets for E3 RING

ligases.
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Figure 1-1. The MAGE protein family

Phylogenetic tree of eukaryotic MAGEs. Note, all non-mammalian MAGEs cluster
together (black). Mammalian MAGEs have dramatically expanded in number and cluster
into type Il (pink) MAGEs that are anatomically broadly expressed and type | (MAGE-A,
MAGE-B, and MAGE-C subfamilies) that are primarily restricted to expression in testis,
ovary, and placenta.

(Weon and Potts, 2015)
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Figure 1-2. MAGE proteins structure and function

(A) List of human MAGE proteins and their known common domain, the MAGE homology
domain (MHD). Note that a few MAGEs have truncated MHDs. MAGEs that are likely
pseudogenes are not listed. (B-D) Crystal structures of MAGE-A3 (B), MAGE-A4 (C),
and MAGE-G1 in complex with the NSE1 E3 ubiquitin ligase (D) are shown. The two
winged-helix motifs (WH-A and WH-B) that form the MHD are noted. Note the change in
the relative orientation of WH-A and WH-B motifs in MAGE-A3/-A4 compared to
MAGE-G1 bound to NSE1. (E) Summary of known biochemical and cellular functions of

MAGEs.
(Weon and Potts, 2015)
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(Figure courtesy of Ryan Potts)
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Table 1-1.

Summary of high confidence interactions between MAGEs and E3 ubiquitin ligases.

MAGE E3 Ubiquitin Ligase Target
MAGE-Al TRIM31 Unknown
(Kozakova et al. 2015)
MAGE-A2 MDM2 Inhibit MDM2-mediated ubiquitination of
(Marcar et al. 2015) MDM4 (Marcar et al. 2015)
MAGE-A2, TRIM28/KAP1 Ubiquitination and degradation of p53
-A3,-A6, -C2 (Yang, O'Herrin, Wu, (Doyle et al. 2010)
MAGE-A3 Reagan-Shaw, Ma, Bhat, et
al. 2007; Doyle et al. 2010)  Ubiquitination and degradation of KZNFs
TRIM28/KAP1 containing A+B box KRAB domains (Xiao,
(Yang, O'Herrin, Wu, Suh, and Longley 2014)
Reagan-Shaw, Ma, Bhat, et
al. 2007; Doyle et al. 2010)
MAGE-A3, -A6 TRIM28/KAP1 Recruit AMPK alpha subunit for
(Doyle et al. 2010; Yang,  ubiquitination and degradation (Pineda et
O'Herrin, Wu, Reagan- al. 2015)
Shaw, Ma, Bhat, et al. 2007)
MAGE-A4 TRIMG69 Unknown
(Rual et al. 2005)
MAGE-B18 LNX1 Unknown
(Doyle et al. 2010)
MAGE-D1 Prajal MAGE-D1 is ubiquitinated (Sasaki et al.
(Sasaki et al. 2002) 2002; Teuber et al. 2013) and modulates
DIx5 transcription factor activity (Sasaki et
al. 2002)
MAGE-D1 Unknown Ubiquitination of the serotonin transporter
SERT (Mouri et al. 2012)
MAGE-D1 XIAP Unknown
(Kendall et al. 2005; Jordan
et al. 2001)
MAGE-G1 NSE1 Unknown
(Doyle et al. 2010; Taylor et
al. 2008)
MAGE-L2 TRIM27 K63-ubiquitination of WASH for proper
(Hao et al. 2013) actin assembly and endosomal protein
recycling (Hao et al. 2013)
Necdin Unknown Ubiquitination and degradation of PIAS1

(Gur et al. 2014)

Table 1-2.
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Summary of select cancer subtypes with percent MAGE-positive patient tumors.

Cancer Type MAGE Gene Percent References
Lung, non- MAGE-Al 27-46% (Gure et al. 2005;
small cell MAGE-A3 38-55% Kim et al. 2012;
MAGE-A4 19-35% Tajima et al. 2003)
MAGE-A6 26% (Kim et al. 2012;
MAGE-A10 14-27% Tajima et al. 2003;
MAGE-C1 19%-27% Gure et al. 2005)
(Kim et al. 2012;
Tajima et al. 2003;
Gure et al. 2005)
(Tajima et al. 2003)
(Kim et al. 2012;
Tajima et al. 2003;
Gure et al. 2005)
(Gure et al. 2005;
Jungbluth et al. 2002)
Melanoma MAGE-AL, primary tumor 16-20% (Barrow et al. 2006;
MAGE-AL, metastases 48-51% Brasseur et al. 1995)
MAGE-C1, primary tumor 24% (Barrow et al. 2006;
MAGE-C1, metastases 40% Brasseur et al. 1995)
MAGE-C2, primary tumor 33% (Curioni-Fontecedro
MAGE-C2, metastases 40% etal. 2011)
(Curioni-Fontecedro
etal. 2011)
(Curioni-Fontecedro
etal. 2011)
(Curioni-Fontecedro
etal. 2011)
Breast MAGE-Al 6% (Otte et al. 2001)
MAGE-A2 19% (Otte et al. 2001)
MAGE-A3/6 10-15% (Otte et al. 2001;
MAGE-A4 13% Ayyoub et al. 2014)
MAGE-A9 45% (Otte et al. 2001)
MAGE-A11 67% (Hou et al. 2014)
MAGE-A12 9% (Hou et al. 2014)
MAGE-C1 14% (Otte et al. 2001)
MAGE-C2 8% (Chen et al. 2011)
(Chen et al. 2011)
Ovarian MAGE-Al 15%-53% (Daudi et al. 2014;
MAGE-A3 36%-37% Zhang et al. 2010)
MAGE-A4 47% (Daudi et al. 2014;
MAGE-A9 52% Zhang et al. 2010)



MAGE-A10
MAGE-C1

Colon MAGE-A1
MAGE-A2
MAGE-A3
MAGE-A4

Multiple MAGE-A1
myeloma MAGE-A2
MAGE-A3/6
MAGE-A3/6, after relapse
MAGE-A12
MAGE-C1
MAGE-C2

37%
16%

12%-30%
28%
20-27%
22%

<10-26%
36%

37-41%
7%
20%
7%

50-59%

20
(Daudi et al. 2014)
(Daudi et al. 2014)
(Xu et al. 2015)
(Daudi et al. 2014)

(Mori et al. 1996; Li
et al. 2005)
(Mori et al. 1996)
(Mori et al. 1996; Li
et al. 2005)

(Li et al. 2005)
(Nardiello et al. 2011;
Andrade et al. 2008)
(Andrade et al. 2008)
(Nardiello et al. 2011;
Andrade et al. 2008)
(Nardiello et al. 2011)
(Andrade et al. 2008)
(Nardiello et al. 2011;
Andrade et al. 2008)
(Nardiello et al. 2011)
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CHAPTER TWO

IRON SULFUR CLUSTER ASSEMBLY PATHWAY

Introduction
Iron and sulfur-containing inorganic clusters (Fe-S clusters) are considered to be one of the
oldest cofactors used by proteins and they are utilized by living organisms in all three kingdoms
of life. Proteins that utilize these clusters include those involved in essential processes, such as in
mitochondrial respiration (Stehling, Sheftel, and Lill 2009; Sheftel et al. 2009), translation of
MRNA (Paul et al. 2015), and repair of DNA lesions (Stehling et al. 2012; Gari et al. 2012).
Therefore it is not surprising that many proteins involved in the assembly and incorporation of
these Fe-S clusters into target proteins are required for viability (Lill and Muhlenhoff 2005). Iron
sulfur clusters are most commonly found in [2Fe-2S] or [4Fe-4S] forms in eukaryotes (Rouault
and Tong 2008) and are typically coordinated to cysteine residues in proteins (Rouault and Tong
2008).

Many mitochondrial, cytosolic, and nuclear proteins require Fe-S clusters for enzymatic
(Lloyd et al. 1999), electron transfer (Johnson et al. 2005), and as structural components for
stability (Stehling et al. 2012; Seki et al. 2013). Examples of mitochondrial proteins that require
iron-sulfur clusters include those involved in heme synthesis (ferrochelatase), respiration
(respiratory complexes I-111), and the citric acid cycle (aconitase), as well as those involved in
the generation of other cofactors required in the cell, such as lipoate or biotin (Lill et al. 2015).
Examples of cytosolic proteins that require iron-sulfur clusters include those involved in iron
regulation (IRP1), synthesis of amino acids (glutamate dehydrogenase, sulfite reductase),

production of ribosomes (RIlil), and again the synthesis of other cofactors such as molybdenum
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(MOCS1A) (Lill and Muhlenhoff 2005). Examples of nuclear proteins that require iron sulfur

clusters include proteins involved in nucleotide excision repair (XPD), homologous
recombination (FANCJ), telomere maintenance (RTEL1), and lagging strand synthesis (POLD1)
(Netz et al. 2014). Although there is not a conserved motif amongst Fe-S cluster-containing
proteins (Fuss et al. 2015), the list of identified iron-sulfur proteins continues to grow through
utilizing techniques such as native biomass analysis, electron paramagnetic resonance, and
Mossbauer spectroscopy (Fuss et al. 2015).

The basic recipe for an Fe-S cluster calls for the following: 1) sulfur from L-cysteine, 2)
ferrous iron, and 3) electron transfer (Paul and Lill 2015). Although Fe-S clusters can
spontaneously form on an iron sulfur apoprotein in vitro with these components (Malkin and

Rabinowitz 1966), free iron in the cell is toxic due to its ability to generate free radicals upon

interaction with products of aerobic respiration (H.O2, O2+") and can damage proteins and

nucleic acids (Lemire, Harrison, and Turner 2013; Floyd and Carney 1992); thus the production
of Fe-S clusters in vivo must be highly monitored and regulated. The machinery dedicated to the
generation of Fe-S clusters consists of two main pathways, the mitochondrial iron sulfur clustery
assembly machinery (ISC) and the cytosolic iron sulfur cluster assembly machinery (CIA). The
ISC is responsible for the generation of Fe-S clusters for mitochondrial proteins, and both the
ISC and CIA are required for the generation of Fe-S clusters for cytoplasmic and nuclear

proteins (Paul and Lill 2015).
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The mitochondrial iron sulfur cluster assembly pathway

The genesis of all Fe-S clusters in the cell begins in the mitochondria via the action of the
mitochondrial iron sulfur cluster assembly machinery (ISC), which consist of 17 proteins in
organisms from yeast to humans (Paul and Lill 2015). The evidence for the mechanistic details
of the ISC machinery has been extensively studied in yeast and has been corroborated in humans.
The mammalian ISC machinery will be described here, as it is more relevant to this study. Iron is
first transported into the mitochondria by mitochondrial iron transporters mitoferrin-1 and -2
(MFRN1 and MFRN2) (Paradkar et al. 2009). Iron stores in the mitochondria are then possibly
mobilized by frataxin (FXN), which is thought to be a potential iron donor in the generation of
iron-sulfur clusters (Paul and Lill 2015). In the mitochondria, the cysteine desulfurase complex
NFS1-1SD11 extracts sulfur from L-cysteine, which forms a persulfide on NFS1 at cysteine 383
before being transferred to the scaffold protein ISCU on cysteine 104 (Parent et al. 2015).
Frataxin has been found to stimulate this reaction by either promoting the desulfuration step or
promoting the transfer of the resulting persulfide to the scaffold protein ISCU (Bridwell-Rabb et
al. 2014; Bencze et al. 2006; Parent et al. 2015) and may also provide the source of iron
(Stemmler et al. 2010), though the source of iron is still under debate. Additionally, electron
transfer from the NADPH-ferredoxin reductase-ferredoxin chain is required and is theorized to
reduce sulfur to the S* state that is present in Fe-S clusters (Paul and Lill 2015; Lill 2009). These
components generate a [2Fe-2S] cluster on the scaffold protein ISCU (Paul and Lill 2015). The
[2Fe-2S] cluster is then released from ISCU via the binding of chaperones HSCB and mortalin
and transferred to GLRXS5 (Ciesielski et al. 2012; Uzarska et al. 2013; Stehling and Lill 2013;

Paul and Lill 2015). The cluster may then be delivered to [2Fe-2S] mitochondrial proteins (Lill et
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al. 2015). Other mitochondrial proteins require [4Fe-4S] clusters, so IBA57 and ISCA serve to

then reductively combine 2 [2Fe-2S] clusters to one [4Fe-4S] (Paul and Lill 2015). The [4Fe-4S]
is then targeted to recipient apoproteins through the actions of NFU1 and IND1 (Paul and Lill
2015).

A number of human diseases are associated with defects in the mitochondrial iron sulfur
cluster machinery. Deficiencies in frataxin (FXN) expression due to intronic expansion of a
trinucleotide GAA sequence in the gene cause Friedriech’s ataxia, an autosomal recessive
disease characterized by motor defects and defects in mitochondrial iron sulfur cluster assembly
leading to abnormal mitochondrial overload (Campuzano et al. 1996; Rotig et al. 1997; Rouault
and Tong 2008). A homozygous mutation in GLRX5 (c.294A>G) that leads to a splicing defect
in the first intron of GLRXS5 reduces expression of the gene and was determined to be the cause
of sideroblastic anemia in a patient (Camaschella et al. 2007; Ye and Rouault 2010). A mutation
in ISCU (G7044C) found in several patients of Swedish descent is ineffectively spliced and the
resulting low expression of this gene results mitochondrial overload in the muscle and exercise
intolerance due to myopathy (Mochel et al. 2008; Olsson et al. 2008; Haller et al. 1991; Ye and
Rouault 2010). Interestingly, a commonality that can be seen amongst depletion of many
different mitochondrial iron sulfur cluster assembly pathway members and in these diseases is
the result in increased mitochondrial iron load and decreased cytosolic iron levels (Rouault and
Tong 2008), suggesting that deregulation of the mitochondrial iron sulfur cluster machinery

perturbs overall cellular iron homeostasis.
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The cytosolic iron sulfur cluster assembly pathway

The cytosolic iron sulfur cluster assembly machinery (CIA) members are not structurally
homologous to mitochondrial ISC members, but similarly acts upon the principle of an initial
electron transfer (reductive) reaction upon an iron sulfur cluster-holding scaffold protein, then
eventual transfer to targeting proteins which have different specificities for downstream
apoproteins (Lill 2009). The mammalian cytosolic iron sulfur cluster pathway begins with the
mitochondrial ABCB7-mediated export of a yet unknown sulfur-containing compound (X-S) that
requires the core mitochondrial ISC machinery, which includes all the steps up to the transient
binding of the [2Fe-2S] cluster to GLRX5 and prior to the formation of the [4Fe-4S] cluster by
IBA57 and ISCA (Paul and Lill 2015). The putative X-S has been theorized to be a GSH-
coordinated Fe-S cluster (Qi et al. 2012) or alternatively, GSSSG (Schaedler et al. 2014). The X-
S compound is then thought to interact with a scaffolding complex composed of a
heterotetrameric complex composed of NTPases, two NBP35 and two CFDL1 proteins and assist
with the formation of [4Fe-4S] clusters (Lill et al. 2015). Two [4Fe-4S] clusters have been found
to be tightly bound by the two N-termini of each NBP35, and two additional labile [4Fe-4S]
compounds can be sandwiched between the interfaces of NBP35 and CFD1 (Paul and Lill 2015).
The N-termini [4Fe-4S] of NBP35 must receive a reducing electron from NADPH that runs
through NDOR1 and CIAPIN, and a yet unknown nucleotide must bind to the NBP35-CFD1
complex and may or may not be hydrolyzed for the maturation of the cluster (Lill et al. 2015). It
is thought that the labile [4Fe-4S] sandwiched between each NBP35 and CFD1 are then assisted
by the action of IOP1 (it itself harbors two [4Fe-4S] clusters, one of which is more labile than the

other, but it remains to be proven if either of these clusters is then passed on to targets) and the
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CIA targeting complex composed of different modules of CIA1, CIA2A, CIA2B, and MMS19

for assembly into target aproproteins (Lill et al. 2015). Whereas CIA1, CIA2B and MMS19 are
thought to be involved in targeting a variety of the currently known downstream Fe-S protein
targets, CIA2A is thought to be specific for the iron regulatory protein IRP1 (Paul and Lill 2015;
Stehling et al. 2013), a protein that can bind to iron response elements in mMRNA and can either
stabilize their half-life (such as for transferrin, which will consequently increase iron uptake) or
inhibit their translation (such as for ferritin, which will decrease storage of iron) (Rouault 2006).
Incorporation of a [4Fe-4S] cluster into IRP1 converts it into the enzyme aconitase, which
functions to converts citrate to isocitrate (Kennedy et al. 1992). CIA2A can also stabilize IRP2
(which does not have an Fe-S cluster) by direct binding, which similarly functions to increase
iron uptake and mobilize iron stores in the cell (Rouault 2006). It is thought that IRP2 is actually
the primary sensor for iron homoeostasis in the cell and that IRP1 mostly functions as cytosolic
aconitase (Rouault 2006). In contrast to humans, yeast only possess one CIA2 protein; thus the
presence of this extra CIA2 protein in humans is an intriguing factor that suggests more nuanced

iron regulation (Lill et al. 2015).

The role of MMS19

MMS19 was originally discovered in yeast as a gene in which mutation conferred sensitivity to
DNA alkylating agent methylmethanesulfonate (MMS) (Prakash and Prakash 1977) and caused
elongated telomeres, methionine auxotrophy, in addition to susceptibility to DNA damage
(Lauder et al. 1996; Stehling et al. 2012). MMS19 is a 113 kDa protein that functions at the end

of the cytosolic iron sulfur cluster machinery in modular complexes with other Fe-S cluster
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targeting members CIAL and CIA2B and is responsible for binding to specific target proteins of

interest and assisting the final step of incorporation (Paul and Lill 2015). Therefore, modulating
MMS19 will alter the function of a subset of Fe-S cluster proteins. In particular, many MMS19-
dependent Fe-S cluster proteins include those destined for the nucleus and are involved in DNA
metabolism and repair (Table 2-1) (Stehling et al. 2012; Gari et al. 2012; van Wietmarschen et

al. 2012; Seki et al. 2013).

MMS19 downstream targets

The functions of a subset of downstream MMS19-dependent targets will be covered briefly here
since they are included in this study. MMS19 targets XPD, FANCJ, RTEL1, and DDX11,
constitute four of the five members of the Rad3/XPD 5’-3” superfamily 2 DNA helicases
(Fairman-Williams, Guenther, and Jankowsky 2010). The proteins in this family contain four
conserved cysteines required for Fe-S cluster incorporation in their Fe-S domain (Fairman-
Williams, Guenther, and Jankowsky 2010; Paul and Lill 2015) and also all contain an arch
domain. The fifth protein, DDX12, has not yet been verified to be dependent on MMS109.
FANCJ was originally discovered as a BRCAl-interacting protein (Cantor et al. 2001), therefore
it is also known as Brcal-Associated C-terminal Helicase (BACH1). It was later elucidated that
deficiencies in BACHL in patients led to Fanconi anemia of complementation group J (FANCJ)
(Litman et al. 2005). FANCJ is required for repair of DNA double stranded breaks, interstrand
cross-links, and has also been more recently implicated in alleviating replicative stress associated
with resolution of G-quadruplex (G4) nucleic acid structures (Brosh and Cantor 2014). An

A349P mutation in FANCJ leads to Fanconi anemia and resides directly adjacent to the fourth
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conserved cysteine, C350, that is required for [4Fe-4S] coordination. This mutant was found to

bind DNA and possess ATPase activity like the wild-type protein but was unable to unwind G4
and forked duplex DNA, demonstrating a loss of its ability to function as a helicase (Wu et al.
2010). XPD is a member of the TFIIH complex (Schaeffer et al. 1994) that plays a role in
transcription-coupled nucleotide excision repair, which is important for the removal of bulky
lesions such as pyrimidine dimers formed after UV damage (Svejstrup 2002). Point mutations
related to XPD have been implicated in a number of diseases, including xeroderma pigmentosum
(XP), trichothiodystrophy (TTD), and Cockayne syndrome (CS), which are all characterized by
sensitivity to UV light, although only xeroderma pigmentosum has been associated with cancer
(Kraemer et al. 2007; Paul and Lill 2015). One the most frequently observed mutations in
trichothiodystrophy patients is R112H, which is very close to C116, the first [4Fe-4S]-
coordinating cysteine in XPD (Wu and Brosh 2012). Generating mutations in the 4Fe-4S cluster
coordinating cysteines have been found to eliminate helicase activity and dramatically reduce
ATPase activity (Fan et al. 2008). Regulator of telomere elongation helicase 1 (RTEL1) is
important for telomere homeostasis and via its helicase activity can unwind triple-stranded DNA
structures such as D-loops that are intermediates of homologous recombination and T-loops that
exist at telomeres (Uringa et al. 2011). Mutations in this gene have been associated with a rare
disease called Hoyeraal-Hreidarsson syndrome, in which telomeres are abnormally shortened (Le
Guen et al. 2013). In addition to helicases, a number of polymerases have been shown to be
dependent on Fe-S clusters, and polymerase delta (POLD1) is one key example that is regulated
by MMS19. The B family of DNA polymerases, which includes polymerase delta, epsilon, and

zeta are structurally related in that they possess an N-terminal catalytic domain and a C-terminal
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domain that includes both zinc-coordinating and Fe-S coordinating cysteines (Fuss et al. 2015).

POLDL1 is required for lagging strand synthesis and is involved in nucleotide excision repair,

base excision repair, and mismatch repair (lyama and Wilson 111, 2013).

Mechanism of MMS19 binding to target proteins

With such a broad repertoire of substrate proteins, some of which are in different families of
proteins, how does MMS19 determine which proteins are its targets? One paper found that
phosphorylation of DNA polymerase epsilon (POLE1) after DNA damage (ultraviolet
irradiation, ionizing radiation) on S1940 by ATM is required for interaction with MMS19
(Moiseeva et al. 2016). In theory, the idea of MMS19 having specificity for binding to targets in
conditions of DNA damage is palatable because when the genome is at stake it would make
sense to generate more DNA repair enzymes and incorporate more essential [4Fe-4S] clusters
into these targets. However, the necessity of a post-translational modification on other MMS19-
target proteins is unclear, as many other papers validating the binding of MMS19 to target
proteins were performed without addition of DNA damaging agents (Stehling et al. 2012; Gari et
al. 2012; Seki et al. 2013; van Wietmarschen et al. 2012). Other studies have utilized domain
mapping to determine the domains necessary for MMS19 binding to target proteins or vice versa.
For mouse XPD, it has been determined that MMS19 binds to a stretch of residues that is C-
terminal to the arch domain (van Wietmarschen et al. 2012). For human XPD, it has been
determined that MMS19 binds to a small region within the arch domain, and mutant XPD with a
deletion of this region (A277-286) fails to resist DNA damage and showed decreased survival

compared to wild-type XPD when treated with UV (Vashisht et al. 2015).
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Possible explanations for the requirement of iron sulfur clusters in DNA repair

It is puzzling why proteins that are required for DNA repair also harbor such potentially toxic
cofactors. Fe-S clusters are easily susceptible to degradation by oxidative stress and are more
stable in anerobic conditions (Imlay 2006). Oxidation of a [4Fe-4S] cluster by oxygen or
hydrogen peroxide causes it to become unstable and undergo loss of one of the Fe, which can
separately then undergo the fenton reaction and produce reactive oxygen species that are
damaging to both DNA, protein, and lipid products (Imlay 2006; Lemire, Harrison, and Turner
2013). One theory as to why proteins have kept their Fe-S clusters over years of evolution is that
Fe-S clusters can both accept or donate electrons and can be utilized to efficiently sense the
presence of DNA damage over a large span by detecting changes in charge transfer (CT) over
DNA (Fuss et al. 2015). Undamaged, double-stranded DNA is thought to be able to conduct
charge over long distances, like a wire, through pi electron cloud stacking in the bases (Fuss et
al. 2015). However, when there is a lesion in the DNA or if the DNA is single stranded, this
charge transfer is abated (Fuss et al. 2015). It is thought that DNA repair proteins can utilize this
charge transfer property of DNA to more easily and rapidly congregate around sites of damage.
For example, if an Fe-S cluster-containing DNA repair enzyme was bound to DNA and a then
second Fe-S cluster-containing enzyme bound DNA, the cluster of the second enzyme could
reduce the first Fe-S cluster-containing enzyme and cause it to be more loosely associated with
the DNA. Conversely, if there was a lesion in the DNA that would prevent charge transfer, then
the second enzyme would not be able to reduce the first and both enzymes would be more likely
to stay longer around the site of damage, potentially setting the stage for more accumulation of

DNA repair enzymes.
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Hints at post-translational mechanisms affecting iron sulfur cluster assembly

Changes in protein stability of mitochondrial or cytosolic Fe-S cluster assembly members have
been suggested to regulate the pathway, but the specific mechanism by which these observations
occur have not been elucidated. Yeast Isu (ISCU in humans), which is the scaffold protein that
mitochondrial Fe-S clusters are built upon, was found to be stabilized both at the mRNA and
protein levels upon deletion of the Ssql chaperone, partial loss-of-function Jacl co-chaperone,
Grx5, and Yfh1 (Andrew et al. 2008). All except Yfhl lie upstream of Isu in the mitochondrial
Fe-S cluster assembly pathway (Lill 2009). Pim1, a mitochondrial protease, degrades Isu when it
is not bound to an Fe-S cluster or has a hydrophobic domain exposed due to lack of binding to its
partners Nfsl and Jacl (Ciesielski et al. 2016). However, it is unclear under what circumstances
yeast Isu may need to be actively regulated. A more targeted mechanism of ISCU regulation was
described in drosophila, where dlscU was found to be phosphorylated at serine 20 by dMK2
(drosophila MAPK-activated protein kinase 2), which mediates p38-responses to stress pathways
(Tian et al. 2014). dIscU knockout flies exhibited diminished survival in the face of oxidative
stress from paraquat or H>O- treatment (Tian et al. 2014). Rescue of dIscU knockout flies with
phosphorylation mutants did not affect mitochondrial or cytosolic aconitase activity, but the
S20A mutant was found to increase complex | activity, whereas the S20E mutant diminished
complex I activity, suggesting that phosphorylation of discU may alter the production of Fe-S
clusters for specific pathways during cellular stress (Tian et al. 2014). In addition, knockdown of
human MK2 diminished phosphorylation of human ISCUZ2, suggesting that this stress-response

pathway may also be conserved in mammals (Tian et al. 2014).
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Possible mechanisms of post-translational regulation of cytosolic iron-sulfur cluster

assembly members has been even less characterized than that of the mitochondrial components
and at its current state, only describes the necessity of the proteasome without any possible hints
at what proteins target these members for degradation. In yeast, MMS19 has been found to be
destabilized under low iron conditions. Depletion of iron using a membrane-imperable ferrous
iron (Fe?*) chelator bathophenanthroline disulfonate (BPS) cause robust decrease in MMS19
protein levels within 11 hours, which could be rescued by the addition of a proteasome inhibitor
MG132 (Lev et al. 2013). It has not yet been elucidated what machinery targets MMS19 for
degradation in this context. In humans, the cytosolic iron-sulfur cluster assembly member MIP18
(also known as CIA2B) has been shown to be stabilized via binding to its cognate partner,
MMS19, but the details of which protein ubiquitinates MIP18/CIA2B for degradation and the
conditions in which this may be regulated has not been explored (Odermatt and Gari 2017).
Thus far, post-translational mechanisms by which to control aspects of the iron sulfur
cluster machinery has been hinted at, but not fully elucidated. In particular, mechanisms of
regulating the cytosolic iron sulfur cluster assembly have only hinted at possible involvement of
the proteasome machinery, and thus determining which proteins may be responsible for post-
translational modification and regulation of MMS19 or MIP18 may lend further insights into

ways the machinery could be dysregulated or manipulated for therapeutic use.
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MMS19 and iron in cancer

It was previously shown that knockdown of MMS19 causes an increase in protein levels of iron
regulatory protein 2 (IRP2) by an unknown mechanism, leading to an increase of transferrin
receptor (TFR1) on the surface of cells (Stehling et al. 2013). The transferrin receptor functions
to bind ferric iron (Fe*)-bound transferrin and is then internalized for cellular iron uptake (Aisen
2004). Interestingly, the role of iron as a cancer-promoting agent has been observed in multiple
cancer types, including lung, colon, liver, breast, among others (Torti and Torti 2013). These
cancers exhibit dysregulation of iron metabolism, including increased iron uptake and reduction
of iron storage in ferritin, leading to higher levels of overall labile iron (Torti and Torti 2013).
Increased iron availability due to these two events is thought to help initiate tumor development
by causing damage via the production of reactive oxygen species (Fenton reaction) and also
promote tumor growth by way of the necessity of iron for processes such as DNA replication and
amino acid biosynthesis (Torti and Torti 2013). Many cancers, including lung cancers, have been
shown to express higher levels of TFR1 (Torti and Torti 2013). In addition, IRP2-overexpression
has been shown to robustly promote tumor growth over control in H1299 lung cancer mouse

xenografts (Maffettone et al. 2010).

Conclusions

The concerted efforts of the mitochondrial and cytosolic iron sulfur cluster assembly machineries
allow for the careful assembly of Fe-S clusters in the cell, which are critical components of
multiple essential processes such as respiration, translation, and DNA metabolism. MMS19

serves as a critical gateway between the assembly and incorporation of Fe-S clusters into specific
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target proteins, many of which are DNA repair enzymes and thus is necessary for genomic

stability. Thus, it is no surprise that the machinery for the assembly of Fe-S clusters is present in
all three kingdoms of life and is has conserved components throughout evolution. In addition to
its direct role in Fe-S cluster targeting in the cytosolic iron sulfur cluster pathway, MMS19 has
been shown to regulate iron uptake in cells via repression of the IRP2-transferrin receptor axis. It
is possible that dysregulation of this pathway may be relevant in tumorigenesis, as multiple
cancer types have been shown to harness larger free labile iron pools for growth by increasing

iron uptake.
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Figure 2-1. The cytosolic iron sulfur cluster assembly (CIA) pathway

The mitochondria is required for the generation of all iron sulfur clusters in the cell,
including those within the mitochondria and those destined for incorporation into proteins
in the cytoplasm and nucleus. Mitochondrial ABCB?7 facilitates export of an unidentified
but critical sulfur-containing compound (X-S) and the production of cytosolic iron sulfur
clusters begins with the assembly of 4Fe-4S clusters on the heterotetrameric scaffolding
complex NBP35-CFD1. The generation of cytosolic iron clusters requires an electron
donor through the NADPH-NDOR1-CIAPIN1 chain. With the assistance of IOP1 and the
iron sulfur cluster targeting complexes that directly bind specific apoproteins (composed
of different modular components of CIA1, CIA2A, CIA2B, and MMS19), the iron sulfur
clusters are incorporated into targets to generate holoenzymes. Select proteins that
require MMS19 for iron-sulfur cluster assembly are highlighted at the end of the pathway.
Of note, MMS19 is required for many enzymes that are involved in DNA metabolism.
(Figure adapted from Paul and Lill, 2015)
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Figure 2-2. The MMS19-CIA1-CIA2B targeting complex

The MMS19-CIA1-CIA2B targeting complex is one of the modular complexes in the
cytosolic iron sulfur clustery machinery that binds target apoproteins, including many
DNA repair enzymes. The complex directly binds the apoprotein of interest and facilitates
[4Fe-4S] transfer from upstream CIA components NBP35-CFD1 in a manner that requires
I0OP1. The targeting complex members themselves do not harbor iron sulfur clusters.



Table 2-1.

List of human MMS19 targets and their functions

Gene
FANCJ

XPD

RTEL1

DDX11

POLD1

DPYD

DNA2

POLE1

PRIM2

MPG

MUTYH

Full name

Function

Fanconi anemia group  Homologous

J protein

Xeroderma

pigmentosum group D

Regulator of telomere
elongation helicase 1

DEAD/H-Box
Helicase 11

DNA polymerase delta
1, catalytic subunit

Dihydropyrimidine

dehydrogenase

DNAZ2-like helicase

DNA polymerase
epsilon, catalytic
subunit

Primase (DNA)
subunit 2

DNA-3-methyladenine

glycosylase

MutY DNA
glycosylase

recombination

Nucleotide
excision repair

Telomere
maintenance

rDNA
metabolism
DNA lagging
strand synthesis

Pyrimidine
catabolism

Double stranded
break repair
DNA leading
strand synthesis

Synthesis of RNA

primers

Base excision
repair

Base excision
repair

Evidence

Binds MMS19 (van Wietmarschen et
al. 2012)

Destabilized by MMS19 knockdown
(Seki et al. 2013; Gari et al. 2012)
Binds MMS19 (van Wietmarschen et
al. 2012)

Destabilized by MMS19 knockdown
(Seki et al. 2013; Gari et al. 2012)
Binds MMS19 (Gari et al. 2012)
Destabilized by MMS19 knockdown
(Seki et al. 2013)

Destabilized by MMS19 knockdown
(Seki et al. 2013)

Binds MMS19 (Stehling et al. 2012)
Destabilized by MMS19 knockdown
(Seki et al. 2013)

MMS19 depletion leads to decreased
enzymatic activity (Stehling et al.
2012)

Binds MMS19 (van Wietmarschen et
al. 2012; Gari et al. 2012)

Binds MMS19 (Seki et al. 2013)

Binds MMS19 (Seki et al. 2013; Gari
et al. 2012)

Binds MMS19 (van Wietmarschen et
al. 2012)

Binds MMS19 (van Wietmarschen et
al. 2012)



CHAPTER THREE

Methodology

Cell Culture

HEK293, HEK293/A658, HelLa Tet-ON (Clontech), and HeLa-Cas9 stable cells were grown in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL penicillin, 100
mg/mL streptomycin, and 0.25 mg/mL amphotericin B. HeLa-Cas9 stable cells were a gift from
Dr. Ezra Burstein (UT Southwestern). HCC95, H520, Calu-3, H1648, H2126, HCC193, H358,
and H2228 cells were grown in RPMI supplemented with 5% heat inactivated serum. siRNA
transfections were performed using Lipofectamine RNAIMAX (Invitrogen) and plasmid
transfections were performed using Effectene (Qiagen) according to the manufacturer’s

instructions.

Antibodies, siRNAs, and CRISPR/Cas9 knockouts

Antibodies used in this paper are as follows: anti-actin (Abcam #ab6276), anti-DPYD (Santa
Cruz Biotechnology #sc-50521), anti-FANCJ (Bethyl Laboratories #A300-561A), anti-FLAG
(Sigma-Aldrich #F3165-1MG), anti-GAPDH (Cell Signaling Technology #2118S), anti-HA
(Roche #11666606001), anti-IOP1 (Sigma-Aldrich #SAB4502760-100UG), anti-IRP2 (Santa
Cruz Biotechnology #sc-33682), anti-MMS19 (Proteintech #16015-1-AP), anti-MYC (Roche
#9E10), anti-POLD1 (Santa Cruz Biotechnology #sc-17776), anti-RTEL1 (Santa Cruz

Biotechnology #sc-85900), anti-SMC5 (Bethyl Laboratories #A300-236A), anti-SMC6 (Bethyl

38
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Laboratories #A300-237A), and anti-XPD (Abcam #ab47186). Rabbit polyclonal antibodies

were generated against MAGE-F1 (first 59 amino acids from N-terminus) and NSE1 (full length
protein) (Cocalico Biologicals, Inc).

SiRNAs used in this paper are as follows: siControl: 5’-
ACUACAUCGUGAUUCAAACUU
-3’, siFANCJ-1: 5’~-AGUCAAGAGUCAUCGAAUA-3’ (Zou et al. 2013), siFANCJ-2: 5’-
UAACCCAAGUCGCUAUAUA-3’ (Zou et al. 2013), SIMAGE-F1 #1: 5°-
GGUGCAACCCUCAAAGUAU
-3’, SIMAGE-F1 #2: 5’-CGAAGAGGCUUAUUAUGGA
-3’, siMMS19-1: 5-* AGGCCCUAGUGCUCAGAUA-3’, siMMS19-2: 5’-
GACUCUGAAUGCUUGCUGU-3’, siNSE1: 5’-GGAACUGAUUAUUGACUCA-3’,
SiPOLD1-1: 5’-CGGGACCAGGGAGAAUUAAUA-3’ (Hocke et al. 2016), siPOLD1-2: 5’-
CAGUUGGAGAUUGACCAUUAU-3’ (Hocke et al. 2016), SIRTEL1-1: 5°-
GCCUGUGUGUGGAGUAUGA-3’ (Schertzer et al. 2015), SIRTEL1-2: 5’-
GACCAUCAGUGCUUACUAU
-3’ (Schertzer et al. 2015), siXPD-1, -2, and -3 were purchased from Sigma (Rosetta predictions:
SASI_Hs01_00232954, SASI_Hs01_00232955, SASI_Hs01_00232956).

For generation of HeLa-Cas9 MAGE-F1 knockout cells, synthetic tracrRNA (Dharmacon
#U-002000-20) and custom crRNAs targeting near the 3’ and 5’ ends of MAGE-F1 were
purchased from Dharmacon (MAGE-F1 crRNA #1: 5’-
CUCCCGGUCCCGCAGGCCGAGUUUUAGAGCUAUGCUGUUUUG-3’; MAGE-F1 crRNA

#2:5’-CUAGGGCCGGCAUCCACCUCGUUUUAGAGCUAUGCUGUUUUG-3’). Both



40
tracrRNA and custom crRNAs were resuspended in sterile Tris buffer pH 7.4 to 10 uM. HelLa-

Cas9 MAGE-F1 knockout cells were generated by plating 1.2x10° HeLa-Cas9 stable cells in 10
cm plates. 24 hours later, the tracrRNA and 2 crRNAs were transfected using Lipofectamine
RNAIMAX. A 1:2 ratio of RNA:RNAIMAX was utilized, and tracrRNA and total crRNA were
utilized in a 1:1 ratio (total 20 nM final concentration in 10 cm plate) and transfected as per
manufacturer’s instructions. Media was changed at 24 hours after transfection and expanded at
48 hours. Cells were then diluted to single cell density per 2 wells in 96-well plates. Clones were
expanded and then tested for knockout by harvesting genomic DNA via Wizard Genomic DNA
Purification Kit (Promega) as per manufacturer’s instructions and PCR amplifying for MAGE-
F1 utilizing two primers: MAGE-F1 forward 5’-AGCTCCCGCTGCCATTGCTCCTTGTAC-3’
and MAGE-F1 reverse 5’-TCGCCCCACCCATATTACTTATGACTCAGG-3’. Loss of MAGE-

F1 expression was also validated by qPCR.

RNA Preparation and quantitative reverse transcription PCR analysis (QRT-PCR)

RNA was extracted from cultured cells using RNAStat60 (TelTest) according to manufacturer’s
instructions and subsequently treated with DNAse | (Roche) and converted to cDNA utilizing
reagents from High Capacity cDNA Reverse Transcription kit (Life Technologies). cDNA from
cells were plated in triplicate in a 384-well plate and expression of genes of interest was
measured using SYBR Green with the following primers: human MAGE-F1 forward: 5’-
AGTACCGTGAGGCCCTAGC-3’, human MAGE-F1 reverse: 5’-
TCATACTGGCTTCAGCTCTGG -3°, human MMS19 forward: 5°-

AATCCAGCTTTTGTCACAGGTG-3’, human MMS19 reverse: 5’-
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AGTATCAGGTGTACCACTTCCTT-3’, human 18s rRNA forward: 5’-ACCGCAGCT

AGGAATAATGGA-3’, human 18s rRNA reverse: 5’-GCCTCAGTTCCGAAAACCA-3’.
Primer validation and analysis of gRT-PCR data was performed as previously surprised (Pineda

etal., 2015).

Co-immunoprecipitation and immunoblotting

4x10° HeLa cells were plated in 6 cm dishes and transfected 24 hours later with Effectene
(Qiagen) according to manufacturers’ protocol. 16 hrs post-transfection, media was changed. 48
hrs post-transfection, cells were washed and scraped in cold PBS, spun down, and resuspended
in NP-40 lysis buffer (50 mM Tris-HCI pH 7.7, 150 mM NaCl, 0.5% NP-40 (v/v), 1 mM
dithiothreitol (DTT), 1X protease inhibitor cocktail) for 45 minutes on ice prior to spinning down
insoluble material. Soluble lysate was incubated with respective antibodies conjugated to Protein
A beads (Bio-Rad) for 2 hours at 4°C while rotating. Beads were then washed in NP-40 lysis
buffer 3-5 times and eluted with 2X sodium dodecyl sulfate (SDS) sample buffer (7.3% SDS

(w/v), 1% Tris base (w/v), 30% glycerol (v/v), 0.1% Bromophenol blue (w/v), 1.6% DTT (w/V)).

For immunoblotting, samples prepared in SDS sample buffer were resolved on SDS-
PAGE gels and then transferred to nitrocellulose membranes prior to blocking in TBST with 5%
milk (w/v) or 5% bovine serum albumin (w/v) and probing with primary (as indicated above)
and secondary antibodies (donkey anti-rabbit 19G, GE Healthcare, NA934V; sheep anti-mouse
IgG, GE Healthcare, NA931V). Protein signal was visualized after addition of ECL detection
reagent (GE Healthcare, RPN2209; GE Healthcare, RPN2236) as per manufacturer’s

instructions.
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Purification of recombinant proteins

His-NSE1 and His-MAGE-F1-NSE1 complex were purified from 6 liter LB cultures of
BL21(DE3) or Rosetta 2(DE3) competent cells (EMD Millipore), respectively. Bacterial pellets
were lysed in high salt lysis buffer (50 mM Tris-HCI pH 7.7, 500 mM NacCl, 100 uM ZnCl>, 10
mM imidazole), sonicated, and spun down at 2x10* RPM for 1 hour. Soluble lysate was filtered
through a 0.45 um filter and incubated with His Select Nickel Affinity Gel (Sigma, P6611) for 1
hour at 4°C rotating. Beads were then washed with high salt wash buffer (50 mM Tris-HCI pH
7.7, 500 mM NacCl, 100 uM ZnCl, 20 mM imidazole) and eluted with 2 different elution buffers

(50 mM Tris-HCI pH 7.7, 500 mM NacCl, 100 uM ZnCl,, 140 or 200 mM imidazole).

In vitro binding

30 pg of either His-NSE1 or His-MAGE-F1-NSE1 complex were incubated with 8.75 pl
TALON Metal Affinity Resin (Clontech) in TBST buffer (25 mM Tris pH 8.0, 2.7 mM KClI, 137
mM NaCl, 0.05% Tween-20 (v/v), and 10 mM 2-mercaptoethanol) for 1 hour vibrating at room
temperature. Beads were then blocked with 5% non-fat milk (w/v) powder in TBST for 1 hour
vibrating at room temperature. MYC-MMS19 was in vitro translated using TNT SP6 Quick In
Vitro Transcription/Translation Kit (Promega) and added to the recombinant proteins in 5% milk
(w/v) in TBST buffer vibrating for 1 hour. Beads were washed four times with TBST buffer

prior to addition of 2X SDS sample buffer to elute.
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Denaturing His-ubiquitin pulldown

4x10° HeLa cells were plated in 6 cm dishes and transfected 24 hours later with Effectene
according to manufacturers’ protocol. 16 hrs post-transfection, media was changed. 48 hrs post-
transfection, cells were washed and scraped in PBS, spun down, and resuspended in denaturing
lysis buffer (6M guanidinium-HCI, 100 mM NazHPO4-NaH2PO4, 10 mM Tris-HCI pH 8.0, 5
mM imidazole, 10 mM 2-mercaptoethanol) and rotated for four hours at room temperature.
Beads were spun down and washed successively with the following buffers for 5 minutes each at
room temperature: 1) denaturing lysis buffer without imidazole 2) buffer A pH 8.0 (8 M urea,
100 mM Na2HPO4-NaH2PQO4, 10 mM Tris-HCI pH 8.0, 10 mM 2-mercaptoethanol) 3) buffer A
pH 6.3 with 0.2% triton X-100 (v/v) (8M urea, 100 mM Na;HPOs-NaH2PO4, 10 mM Tris-HCI
pH 6.3, 10 mM beta-mercaptoethanol, 0.2% triton X-100 (v/v)) 4) buffer A pH 6.3 with 0.1%
triton X-100 (v/v) (8M urea, 100 mM NaxHPO4s-NaH2PO4, 10 mM Tris-HCI pH 6.3, 10 mM
beta-mercaptoethanol, 0.1% triton X-100 (v/v)). Beads were then incubated with elution buffer
(200 mM imidazole, 150 mM Tris-HCI pH 6.7, 30% glycerol (v/v), 5% SDS (w/v), 720 mM 2-

mercaptoethanol) for 20 minutes at room temperature.

Homologous recombination assay

HR assays were performed essentially as described previously (Porteus and Baltimore 2003;
Potts, Porteus, and Yu 2006). Briefly, a 293 cell line (293/A658) expressing a GFP gene
containing in-frame stop codons and a I-Scel recognition site (5’-TAGGATAACAGGGTAAT-
3’) at bp 327. The I-Scel/repair plasmid contained: an I-Scel expression cassette and a 2100 bp

repair substrate that contains a truncated GFP gene (truncGFP) followed by an additional 1300
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bp of 3’-homology to the mutated GFP genomic target. HR mas measured by transfecting

293/A658 cells with the I-Scel/repair plasmid and the indicated plasmids or SIRNA
oligonucleotides. Cells were grown for three days and the percentage of GFP-positive cells was

measured by flow cytometry and normalized to transfection efficiency controls.

%5Fe incorporation assay

%5Fe incorporation assays were performed as described previously (Stehling et al. 2004;
Teichmann and Stremmel 1990). Briefly, 3.5x10° HeLa cells were plated in 6 cm dishes and
transfected 24 hours later with Effectene according to manufacturer’s protocol. 72 hours after
transfection cells were labeled with 2 pCi/mL *Fe-NTA for 18 hours in DMEM supplemented
with 3.75% FBS (v/v) and 150 pM ascorbate. **Fe-NTA was prepared by incubation of 16 pM
5FeCl3 (Perkin Elmer) in 100 mM HCI, 63 puM nitrilotriacetic acid (NTA), and 20 mM HEPES
pH to 6.0 with Tris followed by titration to pH 7.0 with 100 mM NaOH. After *°Fe-NTA
labeling, cells were washed in complete media, ice-cold PBS, and cell lysates were prepared in
RIPA buffer (150 mM NaCl, 5 mM EDTA pH 8.0, 50 mM Tris-HCI pH8.0, 1% NP-40 (v/v),
0.5% sodium deoxycholate (w/v), 0.1% SDS (w/v), ImM DTT, and 1X protease inhibitor
cocktail (Roche)). Fe-S proteins were IPed by incubation of cell lysates with 5 pug antibody for 1
hour on ice followed by immunocomplex capture by addition of protein-A agarose beads (Bio-
Rad) for 1 hour rotating at 4 °C. Beads were washed three times with RIPA buffer followed by
scintillation counting. Data were normalized to protein lysate concentrations as determined by

BCA analysis (Pierce).
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Transferrin uptake assay

Transferrin uptake was performed as described previously (Stehling et al. 2008). Briefly,
3.5x10° HeLa cells were plated in 6 cm dishes or 2x10° HeLa-Cas9 cells were plated in 6-well
dishes and transfected 24 hours later with Effectene according to manufacturers’ protocol. 72
hours after transfection cells were washed once in PBS followed by incubation with 0.1 mg/mL
FITC-Transferrin (Invitrogen) in PBS for 1 hour at 37 °C. Cells were then washed in PBS, cell
lysates prepared in RIPA buffer, and FITC-Transferrin present in cell lysate was determined with
a 96-well Enspire plate reader. Data were normalized to protein lysate concentrations as
determined by BCA analysis (Pierce) and background signal from cells not treated with FITC-

Transferrin.

Cell viability assays

Cells were reverse transfected with 20-35 nM siRNA and Lipofectamine RNAIMAX according
to manufacterers’ protocol and left to incubate for 72-120 hours prior to changing the media and
adding MTT (Life Technologies) and incubating for 4 hours at 37 °C in the dark. Media was
then removed and DMSO was added to each well to solubilize crystals for 20 minutes. Plates
were read at 540 nm on an Enspire plate reader. For MMS treatment, HeLa-Cas9 cells were
plated at low density in 6-well plates and 16 hours later MMS was added at specified
concentrations diluted in media. After 11 days fresh media was added and MTT (Life
Technologies) was added according to manufactores’ instructions. Cells were incubated for 4
hours at 37°C in the dark, media was then removed and DMSO was added to each well to

solubilize crystals for 20 minutes. Plates were read at 540 nm on Enspire plate reader. For UV
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treatment, 5x10° HeLa-Cas9 cells were plated in 6 cm plates. 16 hours later the cells were

washed with PBS then directly irradiated using a Stratagene Stratalinker 2400 and immediately
trypsinized and plated at low density in 6-well plates. Cells were then left to grow for 11 days

and collected with MTT as described above.

Assessment of mMRNA/copy-number analysis in human tumors and statistical analysis

MRNA levels (RNA-seq) and copy-number variation from tumors were determined by
examining the cancer genome atlas (TCGA). Tumors were stratified into diploid, gain (low level
amplification), and amplified (high level amplification) from normalized segmentation values by
the GISTIC method. Correlation of patient survival to copy-number variation status was
similarly analyzed from TCGA data and plotted as a Kaplan-Meier survival curve for head and
neck squamous cell carcinoma. Mutational burden was determined by stratification of tumors
into amplified and non-amplified and total number of de novo intragenic mutations and specific
types of mutations (insertion, deletion, A:T>C:G, A:T>G:C, A:T>T:A, G:C>A:T, G:C>C:G,
G:C>T:A) were determined from the TCGA datasets for lung and head and neck squamous cell
carcinoma tumors. Results were analyzed for statistical significance using Chi-square (x2),

Pearson correlation (r), ANOVA, or student t-test as appropriate.
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CHAPTER FOUR

THE MAGE-F1-NSE1 E3 LIGASE UBIQUITINATES MMS19 AND DEREGULATES

CYTOSOLIC IRON SULFUR CLUSTER INCORPORATION

Introduction

Iron-sulfur (Fe-S) clusters are one of the most ancient inorganic cofactors utilized by proteins
from bacteria to humans (Lill 2009). Generation of Fe-S, typically in the form of [2Fe2S] or
[4Fe4S] (Rouault 2015), requires the coordinated activity of members of the mitochondrial iron
sulfur cluster assembly (ISC) machinery for mitochondrial Fe-S proteins or both the ISC and the
cytosolic iron-sulfur cluster assembly (CIA) machinery for cytoplasmic and nuclear Fe-S
proteins (Netz et al. 2014). The CIA pathway, consisting of at least 9 components in humans
(Paul and Lill 2015), serves as a conduit by which iron and sulfur-containing cofactors are
generated from a precursor product of the mitochondria ISC and passed through a series of
proteins to ultimately be incorporated into cytosolic or nuclear proteins that require the Fe-S
cluster as a structural (Stehling et al. 2008; Stehling et al. 2012), enzymatic (Beinert 2000), or
electron transfer component (Beinert, Holm, and Munck 1997). One of the critical end target
binding adaptors for this process is MMS19, which binds a number of proteins including those
important for DNA repair processes, such as FANCJ, POLD1, XPD, and RTEL1, amongst
others. Characterization of the loss of MMS19 has been well documented in yeast and more
recently in human cells as displaying greater susceptibility to DNA damaging agents (Seki et al.

2013; Stehling et al. 2012). Although new discoveries in the CIA pathway have focused on
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identifying the core assembly proteins, binding modalities of members of the pathway, and the

specific Fe-S proteins targeted, there remains a large gap in understanding how the CIA pathway
is regulated and altered in disease.

Here we report that an E3 ubiquitin ligase in the MAGE-RING ligase (MRL) family
controls flux through the CIA pathway through ubiquitination and degradation of MMS19.
MRLs are a family of E3 ubiquitin ligases that consist of a complex between an E3 RING ligase
and a modulatory MAGE protein, which can function to specify substrates for the ligase (Doyle
et al. 2010; Pineda et al. 2015). There are >40 MAGE proteins in humans with all having a
common MAGE homology domain (MHD) that mediates binding to distinct E3 ubiquitin ligases
(Doyle et al. 2010; Pineda et al. 2015; Hao et al. 2013; Yang, O'Herrin, Wu, Reagan-Shaw, Ma,
Bhat, et al. 2007; Kozakova et al. 2015). The specific cellular function of the majority MAGE
proteins has not been elucidated, including MAGE-FL1. In this study, we identify a function for
the orphan MAGE-FL1 in specifying MMS19 for ubiquitination and degradation by the NSE1 E3
ubiquitin ligase. This results in decreased Fe-S cluster assembly into MMS19 targets that
functionally renders cells less competent to repair a spectrum of DNA damage. Interestingly,
MAGE-F1 is copy-number amplified in several cancers resulting in increased tumor mutation

burden suggesting downregulation of the CIA pathway may be important event in tumorigenesis.

Results
No known functions for MAGE-F1 have been reported. Thus we searched for MAGE-F1
interacting partners by performing a large-scale pulldown of FLAG-MAGE-F1 from HEK293

cells and identified a single E3 RING ubiquitin ligase, NSE1, which has previously been shown
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to bind MAGE-F1 in screens from cells (Gur et al. 2014) and in vitro (Doyle et al. 2010). We

confirmed that MAGE-F1 interacts with NSE1 by performing co-immunoprecipitation (co-IP)
studies from cells (Figure 3-1 A). In addition, recombinant His-MAGE-F1 and untagged NSE1
co-purify in a stoichiometric stable complex from bacterial cultures and in vitro binding assays
revealed that bacterially purified GST-NSEL1 directly binds Myc-MAGE-F1 (Figure 3-1 B and
C). A conserved di-leucine motif has been identified in the MHD of most MAGEs and is critical
for interaction with their cognate E3 ligases (Doyle et al. 2010). Mutation of this motif in
MAGE-F1 (L87-88A) abolished binding of MAGE-F1 to NSE1 (Figure 3-1 B). This along with
further mapping of MAGE-F1-NSEL1 interaction revealed that MAGE-F1 MHD interacts with
the N-terminal portion of NSE1 (Figure 3-1 D). NSE1 has previously been shown to interact
with a closely related MAGE protein, MAGE-G1 (Taylor et al. 2008). The MAGE-G1-NSE1
MRL incorporates into the SMC5/6 complex to facilitate homologous recombination (HR)
between sister chromatids and telomeres (Potts 2009; Taylor et al. 2008; De Piccoli et al. 2006).
Thus, we wondered if MAGE-F1 could simply replace MAGE-G1 in the SMC5/6 complex and
function in a similar manner. However, MAGE-F1, unlike MAGE-G1, failed to interact with co-
expressed or endogenous SMC5 or SMC6 (Figure 3-2 A through C). Whereas knockdown of
MAGE-G1 results in impaired sister chromatid recombination and increased episomal
recombination, knockdown of MAGE-F1 did not recapitulate these results (Figure 3-2 D and E).
Additionally, it has been observed that a fraction of cellular NSE1 exist outside the SMC5/6
complex (Taylor et al. 2008). These results suggest that MAGE-F1 forms a complex with the
NSE1 ubiquitin ligase, but does not integrate into and function as part of the SMC5/6 complex

like MAGE-G1-NSEL1.
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Next we search for targets of the MAGE-F1-NSE1 ubiquitin ligase to provide insights

into its cellular function. Analysis of the MAGE-F1 interactome revealed three high confidence
substrates (MMS19, MAT2a, and PPM1G) that we confirmed to bind to (Figure 3-3 A and B)
and be ubiquitinated by MAGE-F1-NSE1 (Figure 3-4 A through C). Of these three substrates,
MAGE-F1-NSE1 bound to and ubiquitinated MMS19 most robustly (Figure 3-4 A). Using
deletion fragments we determined that MAGE-F1-NSE1 mediated robust ubiquitination of the
C-terminal portion of MMS19 (Figure 3-5 F). Expression of HA-NSE1 alone did not promote
the ubiquitination of MYC-MMS19, suggesting that MAGE-F1 specifies ubiquitination of
MMS19 by NSE1 (Figure 3-4 A). Consistent with this, MMS19 bound recombinant His-MAGE-
F1-NSE1 complex in vitro, but not His-NSE1 alone (Figure 3-5 A). Ubiquitination of MMS19
by MAGE-F1-NSEL1 resulted in its degradation as expression of MAGE-F1 reduced endogenous
MMS19 protein levels (Figure 3-5 B) and knockdown of MAGE-F1 increased MMS19 protein
levels (Figure 3-5 C) without affecting MMS19 mRNA levels (Figure 3-5 D). Consistent with
these findings, MMS19 ubiquitination was inhibited by expression of a K48R ubiquitin (but not
other KtoR ubiquitin mutants) that blocks generation of proteasome-targeting K48-linked
ubiquitin chains (Figure 3-5 E). These results suggest that MAGE-F1 specifies MMS19 for
ubiquitination by NSE1 leading to its degradation.

MMS19, in conjunction with CIA1 and CIA2, acts late in the CIA pathway to recruit Fe-
S apoproteins to the CIA machinery (namely IOP1/Narl) for incorporation of the Fe-S cluster to
form functional Fe-S holoproteins (Stehling et al. 2012; Gari et al. 2012; Paul and Lill 2015; Seki
et al. 2013). In order to directly determine if MAGE-F1-NSE1-mediated ubiquitination and

degradation of MMS19 has an effect on CIA pathway flux and incorporation of Fe-S cluster into
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downstream targets, we labeled cells with °Fe, IPed specific Fe-S proteins, and quantitated the

amount of radioactivity present via scintillation counting as has been previously described
(Teichmann and Stremmel 1990; Stehling et al. 2004). We found that expression of MAGE-F1
decreased Fe-S cluster incorporation into downstream MMS19-dependent targets POLD1,
FANCJ, XPD, DPYD, and RTEL1, to a similar extent as MMS19 knockdown (Figure 3-6 A).
Importantly, MAGE-F1 did not affect >*Fe incorporation into a MMS19-independent Fe-S
protein, PPAT (also known as GPAT) (Stehling et al. 2012) (Figure 3-6 A) suggesting MAGE-
F1 specifically modulates the MMS19 arm of the CIA pathway. Changes in *°Fe incorporation
upon MAGE-F1 expression were not due to altered >>Fe labeling or unequal IP of proteins
(Figure 3-6 B and C). Consistent with MAGE-F1 affecting the MMS19 CIA pathway in
conjunction with NSE1, knockdown of NSE1 abrogated the effects of MAGE-F1 expression on
%5Fe incorporation into FANCJ (Figure 3-6 D) and MAGE-F1 L87-88A that fails to bind NSE1
was incompetent to alter >>Fe incorporation into FANCJ and XPD (Figure 3-6 E). In contrast to
MAGE-F1, no significant changes were found with >°Fe incorporation into targets upon
expression of MAGE-G1, again suggesting distinct functions of MAGE-G1-NSE1 and MAGE-
F1-NSE1 (Figure 3-6 F). Importantly, the diminished CIA pathway activity upon MAGE-F1
expression could be rescued by rescuing MMS19 protein levels (Figure 3-6 G). These effects of
MAGE-F1 are not restricted to over-expression as knockout of MAGE-FL1 increased levels of
%5Fe incorporation into FANCJ, POLD1, DPYD, and RTEL1 (Figure 3-6 H). It has previously
been shown that knockdown of MMS19 destabilizes a number of downstream target proteins due
to their reliance on the Fe-S cluster for stability (Stehling et al. 2012; Gari et al. 2012). Similar to

these findings, MAGE-F1 expression decreased FANCJ levels and to a smaller extent decreased



52
XPD, POLD1, and DPYD (Figure 3-7 A). Rescuing MMS19 proteins levels in MAGE-F1

expressing cells rescued the levels of FANCJ (Figure 3-7 B).

Consistent with MAGE-F1-NSE1 abrogating MMS19 function, we also observed defects
in iron homeostasis previously reported upon knockdown of MMS19 (Stehling et al. 2013).
Specifically, knockdown of MMS19 by siRNAs or expression of MAGE-F1 in HelLa cells
showed robust increases in uptake of FITC-labeled transferrin (Figure 3-8 A). In contrast,
knockout of MAGE-F1 decreased transferrin uptake, which could be rescued by re-expression of
MAGE-F1 (Figure 3-8 B). Similarly to MMS19 knockdown (Stehling et al. 2013), MAGE-F1
expression increased IRP2 protein levels that control transferrin uptake (Figure 3-8 C). These
results suggest that MAGE-F1-NSEL1 ubiquitination and degradation of MMS19 impairs MMS19
functions, including flux through the CIA pathway and regulation of iron homeostasis.

Because MAGE-F1-mediated degradation of MMS19 leads to decreased incorporation of
Fe into several DNA repair enzymes, we examined if this would lead to a functional effect on
cellular DNA repair mechanisms. To test this hypothesis, we utilized a previously described HR
assay (Porteus and Baltimore 2003; Potts, Porteus, and Yu 2006) in which a non-functional GFP
containing in-frame stop codons can be repaired upon induction of a double-strand break by the
I-Scel endonuclease and recombination with an episomal repair template (Figure 3-2 D). We
found that dose-dependent expression of wild-type MAGE-F1, but not MAGE-F1 L87-88A that
fails to bind NSE1, reduced HR rates (Figure 3-9 A and B). Similarly, knockdown of MMS19 in
a dose-dependent manner also decreased rates of HR (Figure 3-9 C). Importantly, MAGE-F1-
mediated decrease in HR was reversed by rescuing MMS19 protein levels (Figure 3-9 D). In

order to determine what particular downstream MMS19 target may be mediating its effect on
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HR, we measured HR rates in cells depleted of several MMS19 targets affecting DNA

metabolism, including FANCJ, POLD1, RTEL1, and XPD (Figure 3-9 E). Consistent with
previously reports demonstrating that FANCJ and POLD1 play important roles in HR (Litman et
al. 2005; Maloisel, Fabre, and Gangloff 2008), knockdown of either, but not XPD or RTEL1,
reduced HR rates similarly to MMS19 knockdown or MAGE-F1 expression (Figure 3-9 E).
Previous studies have also shown that depletion of MMS19 results in increased sensitivity to
DNA damaging agents (Stehling et al. 2012; Seki et al. 2013; Lauder et al. 1996). Consistent
with MAGE-F1 inhibition of the MMS19 pathway, stable expression of MAGE-F1 reduced
cellular viability upon exposure to MMS (Figure 3-10 A) and knockout of MAGE-F1 reduced
sensitivity to both MMS and UV (Figure 3-10 B and C). These results suggest that
downregulation of MMS19 CIA pathway by MAGE-F1-NSE1 reduces the DNA repair capacity
of cells.

Given the importance of DNA repair mechanisms to maintain genomic stability and that
genomic instability is a hallmark of cancers, we examined whether the MAGE-F1-NSE1
pathway may be altered in tumors. Remarkably, based on genomic analysis of TCGA (The
Cancer Genome Atlas) tumors, several cancer types, including >40% of lung squamous cell
carcinomas, have high amplification of MAGE-F1, but not other MAGEs (Figure 3-11 A and B).
Copy-number amplification of MAGE-F1 correlated with increased mRNA levels (Pearson
coefficient 0.773, Spearman coefficient 0.822) in multiple cancer types (Figure 3-11 C and D).
Of note, amplification of MAGE-F1 does not happen in isolation and likely cooperates with
other oncogenic drivers as it is co-amplified with other known oncogenes on chr 3q including

PIK3CA, SOX2, and TP63 (Figure 3-11 E). Given our findings that MAGE-F1 specifies
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downregulation of the MMS19 CIA pathway and reduces DNA repair capacity of cells, we

examined whether tumors that harbor high amplification of MAGE-F1 exhibit greater genomic
instability. Indeed, lung squamous cell carcinoma patient tumors with high levels of MAGE-F1
amplification and mRNA levels harbored a greater number of mutations per tumor, with a wide
spectrum of mutations as would be consistent with modulation of a large number of DNA
enzymes that function in multiple pathways (Figure 3-12 A through D). Importantly, high
expression of other MAGEs, such as MAGE-AS3, did not alter tumor mutation burden (Figure 3-
12 E) and the effects of MAGE-F1 on mutational burden was not driven by difference in
exposure to smoke-related carcinogens (Figure 3-12 F). We similarly found increased total
mutational burden in MAGE-F1-amplified head and neck squamous cell carcinomas as
compared to non-MAGE-F1-amplified cases (Figure 3-12 G through I). These results are likely
clinical significant as MAGE-F1 amplification, NSE1 expression levels, and the combination all
showed robust decreases in survival of head and neck squamous carcinoma patients (Figure 3-13
A-C). Given these findings, MAGE-F1 amplification could be a predictive biomarker for current
therapeutics like immune checkpoint inhibitors that depend on neoantigens for activity (Van
Allen et al. 2015; Rizvi et al. 2015). Furthermore, MAGE-F1 itself may be a therapeutic target,
as MAGE-F1 upregulated cancer lines showed decreased viability upon MAGE-F1 knockdown

(Figure 3-14).
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Conclusions

In summary, we have found that the previously uncharacterized MAGE-F1 protein binds to the
E3 RING ligase NSE1 and switches its role from protecting genomic integrity as a member of
the SMC5/6 complex to inhibiting DNA repair by targeting MMS19, a member of the cytosolic
iron sulfur cluster assembly machinery that is critical for the incorporation of Fe-S cluster
cofactors into many DNA repair enzymes. To our knowledge, this is the first targeted post-
translational mechanism of the CI1A Fe-S pathway that has been described. This role, in
combination with evidence for widespread MAGE-F1 amplification across many cancers,
highlights an underappreciated role of the CIA pathway in tumorigenesis and overall genomic

stability and opens up a new potential avenues to approach multiple tumor types.
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Figure 3-1. MAGE-F1 binds the E3 ligase NSE1

(A) Immunoprecipitation (IP) of HA-NSE1 shows it binds MYC-MAGE-F1, similar to
MYC-MAGE-G1. (B) Pulldown of recombinant GST-NSE1 demonstrates binding to
MYC-MAGE-F1, similar to MYC-MAGE-G1, but not the MYC-MAGE-F1 L87-88A
dileucine mutant. (C) Purification of recombinant His-MAGE-F1 and untagged-NSE1 from
bacteria demonstrate robust interaction between the two proteins. (D) Domain mapping
of MYC-NSE1 shows that FLAG-MAGE-F1 binds NSE1 at its first winged helix domain
(WH1).
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Figure 3-2. MAGE-F1 does not function as a member of the SMC5/6 complex

(A) Immunoprecipitation of MYC-tagged members of the SMC5/6 complex shows that

FLAG-MAGE-F1 only significantly interacts with NSE1 and NSE4. (B) Pulldown of

MYC-SMCS5 or MYC-SMC6 demonstrates that FLAG-MAGE-F1 does not have the robust
affinity for SMC5 or SMC6 as does FLAG-MAGE-G1. (C) Pulldown of FLAG-MAGE-F1 or
FLAG-MAGE-G1 shows that endogenous SMC5 and SMC6 bind to MAGE-G1, but not

MAGE-F1. (D) Diagram of the homologous recombination assay and representative
FACS plots for control and |-Scel-transfected and repaired conditions. (E) Knockdown of
MAGE-F1 does not exhibit changes in the homologous recombination assay as seen for
MAGE-G1 and is comparable to control knockdown.
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robustly increases ubiquitination of MMS19, which is further augmented by co-expression
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(A) Recombinant His-MAGE-F1-NSE1, but not His-NSE1, binds directly to MYC-MMS19 in vitro. (B) Expression of
FLAG-MAGE-F1 alone or in conjunction with HA-NSE1 in HeLa cells decreases MMS19 protein levels. (C) Knock-
down of endogenous MAGE-F1 with two different oligos stabilizes MMS19 protein levels. (D) Knockdown of
MAGE-F1 or NSE1 does not affect MMS19 at the mRNA level. (E) Denaturing His-ubiquitin pulldown from Hela with
ubiquitin mutants after MG132 treatment shows robust reduction of MMS19 ubiquitination in the presence of
MAGE-F1 with the K48R ubiquitin mutant. (F) Denaturing His-ubiquitin pulldown from HeLa cells demonstrates that
expression of FLAG-MAGE-F1 robustly increases ubiquitination levels of the C-terminus of MMS19.
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Figure 3-6. MAGE-F1 decreases iron incorporation into MMS19 targets

(A) Immunoprecipitation (IP) of endogenous MMS19 target proteins after 55Fe treatment demonstrates
decreased incorporation of Fe either with MAGE-F1 over-expression or MMS19 knockdown, but not a
non-MMS19 target protein (PPAT). (B) 55Fe uptake into MAGE-F1 over-expressing, MMS19 knockdown,
or respective controls showed no significant variation between samples. (C) Pulldown of MMS189 target
proteins from MAGE-F1 over-expressing, MMS19 knockdown, or respective controls showed no signifi-
cant variation in immunoprecipitation saturation. (D) Knockdown of NSE1 abrogates MAGE-F1-mediated
decrease of Fe incorporation into a target of MMS19. (E) MAGE-F1 dileucine mutant is incapable of
altering Fe incorporation into MMS19 target proteins. (F) 55Fe incorporation into MMS19 targets in cells
expressing untagged MAGE-G1 was not altered compared to control. (G) Over-expression of MMS19 in
the context of MAGE-F1 rescues Fe incorporation into MMS19 target proteins. (H) HeLa-Cas9 MAGE-F1
knockout cells exhibit greater Fe incorporation into MMS19-dependent proteins than their wild type
counterparts.

(Figure courtesy of Ryan Potts)
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Figure 3-7. MAGE-F1 decreases the stability of MMS19-dependent iron sulfur proteins

(A) MYC-MAGE-F1 expression in Hela cells causes decreased protein levels of MMS19 and downstream
target proteins. (B) Over-expression of MMS19 in the context of MAGE-F1 rescues FANCJ protein levels.
(Figure courtesy of Ryan Potts)
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Figure 3-8. MAGE-F1 decreases the stability of MMS19-dependent iron sulfur proteins
(A) Uptake of FITC-conjugated transferrin was increased in both MMS19 knockdown or
MAGE-F1 over-expressing cells as compared to respective controls. (B) Uptake of FITC-con-
jugated transferrin was decreased in HeLa-Cas9 MAGE-F1 knockout cells as compared to its
wild-type counterpart, which was rescued by expression of untagged-MAGE-F1. (C) IRP2
levels are increased in MAGE-F1-transfected cells as compared to vector cells.

(Figure courtesy of Ryan Potts)
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Figure 3-9. MAGE-F1 inhibits homologous recombination

(A) Increasing MAGE-F1 expression levels in 293/0 cells decreases rates of homologous
recombination in a dose-dependent manner. (B) The dileucine mutant of MAGE-F1 is incapa-
ble of inhibiting homologous recombination. (C) Knockdown of MMS19 decreases rates of
homologous recombination in a dose-dependent manner. (D) Over-expression of MMS19 in
the context of MAGE-F1 rescues the MAGE-F1-mediated defect in homologous recombina-
tion. (E) Knockdown of downstream MMS19 targets show that FANCJ and POLD1 phenocopy
and likely mediate the defect in homologous recombination seen with MMS19 knockdown.
(Figure courtesy of Ryan Potts)
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Figure 3-10. MAGE-F1 sensitizes cells to DNA damaging agents

(A) MYC-MAGE-F1-expressing HeLa-Cas9 cells exhibit increased sensitivity to DNA damage
by MMS compared to MYC-vector cells. (B) HeLa-Cas9 MAGE-F1 knockout cells are less
sensitive than HeLa-Cas9 WT cells to MMS. (C) HeLa-Cas9 MAGE-F1 knockout cells are less
sensitive than HeLa-Cas8 WT cells to MMS.
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Figure 3-11. MAGE-F1 is amplified in multiple cancers and is associated with increased mRNA

(A) MAGE-F1 is highly amplified in multiple cancer types. (B) (A) MAGE-F1, but not other MAGEs, is highly
amplified in lung squamous cell carcinoma. (C) Amplification of MAGE-F1 is associated with increased
MAGE-F1 mRNA levels in multiple cancer types. (D) MAGE-F1 amplification levels correlate with MAGE-F1
mRNA levels. (E) The MAGE-F1 gene resides on commonly amplified segment of chromosome 3q which
includes PIK3CA, SOX2, and TP63.
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Figure 3-12. Amplification of MAGE-F1 is associated with increased mutational burden

(A) Significantly greater copy numbers of MAGE-F1 are observed in MAGE-F1 amplified lung squa-
mous cell carcinoma cases. (B) MAGE-F1 mRNA expression is significantly higher in lung squamous
cell carcinomas that harbor MAGE-F1 amplification compared to non-amplified cases. (C) Total
mutation burden is higher in MAGE-F1 amplified lung squamous cell carcinomas than in cases without
amplification. (D) A variety of mutational spectra are observed at higher frequencies in MAGE-F1
amplified lung squamous cell carcinomas. (E) Total mutations per tumor in lung squamous cell
carcinoma are not significantly different between MAGE-A3 negative and MAGE-A3 positive cases.
(F) Smoking pack years are not significantly different between MAGE-F1 amplified and non-amplified
lung squamous cell carcinomas. (G) Significantly greater copy numbers of MAGE-F1 are observed in
MAGE-F1 amplified head and neck squamous cell carcinoma cases. (H) MAGE-F1 mRNA expression
is significantly higher in head and neck squamous cell carcinomas that harbor MAGE-F1 amplification
compared to non-amplified cases. (1) Total mutation burden is higher in MAGE-F1 amplified head and
neck squamous cell carcinomas than in cases without amplification.

(Figure courtesy of Ryan Potts)
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Figure 3-13. High MAGE-F1 and NSE1 levels are associated with worse prognosis
(A) Head and neck squamous cell carcinomas with high MAGE-F1 expression have
significantly worse prognosis than those with low expression. (B) Head and neck squa-
mous cell carcinomas with high NSE1 expression have significantly worse prognosis than
those with low expression. (C) Head and neck squamous cell carcinomas with high
expression of both MAGE-F1 and NSE1 exhibit significantly worse clinical prognosis than
those with low expression of both genes.

(Figure courtesy of Ryan Potts)
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Figure 3-14. MAGE-F1-amplified lung cancer lines are sensitive to MAGE-F1 loss

Targeting MAGE-F1 via siRNA knockdown across a variety of lung cancer lines demon-

strates MAGE-F1-dependent viability across lines. mRNA level represented as log2(sig-

nal) from lllumina-V3 microarray data.

(MAGE-F1 mRNA level and copy numbers courtesy of John Minna)



CHAPTER FIVE

DISCUSSION AND FUTURE DIRECTIONS

Mechanisms behind a MAGE-dependent switch for NSE1

Mechanistically, how may the binding of two different MAGESs switch the function of an E3
RING ligase? The obvious hypothesis is that although the MAGE homology domain is similar
enough to bind to the same E3 ligase, the N- or C-terminus of the MAGE may differ enough to
bind different substrates and expand the substrate repertoire for the ligase. However, in the case
of MMS19, both MAGE-F1 and MAGE-GL1 can bind to this target when over-expressed in cells
(data not shown); however, only MAGE-F1 can promote the ubiquitination activity. How is this
possible? One theory is that MAGE-G1 does not facilitate the ubiquitination of MMS19 due to
steric reasons, as it is known that MAGE-G1 also binds to the heads of SMC5 and SMC6
(Palecek et al. 2006), whereas MAGE-F1 does not bind to either of these proteins (Figure 3-2 A
through C). It would be interesting to deduce which part of MAGE-G1 binds to SMC5 and
SMC6 through domain mapping and determine the differences between MAGE-G1 and MAGE-
F1 at these regions.

Another explanation is that MAGE-F1 and MAGE-GL1 are differentially localized in the
cell and regulate different pools of NSE1. MMS19 has been found largely in the cytoplasmic
pool of cells, as is consistent with its function the cytosolic iron sulfur cluster machinery (van
Wietmarschen et al. 2012). Transfecting HeLa cells with N- and C-terminal-tagged construct of

MAGE-F1 showed localization of the protein to unusual, small circular structures in the nucleus
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(usually 2-3) (data not shown). However, it remains to be seen where endogenous MAGE-F1

localizes to. We have tried to generate an antibody against MAGE-F1, with success detecting
over-expressed protein, but not endogenous protein.

Lastly, the binding of MAGE-F1 and MAGE-G1 may exert differential conformations on NSE1
that may promote different activities. The crystal structure of the MAGE homology domain
bound to NSE1 has been solved (Doyle et al. 2010). It would be interesting to see whether a
crystal structure of the MAGE homology domain of MAGE-F1 bound to NSE1 exhibits
differences in the conformation of the ligase, as one obvious difference in MAGE-F1’s MAGE
homology domain compared to MAGE-GL is the presence of a stretch of glutamate resides

(Stone et al. 2001)

Details of the MAGE-F1 and MMS19 interaction

Targeting the interface between MAGE-F1-NSE1 and MMS19 may disrupt binding and promote
increased DNA repair. In order to target this interface, however, it is necessary to determine how
MAGE-F1 binds MMS19 and vice versa. Domain mapping of MAGE-F1 to MMS19, as well as

the converse experiment, may be helpful to elucidate the specifics of binding.

Context of MAGE-F1 regulation of MMS19

MAGE-F1 amplification in cancers is one context in which high levels of MAGE-F1 may only
be one of possible different contexts in which MAGE-F1 may be necessary to regulate MMS19
levels. Considering that MAGE-F1 is a ubiquitously expressed protein and the nature of

inhibiting DNA damage at a basal level in all tissues may seem counter-intuitive, it is worthwhile
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to consider why this is necessary or if there are also specific contexts in which this regulation

may need to be perturbed in either direction.

Insufficient cellular iron content may be one setting in which it would be beneficial to
decrease the production of MMS19, because if there is not enough iron for the production of Fe-
S clusters, then it would be inefficient use of cellular machinery to use energy to keep producing
robust amounts of cytosolic iron sulfur cluster assembly machinery. In the case of E. coli, when
iron becomes limiting, the bacterium reduces the transcript levels of highly expressed Fe-S
proteins (Imlay 2006). Experiments from yeast cells demonstrated that limiting available iron
using the cell membrane-impermeable ferrous (Fe?*) iron chelator bathophenanthroline
disulfonate (BPS) caused a robust decrease in MMS19 protein levels after as little as 11 hours
(Lev et al. 2013). This decrease in protein levels could be rescued by addition of a proteasome
inhibitor, MG132, suggesting that MMS19 is post-translationally regulated in the context of low
iron availability in yeast cells (Lev et al. 2013). However, treatment of human HEK293 cells
with a ferric (Fe**) iron chelating agent, desferrioxamine (DFO), did not exhibit obvious changes
in MMS19 protein levels after 18 hours (Gari et al. 2012). This experiment should be repeated
with multiple time points and with additional verification for sufficient iron depletion to clarify if
MMS19 is also regulated by low iron levels in humans.

In contrast, acute insults to DNA by carcinogens or the environment may necessitate the
further stabilization of MMS19 levels with a decrease in MAGE-F1 to support the repair of
widespread DNA damage. Indeed, MMS19 protein levels in cells have been shown to be
increased after UV damage (Ito et al. 2010). It would be interesting to determine whether this

increase in MMS19 is due to decreased degradation or if this is transcriptionally-mediated. If due
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to degradation, then it would be interesting to determine whether MAGE-F1 would be

transcriptionally or post-translationally regulated to decrease levels of this DNA repair-inhibiting
protein after DNA damage with agents such as UV or MMS.

In contrast, one setting in which generation of DNA repair machinery components may
be inhibited in favor of other effects of MMS19 downregulation (iron uptake) is when host
defense against pathogens is necessary. Many infectious agents (bacteria, viruses) require iron to
proliferate, and thus a key host-defense mechanism is to sequester iron away from pathogen
access (Ganz and Nemeth 2015). The importance of this defense mechanism is highlighted by
the high pathogen susceptibility of patients with hereditary hemochromatosis, characterized by
systemic iron overload due to mutations in various genes required to regulate iron homeostasis,
including TFR2 (Johnson and Wessling-Resnick 2012). In particular, these patients are
susceptible to extracellular pathogens such as E. coli, V. vulnificus, and Y. enterocolitica
(Johnson and Wessling-Resnick 2012). Normally upon infection, iron is sequestered by
preventing cellular iron export, sequestration of plasma iron into proteins, and import of iron into
cells (Ganz and Nemeth 2015). Import of iron into cells away from extracellular pathogens can
occur in part through uptake of iron from transferrin through the transferrin receptor (Soares and
Weiss 2015). Indeed, rats treated with lipopolysaccharide (LPS), an agent commonly used to
illicit an immune response because it is a major component of Gram-negative bacteria
(Alexander and Rietschel 2001), were found to have increased transferrin receptor mRNA and
proteins levels in the lung by 4 hours (Upton et al. 2003). Therefore, in the setting of

extracellular infection it may be beneficial for cells to upregulate the transferrin receptor via
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downregulation of MMS19 through MAGE-F1-NSE1-mediated ubiquitination in lieu of DNA

repair.

Alternatively, MAGE-F1 may also be involved in the regulation of the innate immune
response to DNA damage. Not only do viruses cause activation of the innate immune response
and production of cytokines via DNA double-stranded breaks and integration, but endogenous
double-stranded DNA breaks also have been shown to activate immune responses. For example,
damaging DNA through etoposide stimulates the production of IFN response genes, and germ
cells from C. elegans have been shown to activate a conserved immune response pathway that
involves ERK signaling after double-stranded breaks in DNA (Nakad and Schumacher 2016). It
has also been shown that alterations in MUTYH, an Fe-S cluster-containing DNA glycosylase
that has been shown to bind MMS19 (van Wietmarschen et al. 2012), are associated with the
production of cytokines IL-1, IL-6, and IL-1B (Nakad and Schumacher 2016). This evidence
then postulates a question: would uncorrected DNA damage via MAGE-F1-mediated loss of
iron-sulfur cluster assembly lead to a sustained inflammatory response and better resistance to
infections? Alternatively, could dysregulated, high levels of MAGE-F1 lead to chronic
inflammation and disease? Examining the context and temporal regulation of MAGE-F1 would

be crucial to answer these questions.

The iron sulfur cluster assembly pathway, MAGE-F1, and smoking-induced cancers
It should be noted that many of the cancers in which MAGE-F1 is amplified include those that
are frequently associated with smoking: lung squamous cell carcinoma, esophageal carcinoma

(Cook et al. 2010), and head and neck squamous cell carcinoma (Mashberg et al. 1993). Lesions
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caused by smoking include bulky adduct formation on purines, such as 8-oxo-guanine, which

must be repaired through nucleotide excision repair pathways after RNA polymerase stalls upon
the bulky structure while transcribing (Pleasance, Stephens, et al. 2010). It has been observed
that indeed, there are more unrepaired lesions on the non-transcribed strand of DNA in cancers
caused by smoking, such as lung cancers with TP53 mutations (Pleasance, Cheetham, et al.
2010; Martincorena and Campbell 2015; Alexandrov et al. 2013). MMS19 was initially
identified as a gene important for both nucleotide excision repair and transcription-coupled
repair, which are now corroborated with the evidence for XPD (a critical component TFIIH, a
complex required for transcription-coupled nucleotide excision repair) being a target of MMS19.
It is possible, then, that MAGE-F1 is upregulated early in cancers, downregulates MMS19 and
leads to the build up of mutations during cancer progression. It will be worthwhile to see whether
MAGE-F1 is amplified and whether mRNA levels and protein levels may be increased early

during in tumorigenesis.

Other possible modes of MAGE-F1-mediated MMS19 regulation

Although the focus of the aforementioned data was mostly restricted to regulation of MMS19 by
MAGE-F1-NSEL1 by ubiquitination and degradation, there still remains other additional
mechanisms by which MAGE-F1 may modulate MMS19. The possibility remains open because
the ubiquitination and degradation of MMS19 by MAGE-F1-NSEL1 is not complete, meaning
that as per western it appears that though MMS19 levels are decreased, there still remains an
undegraded pool, yet the decreased Fe®® incorporation into MMS19 targets by MAGE-F1

recapitulates MMS19 knockdown, which is more complete. This could be explained by the
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requirement of a threshold level of MMS19 needed to properly incorporate Fe-S clusters into

target proteins, or there may be additional mechanisms by which MAGE-F1 may regulate
MMS19. Another possible mechanism by which MAGE-F1-NSE1 may regulate iron-sulfur
cluster assembly is by altering binding of MMS19 to its cognate CIA partners, such as CIA2A,
CIA2B, or CIA. A reverse PCA screen in yeast, developed to identify genes that may alter the
interaction of two target proteins, identified NSE1, NSE4, and NSE5, among others, as a
regulator of MMS19 and CIA2 (yeast has only one CIA2 protein) (Lev et al. 2013). NSE4 was
another member of the SMC5/6 complex that can also be found outside of the complex paired
with MAGE-G1 and NSE1 (Taylor et al. 2008). Likewise, MAGE-F1 was also found to bind
NSE4 (Figure 3-2 A). NSES5 is a member of the SMC5/6 complex that is specific to yeast
(Uhlmann 2016).

MAGE-F1-NSEL1 ubiquitination of MMS19 may alter the binding of MMS19 to its CIA
partners and could also affect MMS19 targeting of substrates. For example, MAGE-F1 enhances
ubiquitination particularly at the C-terminus of MMS19, which includes the HEAT repeat
domain. This domain is known to mediate protein-protein interactions and a HEAT repeat
domain deletion mutant of MMS19 was shown to be unable to promote affects in both
transcription and nucleotide excision repair (Hatfield et al. 2006). In addition,
immunoprecipitation of MMS19 with a deletion of the HEAT repeat domain showed that
NARFL (10P1), XPD, MUTYH were no longer able to bind to MMS19, though the binding
interaction with CIAO1 (CIA1) was not affected (van Wietmarschen et al. 2012). Evidence from
these aforementioned papers suggests that the C-terminal HEAT repeats in MMS19 is necessary

for binding to downstream DNA repair enzymes, thus ubiquitination may also disrupt MMS19-
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apoprotein interaction in addition to destabilization, leading to overall decreased Fe-S cluster

incorporation.

Other possible roles for MAGE-F1 in the cell
MAGE-F1 likely has other, additional roles outside regulation of Fe-S cluster incorporation into
DNA repair enzymes because knockdown of MAGE-F1 causes acute decrease in viability in
multiple cell lines, suggesting that MAGE-F1 may play an essential role in cell viability.
Although a viable MAGE-F1 knockout cell line was generated, it should be noted that it was the
only verified MAGE-F1 knockout cell line out of 150 clones, also suggesting that MAGE-F1
may play a role in cell viability that may only be compensated for in rare circumstances.
MAGE-F1 was previously found to bind to the SUMO ligase PIAS1, along with fellow
type Il MAGEs NECDIN, MAGE-D1, and MAGE-L2, although this interaction was not further
elaborated upon for MAGE-F1 (Gur et al. 2014). Necdin was found to promote the degradation
of PIASL1 in a proteasome-dependent manner and also suppress PIAS1 SUMOylation of its
targets, STAT1 and PML (Gur et al. 2014). Intriguingly, knockdown of PIAS1 has been shown
to decrease rates of both homologous recombination and non-homologous end joining,
suggesting that PIAS1 plays an important role in repair of double-stranded breaks (Galanty et al.
2009). If MAGE-F1 degrades PIAS1 in a manner similar to Necdin, then it may be an additional
mechanism by which MAGE-F1 attenuates homologous recombination in a dose-dependent

fashion.
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Possible explanations for the evolution of the MAGE-F1 gene

Throughout the course of evolution, the MAGE-F1 gene appears to have undergone multiple
insertions and deletions events to convert it from a coding gene to pseudogene and back (Figure
1-3). What is the cause for this rapid gain and loss across species? One plausible theory is that
since many immune response-related genes evolve quickly due to the nature of host-pathogen
competition (Barreiro and Quintana-Murci 2010), MAGE-F1 may harbor roles in pathogen
defense. As mentioned earlier, MAGE-F1 may mediate host defense via downregulation of
MMS19, leading to upregulation of the transferrin receptor and sequestering iron away from
extracellular pathogens as a trade-off for the less crucial assembly of DNA repair enzymes in this
context. Conversely, promoting iron uptake is detrimental in the context of intracellular viral
infections (Drakesmith and Prentice 2008). With these considerations, MAGE-F1 may be
required in species that are exposed to certain extracellular bacterial infections. Alternatively,
MAGE-F1 may have been actively selected against to protect against heavy exposure to
intracellular viruses or to preserve a more efficient DNA repair process in species with high or
long-term exposure to DNA damage over time. An interesting observation is that species with
MAGE-F1 pseudogenes include those that have been noted to have relatively long lifespans with
low observed cancer-associated mortality, such as elephants (lifespan: 60-80+ years, mortality
from cancer: 5%) (Lahdenpera, Mar, and Lummaa 2014) (Abegglen et al. 2015), whales
(Bowhead lifespan: ~200 years, mortality from cancer: unknown, but is presumed to be low due
to their incredible lifespan) (Keane et al. 2015), and naked mole rats (lifespan: ~32 years,
mortality from cancer: only 2 natural cases ever recorded) (Rodriguez et al. 2012), whereas

animals such as cats and dogs that possess the full-length coding MAGE-F1 appear to have
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incidences of cancers similar to humans (maximum lifespan recorded: 122 years, mortality from

cancer: 11-25%) (Abegglen et al. 2015; Dong, Milholland, and Vijg 2016). In statistics collected
from hospitals and veterinarians in Alameda County, it was shown that excluding skin cancers,
humans had a rate of 272 cancers per 100,000 in three years, whereas dogs had 381 and cats had
155 per 100,000 over the same time period (Dorn 1967). Although some of the differences in
cancer incidence could be attributed to differences in the number of animals studied, it is an
interesting observation that has been followed up for some species. Part of the underlying reason
for elephant resistance to cancer is thought to lie in the 20 copies of TP53 they possess
(Abegglen et al. 2015), and naked mole rats have been shown to produce a much larger version
of hyaluronan than humans that appears to dampen the ability of cancers to form (Tian et al.
2013). It will be interesting to see if the loss MAGE-F1, and thus the loss of its inhibitory effect

on DNA repair, also contributes to this lower incidence of cancer in these animals.

Conclusions

Through this study, MAGE-F1 has been functionally annotated as a protein that binds to the E3
RING ligase NSE1 to confer a new role outside of the SMC5/6 complex and is involved in
regulating cytosolic iron sulfur cluster assembly via ubiquitination and degradation of the
assembly protein MMS19. This is the first example of specific post-translational regulation of
the cytosolic iron sulfur cluster assembly machinery and may have implications for both

modulation of DNA repair and iron homeostasis in the organism.
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