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ABSTRACT OF THE DISSERTATION

Protein Methylation and Quantifications of Nucleotide-Binding Proteins

by
David L. Bade

Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, March 2021
Dr. Yinsheng Wang, Chairperson

Post-translational modifications (PTMs) constitute an evolutionally conserved and
ubiquitous mechanism for regulating protein structure and function. The first part of this
dissertation focuses on the discovery of an epitranscriptomic mechanism of regulation for
N-terminal methyltransferase 1 (NTMT1) expression, and the identification of novel
substrates of a-N-methylation and histidine methylation. The goal of the second half of
this dissertation is to discover nucleotide-binding proteins (i.e. small GTPases and

kinases) as drivers and suppressors for cancer metastasis and acquired radioresistance.

In Chapter Two, we discovered that NTMTL1 expression is regulated by
reader/writer/eraser proteins of N8-methyladenosine (m®A). We further identified
Mortality Factor 4 Like 1 (MRG15) as a novel a-N-methylated protein. We subsequently
demonstrated that NTMT 1 is responsible for a-N-methylation of MRG15, and this

methylation is also regulated through an m®A-based epitranscriptomic mechanism.

In Chapter Three, we interrogated a series of publicly available mass spectrometry

datasets with MaxQuant to identify novel protein substrates for a-N-methylation. Our



results uncovered 219 instances of N-terminal methylation in 196 proteins. We then
identified, through affinity purification and mass spectrometry analysis, that Vesicle-
associated membrane protein 4 (VAMP4) is a-N-methylated. We subsequently confirmed
that NTMT1 is the primary enzyme responsible for the N-terminal methylation of

VAMPA4.

In Chapter Four, we analyzed publicly available mass spectrometry datasets to
identify novel protein substrates for histidine methylation. Using this method, we
uncovered 33 instances of histidine methylation among 26 proteins. We subsequently
used affinity purification and mass spectrometry analysis to confirm the histidine

methylation of Pre-mRNA-splicing factor RBM22 (RBM22).

In Chapter Five, we employed stable isotopic labeling by amino acids in cell culture
(SILAC) and parallel-reaction monitoring (PRM) to monitor the differential expression of
kinases in MCF-7 and MDA-MB-231 breast cancer cells and their corresponding
radioresistant C6 and C5 clones. Using this method, we were able to identify and quantify
the relative expression levels of 300 and 281 kinases in C5/MDA-MB-231 and C6/MCF-
7 pairs of breast cancer cells, respectively. We further identified transcription initiation

factor TFIID subunit 9 (TAF9) as a driver of radioresistance in breast cancer cell lines.

In Chapter Six, we employed a proteomic method, based on multiple-reaction
monitoring (MRM), for quantitative profiling of GTP-binding proteins using isotope-
coded GTP probes. After probe labeling, tryptic digestion, and affinity enrichment of

labeled peptides, the expression level differences of GTP-binding proteins in two



matched pairs of primary/metastatic melanoma cell lines (WM-115/WM-266-4 and IGR-
39/IGR-37) were investigated with LC-MRM analysis. Among the most upregulated
proteins, adenylate kinase 4 (AK4) was identified as a potential driver of melanoma
metastasis. We further demonstrated that AK4 expression is necessary for melanoma cell

invasion and migration.

Xi
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Chapter 1: Overview

1 Introduction

Among the most significant scientific accomplishments in the late 1990s was the
sequencing of the human genome (1). This milestone heralded the era of epigenetics,
where we learned that modifications other than just the canonical DNA sequence can
affect gene expression (2). Given the flow of genetic information, wherein DNA is
transcribed into mRNA, which is then translated into protein; it is not surprising that
these modifications can occur at many positions within the cell, are written dynamically,
and affect genetic events that occur downstream (3). As we know today, epigenetic
modifications can occur through several mechanisms, including DNA methylations, RNA
post-transcriptional modifications, and post-translation modifications (PTMs) on histone
proteins (2). The discovery of PTMs contributes to the much larger field of proteomic

studies.

One important method for studying the proteome is to compare and then
differentiate the amount of specific proteins between two samples, for which ‘Western
blot’ was developed (4). Western blotting techniques were expanded for identifying
peptides with a specific PTM by using antibodies designed to bind with the modified
peptide (5,6). Although Western blotting allows for identifying and quantifying specific
proteins and peptides, it is time intensive, prohibiting its use for high-throughput studies

to quantify multiple proteins at the same time.



The disadvantage of Western blotting has led to the application of many techniques,
predominantly utilizing LC-MS/MS analysis, for comparative proteomic studies. The
high-throughput capabilities of mass spectrometry have allowed for identifying protein
biomarkers of many diseases, including cancer (7,8). Additionally, the high sensitivity
and selectivity of LC-MS/MS permits the identification of PTMs (9). In this chapter, |
will first introduce common mass spectrometric methods for proteomic analysis,
including discovery-based and targeted proteomics. | will then discuss two types of
protein PTMs, i.e. a-N-methylation and histidine methylation. Finally, | will go over the
use of mass spectrometry for quantitative proteomics to compare the expression of
kinases and small GTPases, and discuss the screening of these proteins to discover
drivers of cancer metastasis and the roles of these nucleotide-binding proteins in acquired
radioresistance.

1.1 Mass Spectrometry-Based Characterization of Protein PTMs

After translation, proteins are subjected to many types of PTMs, which can modulate
their structures and functions. Until recently, the study of protein PTMs has consisted
primarily of immunochemistry and Edman degradation (10). While these methods can
target single PTMs, they are inefficient for scanning multiple target locations at the same
time and are susceptible to significant signal interference from untargeted proteins. In the
past few decades, mass spectrometry has emerged as a powerful tool for identifying

PTMs and it overcomes the limitations of these conventional biochemical methods.



1.1.1 Bottom-up Proteomics for PTM Identification

Bottom-up proteomics is a standard method of using mass spectrometry for
qualitative and quantitative proteomics. In this approach, proteins from whole-cell lysate
are digested with endopeptidase(s) to produce short peptides that are subsequently
separated by liquid chromatography and analyzed with a mass spectrometer (11). While
many mass spectrometric methods focus on the study of the proteome, highly abundant
peptides can suppress the signal of those peptides of low abundance. This is further
complicated for experiments designed to identify peptides with specific PTMs. Thus, the
formulation of methods designed to enrich peptides of interest from the mixture of the
entire proteome has been an ongoing research area for many laboratories. Several
decades ago, Hopp et al. (12) created a hydrophilic sequence of eight amino acids (FLAG
tag), which is tagged to either the N or C-terminus of a protein of interest. This tag can
then be bound to an antibody targeting the FLAG tag, allowing for the subsequent
removal of non-tagged proteins, thus leading to the enrichment of the protein of interest
(Figure 1.1). After this, the cysteines on the protein are reduced and alkylated through the
use of dithiothreitol and iodoacetamide, respectively. The protein is subsequently
digested with endopeptidases, to produce smaller peptide fragments capable of being
analyzed on a mass spectrometer. The most common endopeptidase used for this purpose
is trypsin, primarily due to its stability and robustness. Trypsin is capable of cleaving
amide bonds on the C-terminal side of lysine and less commonly arginine residues.
However, due to the randomness that these residues appear on proteins, the use of trypsin

alone cannot produce a full map of proteins in the proteome. Many other endopeptidases



are also used to varying degrees, including Glu-C which is capable of cleaving amide
bonds C-terminal to a glutamic acid. Given the somewhat random nature by which
different residues appear in a peptide, the use of one endopeptidase may produce peptides
that are too short or too long for mass spectrometric analysis. Thus, by employing several
different endopeptidases, sometimes sequentially, to produce short enough peptides, one
can optimize protein sequence coverage.
1.2 PTMS

Protein PTMs constitute a ubiquitous and evolutionarily conserved mechanism of
gene regulation. As the name implies, PTMs occur after the protein has been translated
from mRNA. Up to now over 200 distinct types of PTMs have been discovered, existing
across many organisms (13,14). Notably, only a few types of PTMs make up the majority
of the actual PTMs found within proteins, and these modifications include

phosphorylation, ubiquitination, acetylation, glycosylation, and methylation (15).

Protein methylation is the transfer of one or more methyl groups to an amino acid.
The methyl groups are donated by S-adenosyl-L-methionine (SAM) (16). Several decades
ago, e-N-methylation of lysine on the flagellar protein of Salmonella typhimurium was
discovered (17). A few years later, this modification was also identified on histones (18).
The methylation was later to found to also occur on arginine, cysteine, histidine, and at
the a-N-terminus of a protein (15). Methylations of lysine and arginine are among the
most studied, as the current data suggest that this is significantly more common than other
types (19). The biological functions of a-N-methylation and histidine methylation,

however, remain under-investigated.



1.2.1 a-N-Methylation

Protein a-N-Methylation was first discovered in Escherichia coli in the 1970s, on
ribosomal subunits L16 and L33 (20,21). Since these early discoveries, o-N-Methylation
has also been identified in proteins from several other organisms, including histone H2B
from Asterias rubens as well as ribosomal protein L11 and chemotaxi-flagellar apparatus

in E. coli (22-25).

A decade ago, a-N-terminal protein methyltransferase 1 (TAEL1) was discovered
in Saccharomyces cerevisiae, and it is able to a-N-methylate 40S ribosomal protein S25-
A (RPS25A) and 40S ribosomal protein S25-B (RPS25B) (26). These targets all
possessed a conserved ProProLys motif. Investigations into this motif led to the discovery
of human homolog of TAE1, N-terminal methyltransferase 1 (NTMT1). NTMT1 can
methylate several proteins including regulator of chromosome condensation (RCC1), SET
translocation (SET), retinoblastoma (Rb), ribosomal protein L23a (RPL23A), myosin
light polypeptide 2 (MYL2), and myosin light polypeptide 3 (MYL3) (27). Since the
discovery of NTMTL, several other protein substrates have also been identified, including
centromere protein A (CENP-A), centromere protein B (CENP-B), damaged DNA
binding protein 2 (DDB2), and Obg Like ATPase 1 (OLAL) (28-31). A comparative
profiling of these substrates shows a binding motif of XPK/R, wherein ‘X’ represents
alanine, proline, serine, or glycine. Since then, further studies into the substrate
preference of NTMT1 have led to a significant expansion of the XPK motif (X’ can be
any residue type except Asp and Glu) (32,33). These discoveries further increased the

pool of potential a-N-methylated proteins, suggesting most protein substrates for NTMT1



have yet to be discovered. N-terminal methyltransferase 2 (NTMT2) was later discovered
to monomethylate several known targets of NTMT1 (34). Further research demonstrated
that NTMT?2 could form a heterotrimer with NTMTL1, priming its function (Figure 1.6)

(34-36).

METTL13 was the second N-terminal methyltransferase identified in humans.
This enzyme is unique because it possesses two domains, each capable of methylating
protein substrates in different ways. The C-terminal domain was discovered to methylate
EEF1A1 at K55, whereas the N-terminal domain of METTL13 can methylate EEF1AL1 at
the N-terminus (37,38). Peptide screening later demonstrated that EEF1A1 acts upon an
N-terminal motif that is quite distinct from that of NTMT1/2, increasing even further the
pool of potential a-N-methylated proteins (37).
1.2.2 Functional Importance of a-N-methylation

Considerable evidence has been found to suggest that a-N-methylation is
involved in protein binding. For CENP-B, a-N-methylation can enhance its ability to bind
with the CENP-B Box and satellite DNA (29). In the same vein, loss of a-N-methylation
in DDB2 was discovered to depress its ability to localize to the nucleus and bind with UV
damaged DNA (30). a-N-methylation of RCC1 is necessary for proper localization of the
protein to chromatin during mitosis (39). N-terminal methylated RCC1 is also necessary
for the switch from GDP-bound RAN to GTP-bound RAN. RAN is the primary protein
responsible for transporting many proteins and RNA to and out of the nucleus, and
RAN’s binding to GTP and GDP is vital for its movement across the nuclear membrane

(40). Through this a-N-methylation, RCC1 can regulate nucleocytoplasmic transport (41)



Additionally, because GTP-bound RAN production is necessary for proper mitotic

spindle assembly and function, a-N-methylation also plays an important role (39,42).

Aberrant NTMT1 expression has been discovered in several types of cancer (43). In
breast cancer, downregulation was shown to promote breast cancer cells’ growth and
metastasis (44). In colorectal cancer cells, NTMT1 is upregulated and may possess a role
as an oncogene (45). In mice, loss of NTMT1 expression was found to impair DNA repair
and cause premature aging (46). METTL13 is upregulated in pancreatic and lung cancer,
whereby N-terminally methylated EEF1A1 increases translational output and
tumorigenesis (38). METTL13 has also been demonstrated to drive tumor growth in
hepatocellular carcinoma (47,48). Together, these results show a significant role for a-N-
methylation in regulating cancer progression and prognosis.

1.2.3 Histidine Methylation

Among the different types of protein methylation, histidine methylation remains
one of the least studied. This is surprising, as the first discovery of histidine methylation
occurred nearly 100 years ago when p-alanyl-Nz-methyl-L-histidine (Anserine) was
isolated from goose eggs (49). In 1951, 1-methylhistidine was isolated from cat urine and
then from human urine as 3-methylhistidine three years later (50,51). Actin soon became
the first protein known to have histidine methylation, which was later expanded to include
myosin (52,53). Both of these methylated histidine proteins were confirmed to exist across
several species of vertebrates and invertebrates, suggesting that they are evolutionarily

conserved (52). To date, there have been several other proteins found to harbor methylated



histidine, including histones, myosin light chain kinase 2 (MLCK2), S100A9, methyl-

coenzyme m reductase (MCR), and large subunit ribosomal protein 3 (RPL3) (54-57).

Actin-histidine N-methyltransferase (SETD3) is the first protein currently known
as a histidine methyltransferase, methylating histidine residues on actin (58,59). Recent
studies in S. cerevisiae identified histidine protein methyltransferase 1 (HPM1) as a
histidine methyltransferase, suggesting its human ortholog Methyltransferase Like 18
(METTL18) may also be a histidine methyltransferase (55). HPM1 has been shown to
methylate histidine on RPL3 in yeast (55). Recent research has also identified
Methyltransferase Like 9 (METTL9) as a writer of 1-methyl-histidine (LMH) (60).
Subsequent experiments demonstrated that METTL is capable of methylating histidine
on several proteins, including S100A9 and DnaJ Heat Shock Protein Family (Hsp40)
Member B12 (DNAJB12) (60).

1.2.4 Functional Importance of Histidine Methylation

In yeast, actin histidine methylation at H73 is associated with an increased rate of
ATP cleavage and affects actin polymerization. This suggests that histidine methylation
on actin may affect cell motility (61). Eom et al. (62) demonstrated that SETD3 targets
gene promoters and methylates histone H3K4 and H3K36, promoting the transcription of
MYOG gene. This is important because there is significant evidence that SETD3 can
perturb biological processes. In one instance, knockdown of SETD3 in C2C12 cells was
found to suppress skeletal muscle differentiation (63). Moreover, hRSETD3 has been

identified as a PCNA-binding protein, suggesting a role in DNA replication/repair (64).



SETD3 has also been shown to be involved in many types of cancer, including
promoting radiosensitivity in cervical cancer cells by suppressing the expression of kinesin
light chain 4 (KLC4) (65). SETD3 can also promote DNA damage-associated apoptosis in
colon cancer cells (66). SETD3 has also been discovered as a potential biomarker of breast
cancer prognosis (67). Conversely, SETD3 has been shown to regulate hepatocellular
carcinoma by promoting cell proliferation while inhibiting metastasis (68). Together, these
results revealed the crucial roles histidine methylation has on regulating biological
processes and cancer prognosis, despite the limited research conducted into histidine
methylation.

1.3 Epitranscriptomic Regulation

With well over 170 known types of covalent modifications on many types of RNA,
including messenger RNA (mMRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA),
post-transcriptional modifications are a ubiquitous and evolutionarily conserved
mechanism for controlling gene expression (69—71). Together, these RNA modifications
are members of the epitranscriptome. One of the most common types of mRNA
modifications, N®-methyladenosine (m®A), was first discovered in 1974 in mouse L cells
(72). In 1978, researchers discovered that HeLa cells modified with m®A showed instability
over time (73). Further discoveries linked methyltransferase like 3 (METTL3) as the
primary enzyme responsible for methylating adenosine to m°A (74). It was soon discovered
that METTL3 accomplishes this primarily by forming a complex with METTL14 and Pre-

MRNA-splicing regulator WTAP (WTAP) (Figure 1.3) (75,76).



FTO was the first m®A demethylase discovered, and it also exhibits limited
demethylation activity towards 3-methyluridine (m3U) (77,78). Since these discoveries,
evidence has shown that FTO more specifically demethylates N®,2'-O-dimethyladenosine
(mPAnm), exclusively found in cap regions of mMRNAs (79). ALKBH5 was the second m°A
demethylase discovered (Figure 1.3), and it was also shown to have no demethylase activity

toward m®An (80).

Earlier studies suggested that m®A has a role in controlling the stability of mMRNAs
before they are translated into proteins (81). Research has also suggested that YTH domain
family protein (YTHDF1) and YTHDF2 bind to m°A to stabilize and destabilize the
mMRNA, respectively (81). YTHDF3 can promote mRNA stability by recognizing m°A or
assist YTHDF2 in destabilizing mRNA (Figure 1.3) (82). Further research, however,
suggested that YTHDF1/2/3 may all act redundantly to destabilize mRNA and promote
cellular differentiation (83).

1.3.1 The Role of Epitranscriptomics in Cancer

Aberrant expression of genes encoding m®A writer/reader/eraser proteins has been
associated with various types of cancer. METTLS3 plays roles in promoting radioresistance
in glioblastoma stem cells through methylation of the mRNA of SRY-box transcription
factor 2 (SOX2), promoting stability and increasing the expression of SOX2 (84). SOX2
has been implicated in promoting radioresistance in glioblastoma stem cells through
enhancing DNA repair (84). m®A was also suppressed in approximately 70% of
endometrial tumors, leading to proliferation and tumorigenesis (85,86). Pancreatic cancer

is one of the deadliest types of cancer, leading to a fatality rate of near 100% (85,86).
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Recent research showed that depletion of METTL3 sensitized pancreatic cancer cells to
gemcitabine, 5-fluorouracil, and cisplatin (85).
1.4 Mass Spectrometry-based Quantitative Proteomics

Mass spectrometry has been adapted for use in quantitative proteomics experiments,
due to the benefits of high throughput and sensitive analysis. The two main types are
discovery proteomics and targeted proteomics.
1.4.1 Discovery Proteomics

Discovery proteomics, also referred to as “shotgun” proteomics, is a standard

method of bottom-up proteomics (11). There are two main types of shogun proteomics,
data-dependent acquisition (DDA) and data-independent acquisition (DIA). In the DDA
mode, mass spectrometry typically performs a MS1 survey scan followed by the
fragmentation of the top N most abundant ions from the survey scan where MS/MS data
are acquired (Figure 1.4). In the DIA mode, rather than focusing on the most abundant ions,
parent ions are isolated sequentially and fragmented in specific time windows (87). There
are unique benefits of either method, where DDA is much faster, as opposed to a more

thorough fragmentation and scanning of lower abundance ions in DIA (88).

Discovery-based proteomics does not require any specific knowledge of the parent
ions in a sample for analysis. This means that the data can be reanalyzed after data
collection at later time point for different research projects, for the purpose of identifying
novel peptides and PTMs, for instance. This has led to the discovery of over 10,000 protein
groups and 30,000 phosphorylation sites from humans and mice (89). The possibility of

further identifying unique PTM sites has led to the development of online file-sharing
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databases to share publicly available datasets. MassIVE repository (MassIVE) and the
Proteomics Identification Database (PRIDE) are examples of such online databases for the
sharing of datasets (90,91). These datasets can then be mined for the identification of novel
peptides with PTMs. One of the most common tools for this purpose is MaxQuant
quantitative software (92). Using MaxQuant, individual MS/MS scans can be compared
against the theoretical fragmentation patterns of all tryptic digested peptides from all
proteins in an organism, detailed in a FASTA file. Individual parameters in MaxQuant can
be altered depending on what PTMs of interest to identify, providing value in reexamining

discovery datasets for different research projects.

Discovery proteomics can be further coupled with the use of desthiobiotin-linked
probes for the targeted enrichment of specific subfamilies of proteins (93). For instance,
one can link GTP to desthiobiotin, wherein desthiobiotin can be bound and enrichment
with streptavidin beads from a sample, allowing for the subsequent enrichment of GTP-
binding proteins (94). With this type of technique, you can increase the ease with which
GTP-binding protein can be observed using discovery-based proteomic experiments by
removing those peptides that one is not attempting to study.

1.4.2 Targeted Proteomics

Because mass spectrometers collect MS/MS on precursor ions based on their
relative abundances in discovery proteomics, this method can be ineffective in monitoring
specific peptides of interest. This has led to the growing popularity of targeted proteomics
in recent years. There are two main types of targeted proteomics, multiple-reaction

monitoring (MRM) and parallel-reaction monitoring (PRM) (95,96). The most common
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form of targeted proteomics method, MRM, sometimes also referred to as selective ion
monitoring (SRM), is typically conducted on a triple-quadrupole mass spectrometer, where
the first and third quadrupoles serve as mass filters, and the second quadrupole works as a
collision cell. When a mass spectrometer is set to run in the MRM scanning mode, the
sample is typically scanned to identify predefined particular precursor-product ion pairs
based on these ions' expected m/z (Figure 1.4) (97). Typically three precursor-product ion
pairs are monitored per peptide, where each pair is often predetermined through the
analysis of datasets acquired from discovery proteomics. However, there may be too many
peptides to monitor within a given sample so the method can be refined by scheduling

specific scans only at specific retention time (RT) windows.

To do this, one can calculate the normalized RT (iRT) value for each peptide on the
target list (98). The iRT value is an empirically determined indicator of retention time. One
can compare the iRT of peptides of interest to the iIRT value of reference peptides. For this
purpose, one can use tryptic peptides of bovine serum albumin. The iRT values of the
earliest and latest reference peptides are assigned as 0 and 100, respectively, whilst those
of other peptides assigned based on when they elute in the full-MS scan using a linear
regression curve. Prior to running samples, the reference peptides are run to determine at
which point during the full-MS scan they elute. This information can then be compared to
the other peptides being targeted to assess when they in turn will appear during the scan.
Using scheduled RT windows, the number of ions being scanned at any particular time is

reduced. The use of MRM analysis for quantitative proteomics is superior to DDA method
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for its ability to scan particular peptides of interest reproducibly and with high sensitivity

(99).

PRM is a relatively new method in targeted proteomics, where a precursor ion is
isolated with a quadrupole mass filter, fragmented through collisional activation, then its
product ions analyzed with a high-resolution Orbitrap or time-of-flight mass analyzer
(Figure 1.4) (100). A major benefit of PRM over MRM is the ability to scan all potential
product ions from the fragmentation of the precursor ion instead of only a few predefined
one (101). The Orbitrap analyzer also allows for high-resolution mass measurement of the
product ions, contributing to the confidence in peptide identification (102). PRM can also
be improved through scheduled RT windows, allowing for much more peptide precursor
ions to be identified in a single LC run. Results from these runs can further be analyzed
through the use of Skyline software, which provides an interface for visualizing the MS?
signal (103). Together, PRM provides highly accurate, reproducible, and reliable peptide
quantification.

1.4.3 SILAC and quantitative proteomics

Stable isotope labeling by amino acids in cell culture (SILAC) is a standard method
of differentiating between two different cell lysates in a sample. Classical SILAC involves
labeling particular amino acids in cell culture with either light or heavy versions of an
amino acid (Figure 1.5) (104). As trypsin is the most common endopeptidase employed for
sample preparation, light and heavy variants of lysine and arginine are often preferred. This
ensures that the light or heavy variant amino acids occur in all peptide except the C-

terminal end peptides of some proteins produced through proteolytic digestion. To begin
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this process, culture media is prepared wherein heavy isotope-labelled amino acids, such
as °C- and N-labelled lysine and arginine, are added in lieu of their unlabeled
counterparts. The cells are then cultured in the SILAC medium over a minimum of five
cell doubling times to ensure ample time for complete labeling of the proteome. After cell
lysis, the two labeled samples are mixed at a 1:1 ratio by mass. Following reduction,
alkylation, and digestion, the samples are then subjected to LC-MS and MS/MS analysis.
From the acquired MS spectra, each labeled precursor ion of a peptide appears as a two
sets of peaks with a fixed m/z shift depended on the difference in m/z of the light and heavy
amino acids. The signal of peaks can then be quantified, and a ratio can be obtained
between the two cell populations.
1.5 Human Kinome

Kinases are among the most important types of enzymes that are involved in a
number of biological processes, including cellular proliferation and migration (Figure 1.6)
(105). The primary function of kinome is the phosphorylation of small molecules and other
proteins through the use of adenosine triphosphate (ATP) as the phosphate donor, affecting
processes such as signal transduction and cellular homeostasis (93). Aberrant kinase
expression is a hallmark of many types of cancer, particularly through modulating the
effectiveness of chemotherapy and radiation treatment. Breast cancer is the most common
type of cancer diagnosed in women (106). There are several kinases that have been
associated with radioresistance in breast cancer cells. Maternal embryonic leucine zipper
kinase (MELK) is a serine/threonine kinase that is known to be enriched in triple-negative

breast cancer (TNBC), a particular type of cancer resistant to radiation treatment. MELK
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is upregulated in radioresistance breast cancer and is believed to be associated with the
repair of DNA double strand breaks (DSBs) (107). lonizing radiation is effective against
cancer cells commonly through inducing this type of damage, so the acquired ability of
cancerous cells to counter DNA damage could allow for increased resistance to such a
treatment. Ataxia-telangiectasia mutated (ATM) is another protein that has been linked to
radioresistance in breast cancer cell lines (108). ATM is a sensor for the detection of DSBs,
which is important for initiation of repair mechanisms (109). Increase in the expression of
this gene supports the repair of cancer cells treated with ionizing radiation (108).
1.6 GTP-binding Proteins

Guanosine triphosphate (GTP) is commonly associated with providing energy for
protein synthesis and signal transduction cascade in cells (109). Aberrant expression of
GTP-binding proteins is associated with promoting and suppressing cellular metastasis,
invasion, and migration in several different types of cancer. Ras-Related Protein Rab-27A
(RAB27A) is overexpressed in several advanced cancers. In pancreatic cancer, RAB27A
expression can promote metastasis at distant organs while suppressing the invasive
capability of cancer cells (110). RAB27A has also been discovered to promote invasion
and migration of breast cancer cells through promoting the secretion of insulin-like growth
factor-11 (IGF-I1), which regulates the expression of several proteins, prominently
including matrix metallopeptidase 9 (MMP9), an important enzyme in the degradation of
the extracellular matrix (ECM) (111). Ras Homolog Family Member C (RhoC) has also

been identified as a driver of melanoma metastasis, where expression of RHOC promotes
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invasion and metastasis. This phenotype can also be reversed through downregulation of

RhoC (112).

The search for novel drivers of metastasis in cancer cells can be applied for the
treatment of patients suffering from these maladies with inhibitors. Rac Family Small
GTPase 1 (RAC) and Cell Division Cycle 42 (CDC42) are two GTPases that can promote
epithelial-to-mesenchymal transition and tumor metastasis in several types of cancer.
Several inhibitors have since been developed for the targeting of these GTP-binding
proteins(113).

1.7 Scope of the Dissertation

The research covered in this dissertation focuses on two main lines of work. First
is the discovery of the epitranscriptomic regulation of NTMT1 expression through the
dynamic addition of mPA. Next, I sought to identify novel instances of a-N-methylation
and histidine methylation in proteins. This study aimed to improve our understanding of
the underlying mechanisms and functions behind two poorly understood forms of PTMs
that have been found to affect many cellular processes and diseases. The second line of
research focuses on discovering novel protein drivers of metastasis in melanoma cell lines

and acquired radioresistance in breast cancer cells.

In Chapter two, I sought to determine how a-N-methylation is regulated in cells. |
discovered that NTMT1 is dynamically regulated through the epitranscriptome by the
knockout of the m8A writer protein METTLS3, the reader proteins YTHDF1/2/3, and the
eraser protein FTO. Using LC-MS/MS, | subsequently identified that, in HEK293T cells,

following the removal of the initial methionine residue, MRG15 can be mono-, di-, and tri-

17



methylated at the a-N-terminus. Given that MRG15 possesses the conserved XPK motif,
which is common among targets of NTMT1, | subsequently sought to determine if NTMT1
is the enzyme responsible for this MRGI15 a-N-methylation. Previous studies have
demonstrated the importance of the 4" lysine of o-N-methylated proteins exhibiting the
XPK motif in allowing NTMT1 to bind (31,32,44). Consistent with previous findings, upon
mutation of the 4" residue of MRG15 to glutamine, we observed a complete loss of a-N-
methylation. We also observed the loss of N-terminal methylation of MRG15 in cells
treated with siRNA targeting NTMT1, further confirming that NTMTL1 is the primary
enzyme responsible for MRG15 a-N-methylation. | then sought to determine whether the
N-terminal methylation of MRG15 is regulated through the epitranscriptomic method
previously identified. Through LC-MS/MS analysis and the enrichment of ectopically
expression MRG15 in HEK293T cells and isogenic cells lacking expression of METTLS3,
YTHDF1/2/3, and FTO, I found that MRG15 a-N-methylation is regulated consistent with
our previous data. Together, our study demonstrated the first known epitranscriptomic
mechanism for regulating a-N-methylation and its effect on the novel a-N-methylated

gene, MRG15.

In Chapter three, I sought to discover novel protein substrates exhibiting a-N-
methylation. For this project, | reanalyzed publicly available discovery proteomics files
with MaxQuant to identify N-terminal peptides that are mono-, di-, or tri-methylated. Using
this method, I identified 219 unique instances of N-terminal methylation on 196 individual
proteins. Among these proteins, VAMP4 is a novel protein exhibiting the XPK motif that

NTMTL1 is known to target. Through LC-MS/MS analysis and the enrichment of
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ectopically expression VAMP4 in HEK293T cells, | identified the mono- and di-
methylation of the a-N-terminus of VAMPA4. | next sought to determine whether NTMT1
is the enzyme response of methylating VAMP4. Through the mutation of the 4™ lysine to
glutamine, I observed a significant loss of a-N-methylation. The data were further
substantiated by expressing VAMP4 in isogenic cells lacking expression of NTMT1,
revealing a nearly complete loss of a-N-methylation of VAMP4. Together, our data
expanded significantly the current pool of a-N-methylated genes and identified VAMP4 as

a novel substrate of NTMT1.

In Chapter four, | reanalyzed publicly available datasets to identify novel histidine
methylated proteins. | subsequently identified 33 instances of histidine methylation across
26 individual proteins. | further sought to confirm the histidine methylation of RBM22 via
LC-MS/MS analysis. Following the ectopic expression of RBM22, | observed the presence
of monomethylation of histidine H183 in RBM22. Collectively | identified many more

potential histidine methylated proteins, and in particular, RBM22.

In Chapter five, we employed a PRM method for analyzing the expression of >75%
of the human kinome. We employed this method to measure the difference in kinase
expression between parental breast cancer cell lines (MDA-MB-231 and MCF-7) and their
radioresistant counterparts (C5 and C6). We quantified the relative protein expression
levels of 300 and 281 kinases in C5/MDA-MB-231 and C6/MCF7 paired cells,
respectively. | further identified TAF9 as a driver of acquired radioresistance in these

cancer lines through clonogenic survival assays.
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In Chapter six, we sought to measure the differential expression of GTPase binding
proteins between primary melanoma cell lines (WM115 and IGR39) and their metastatic
counterparts (WM266-4 and IGR37). From these data, we identified adenylate kinase 4
(AK4) as a GTPase showing a significant increase in expression in metastatic cell lines. To
demonstrate the effect of AK4 on melanoma metastasis, we constructed several stable
knockdown cell lines of AK4 in WM266-4 and IGR37 cells and stable overexpression lines
of AK4 in WM115 and IGR39 cells. When comparing these stable lines to cells expressing
either a control shRNA or vector sequence, | observed through migration/invasion assays
that AK4 expression consistently promotes the migration and invasion of melanoma cells.
| further confirmed this increase in migration through the use of wound healing scratch
assays, wherein cells with greater AK4 expression migrated faster than those melanoma
cells with lower AK4 expression. Collectively, these results identify AK4 as a novel driver

for melanoma metastasis.
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Figures

Figure 1. 1 - Method for enrichment of proteins of interest for PTM identification
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Figure 1. 2- Distributive a-N-methylation of RCC1 by NTMT1 and NTMT2
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Figure 1. 3- m8A Regulation Diagram
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Figure 1. 4- Schematic of Bottom-up Mass Spectrometry Scanning Methods
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Figure 1. 5- Diagram of SILAC-based Labelling
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Figure 1. 6- The dendrogram of the human kinome (adopted from Koénig S, Nimtz
M, Scheiter M, Ljunggren HG, Bryceson YT, et al. (2012) Kinome Analysis of
Receptor-Induced Phosphorylation in Human Natural Killer Cells. PLOS ONE
7(1): 29672.).
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Chapter 2: Modulation of N-terminal Methyltransferase 1 by an N°-
methyladenosine-based Epitranscriptomic Mechanism

1. Introduction

Post-transcriptional modifications of mRNAs and post-translational modifications
(PTMs) of proteins constitute evolutionarily conserved mechanisms of gene regulation. o.-
N-methylation of proteins was initially observed several decades ago [1, 2]. N-terminal
methyltransferase 1 (NTMT1) was the first discovered enzyme for protein o-N-
methylation [3], and a number of substrate proteins have been identified for NTMTL,
including regulator of chromatin condensation 1 (RCC1), centromere proteins A and B
(CENP-A and CENP-B), damage DNA-binding protein 2 (DDB2), and poly(ADP-ribose)
polymerase 3 [3-8]. In this vein, N-terminal methylations of CENP-A and CENP-B
promote the recruitment of kinetochore and binding of CENP-B to o-satellite DNA,
respectively [6, 8, 9], and loss of function of NTMT1 could result in diminished DNA
repair and elevated sensitivity to DNA damaging agents [5, 10, 11]. In addition, NTMT2
forms a heterodimer with NTMT1 and enhances its function in protein o-N-methylation

[12].

NTMT1 is down-regulated in breast cancer tissues [10] and mutations disrupting the
catalytic functions of NTMT1 were found in different types of cancer [13], suggesting its
potential as a therapeutic target. Moreover, loss of function of NTMT1 was shown to elicit

premature aging in mice [11]. Despite these discoveries, N-terminal methylation is still a
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poorly understood form of PTM, where little is known about the regulatory mechanisms

of this modification.

Recent studies revealed that the N° position of adenosine in RNA can be dynamically
methylated and this methylation assumes important functions in normal development [14];
dysregulation of this methylation is implicated in many human diseases, including cancer
and neurological disorders [15]. Methyltransferase-like 3 (METTLS3), together with other
regulatory subunits, including METTL14, RBM15, RBM15B, WTAP, VIRMA, and
ZC3H13, were shown to constitute the major methyltransferase complex for m°A
generation [14, 16, 17]. m®A in RNA can be recognized by a number of proteins, including
the YTH domain-containing family proteins 1/2/3 (YTHDF1/2/3) [18-21]. In addition,

mSA in mRNA can be demethylated by FTO and ALKBHS5 [22, 23].

In this study, we found that NTMT1 protein expression is subjected to regulation by
mCA reader, writer and eraser proteins. We also showed that these m°A regulators could
modulate the N-terminal methylation of MRG15 protein.

2. Materials and Methods
2.1. Plasmid preparation

The coding sequence of human MRG15 gene was amplified from a cDNA library
prepared from mRNAs isolated from HEK293T cells and cloned into the pRK7 plasmid
between the Xbal and BamHI restriction sites, in which three tandem repeats of Flag

epitope tag (DYKDDDDK) were fused at the carboxyl terminus. MRG15-K4Q mutant
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plasmid was amplified from the MRG15 plasmid with primers designed to contain the

mutation.
2.2. Cell Culture

HEK?293T human embryonic kidney cells (ATCC), and the isogenic METTL3™, FTO-
- ALKBH5”, YTHDF1”, YTHDF2", and YTHDF3" cells, which were previously
generated by CRISPR-Cas9 [24, 25], were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Fisher Scientific, Hampton, NH). All culture media were supplemented with 10%
fetal bovine serum (FBS; Fisher Scientific, Hampton, NH), and 100 IU/mL
penicillin/streptomycin (GE Healthcare, Chicago, IL). The cells were maintained at 37°C

in a humidified environment containing 5% CO,.
2.3. Preparation of Flag-tagged MRG15 protein and subsequent LC-MS/MS analysis

HEK293T cells and the aforementioned knockout cells were cultured in antibiotic-free
media at a density of 5 x 10° cells/well. Plasmid for ectopic expression of Flag-tagged
MRG15 (1 ng) was transfected into cells cultured in 6-well plates using Lipofectamine
2000 (Life Technologies, Carlsbad, CA). After a 24-hr incubation, the cells were harvested
and lysed in CelLytic M (Sigma-Aldrich, St. Louis, MO), supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). C-terminally Flag-tagged MRG15 protein was isolated
from the resultant lysates by affinity purification with anti-FLAG M2 beads (Sigma-

Aldrich), and digested with Glu-C (NEB) at a protein/enzyme ratio of 10:1.

The Glu-C-produced peptides were analyzed by LC-MS/MS on an LTQ XL linear ion

trap mass spectrometer equipped with a nanoelectrospray ionization source (Thermo
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Scientific, San Jose, CA) and with an Easy-nLC Il. Separation was conducted by using a
home-made trapping column (150 pm x 50 mm) and a separation column (75 pm x 120
mm), both of which were packed with ReproSil-Pur C18-AQ resin (3 pum in diameter, Dr.
Maisch HPLC GmbH, Ammerbuch-Entringen, Germany). Peptide samples were initially
loaded onto the trapping column with a mixture of 0.1% formic acid in CH3CN/H20 (2:98,
v/v) at a flow rate of 5.0 pl/min. The peptides were separated using at 40-min linear
gradient of 2-40% acetonitrile in 0.1% formic acid, and the flow rate was 300 pl/min. The
mass spectrometer was operated in the positive-ion mode with a spray voltage of 1.8 kV.
The full-scan mass spectra were acquired in the m/z range of 150-1000. MS/MS were
recorded in a selected-ion monitoring mode, where the doubly protonated ions of
unmodified, mono-, di-, and tri-methylated forms of N-terminal peptide of MRG15 were

chosen for fragmentation. All data were analyzed manually.
2.4. siRNA knockdown of NTMT1

The control siRNA and human NTMT1 SMARTpool siRNA were obtained from
Thermo  Scientific.  Sequences of NTMT1 SMARTpool SsiRNA  were
GCGAGGUGAUAGAAGACGA, AGGUGGAUAUGGUCGACAU,
UGAGGGAAGGCCCGAACAA and GGACUGUGGAGCUGGCAUU. HEK?293T cells
were cultured in 6-well plates in antibiotic-free medium at a density of 5x10° cells per well
for 24 hr, and each well of cells were transfected with 100 pmol siRNA using

Lipofectamine 2000 (Invitrogen).

2.5. Western Blot Analysis
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HEK293T cells and the isogenic CRISPR knockout cells were lysed at 50-80%
confluency with CelLytic M, supplemented with a protease inhibitor cocktail (Sigma-
Aldrich). The protein concentrations of the resultant lysates were determined with Bradford
Reagent (Bio-Rad, Hercules, CA), and the whole cell lysate (12 ug) was denatured by
boiling in Laemmli loading buffer (Bio-Rad). The lysate was resolved with SDS-PAGE
and transferred to a nitrocellulose membrane (Bio-Rad) at 4°C overnight. The resultant
membrane was blocked with PBS-T (PBS with 0.1% Tween 20) supplemented with 5%
powdered milk (Bio-Rad) at room temperature for 45 min, and subsequently incubated
with primary antibody at room temperature for 2 hr, and then with secondary antibody at
room temperature for 1 hr. The HRP signal from Amersham ECL Select western blotting
detection reagent was then recorded (GE Healthcare, Chicago, IL). Antibodies recognizing
human NTMT1 (Abcam, Cambridge, United Kingdom, ab72660, 1:2,500 dilution) and
GAPDH (Santa Cruz Biotechnology, Dallas, TX, sc-32233, 1:5,000) were used as primary
antibodies for Western blot analyses. Anti-rabbit 1gG peroxidase antibody (Sigma-Aldrich,
A0545, 1:10,000 dilution), and anti-mouse 1gG kappa binding peroxidase antibody (Santa
Cruz Biotechnology, sc-516102, 1:5,000 dilution) were employed as secondary antibodies.

3. Results and Discussion

3.1. The expression of NTMT1 protein is subjected to regulation by m°A reader,
writer and eraser proteins

We set out to investigate if the expression of NTMT1 protein can be altered upon
genetic depletion of m®A reader, writer, and eraser proteins. We first analyzed the
expression level of NTMT1 protein in HEK293T cells or the isogenic cells with genetic

ablation of METTL3, which encodes the catalytic subunit of the major m®A writer complex
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[16], or either of the two m®A eraser proteins, FTO and ALKBH5 [22, 23]. Our Western
blot results revealed that NTMT1 protein level was increased in HEK293T cells upon
genetic depletion of METTLS3, but decreased upon genetic depletion of FTO (Figure 2.1).
Genetic depletion of ALKBHS5, nevertheless, did not induce any appreciable changes in

the expression level of NTMT1 protein (Figure 2.1).

We also assessed how genetic knockout of Y THDF1/2/3 proteins affects the expression
level of NTMT1 protein in HEK293T cells. We observed elevated expression of NTMT1
protein in HEK293T cells upon genetic ablation of YTHDF1 or YTHDF2, whereas
depletion of YTHDF3 resulted in diminished expression of NTMT1 protein (Figure 2.1).
Together, the above results demonstrated that NTMTL1 protein expression can be
dynamically regulated by m®A reader/writer/eraser proteins.

3.2.  MRGI15 is N-terminally methylated by NTMT1

Previous studies revealed a number of substrates for NTMT1, and many of them carry
an N-terminal XPK motif (‘X’ represents any amino acid) after the removal of the initial
methionine [3]. The N-terminus of MRG15 possesses such a motif. Hence, we next asked
whether MRG15 is a-N-methylated. To this end, we constructed a plasmid for ectopic
expression of MRG15 protein, which is fused with 3 tandem repeats of Flag epitope tag on
its C-terminus, in HEK293T cells. We subsequently isolated the Flag-tagged protein from
the whole cell lysate with anti-Flag M2 affinity gel, digested the protein with Glu-C, and
analyzed the ensuing mixture with LC-MS and MS/MS. Our results revealed that MRG15

is methylated on the N-terminus (Figure 2.2a-b).
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Next we sought to determine whether NTMT1 is responsible for the N-terminal
methylation of MRG15. Our results revealed that siRNA-mediated knockdown of NTMT1
led to nearly complete loss of a-N-methylation of MRG15 (Figure 2.2c-d). Previous
studies showed that the 4™ lysine is important for the NTMT1-mediated protein o-N-
methylation [3]. We found that the a-N-methylation of MRG15 is entirely abolished in its
variant with the 4™ lysine residue being mutated to a glutamine (MRG15-K4Q) (Figure

2.2a). These results support that MRG15 is a substrate for NTMT1.

3.3.  N-terminal methylation on MRG15 is modulated through an m®A-based
epitranscriptomic mechanism

Our above results revealed that NTMTL1 protein is subjected to regulation by reader,
writer and eraser proteins of m°A. We subsequently asked whether o-N-methylation of
MRG15 is also subjected to regulation by these m®A modulators. In line with the findings
made from NTMT1 protein, we observed a notable increase in N-terminal trimethylation
of MRG15, which is accompanied with a concomitant decrease in unmethylated N-
terminal peptide upon genetic ablation of METTL3, whereas an opposite trend was found

for MRG15 isolated from the isogenic HEK293T cells depleted of FTO (Figure 2.3).

We also examined how genetic ablation of YTHDF1/2/3 affects N-terminal
methylation of MRG15. We found that individual depletion of YTHDF1 or YTHDF2 led
to a significant increase in trimethylation, which is associated with a concomitant decrease
in monomethylation of the N-terminus of MRG15 (Figure 2.3C & E). Conversely, genetic
depletion of YTHDF3 led to a significant decrease in a-N-methylation of MRG15 (Figure

2.3D).
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4. Conclusions

To summarize, we found that NTMT1, the major methyltransferase for protein a-N-
methylation, could be subjected to regulation by m®A reader, writer, and eraser proteins.
To our knowledge, this is the first report about the regulatory mechanism for this
evolutionarily conserved type of post-translational modification. We also uncovered that
MRG15 is N-terminally methylated by NTMT1 and demonstrated that this methylation is

modulated in a similar way as NTMT1 by the m°A reader, writer, and eraser proteins.
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Figure 2. 1. The alterations in expression levels of NTMT1 protein following
knockout of m6A reader/writer/eraser genes.

(a-c) Western blot images showing the relative levels of NTMT1 protein in HEK293T
cells and the isogenic cells with m®A erasers (a), writer (b) and readers (c) being
genetically depleted by CRISPR-Cas9. (d) Quantification results for the relative
expression levels of NTMT1 protein in HEK293T cells vs. the isogenic cells with
ALKBHS, FTO, METTL3 and YTHDF1/2/3 genes being individually depleted. “ns”, p >
0.05; “x”,0.01 <p <0.05; “sx+”, p < 0.001. The data represent the mean = S.D. of results
from 3 or 4 independent experiments. All p values were calculated using the unpaired,
two-tailed t-test.

a b
& &
£ o & & .2
$ 28 P
Q 2 & L
Q;@' & 0 & &
¥ Y S
NTMT1 - —— NTMT1 | s
GAPDH — — — GAPDH | w= e
C d 5 2.5+ ns
R $ 20-
« ) ) 9 w 1.5
& & &L = ns
& S SE 10 ;
Qg’ £ £ f .
2 05-
NTMT1 ——— =
@ 0.0-
S FFF &
F& & & & &
GAPDH — — — — (.-°<\ 04:‘2?9‘2‘09%&\9Q0Q¢‘9<§59Q
o AP

44



Figure 2. 2. Identification and characterization of a-N-terminal methylation of
MRG15.

(a) ‘Ultra-zoom’ scan ESI-MS showing the [M+2H]?* ions of the Glu-C-produced N-
terminal peptide of MRG15 and its K4Q mutant, i.e. APKQDPKPKFQE and
APQQPKPKFQE, isolated from HEK293T cells. (b) MS/MS of tri-methylated N-
terminal peptide of MRG15. Displayed in the inset is a scheme summarizing the observed
fragment ions. (c) RT-gPCR and Western blot showing the efficient knockdown of
NTMTL1 gene in HEK293T cells. (d) Knockdown of NTMT1 led to marked attenuation of
a-N-methylation of MRG15. The methylation levels were quantified based on the
relative abundances of the [M+2H]?* ions of the unmethylated and the mono-, di- and tri-
methylated forms of the N-terminal peptide of MRG15. The p values were calculated
using the unpaired, two-tailed t-test.
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Figure 2. 3. N-terminal methylation levels of MRG15 are modulated by m6A
reader/writer/eraser genes.

(a-d) ‘Ultra-zoom’ scan ESI-MS showing the [M+3H]** ions of the Glu-C-produced N-
terminal peptide of C-terminally Flag-tagged MRG15 isolated from HEK293T cells or
the isogenic cells with YTHDF1/2/3 genes being individually ablated by CRISPR-Cas9.
(e-f) Genetic ablations of FTO, METTL3, YTHDF1, YTHDF2, and YTHDF3 alter the a-
N-methylation of MRG15. The methylation levels were quantified based on the relative
abundances of the [M+3H]®* ions of the unmethylated and the mono-, di- and tri-
methylated forms of the N-terminal peptide of MRG15. The p values were calculated
using unpaired, two-tailed t-test: “ns”, p > 0.05; “*”, 0.01 <p <0.05; “**”, 0.001 <p <
0.01; “x*x, p < 0.001.
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Chapter 3: Analysis of Publicly Available Datasets Reveals Novel a-N-Methylated
Protein Substrates

1. Introduction

Post-translational modifications (PTMs) of proteins constitute a ubiquitous and
evolutionarily conserved mechanism of gene regulation. Among these, a-N-methylation
was first discovered decades ago in Escherichia coli (110). N-terminal methyltransferase
1 (NTMT1) was the first discovered enzyme that catalyzes protein o.-N-methylation (29).
Since its discovery, several NTMTL1 substrate proteins have been identified, including
regulator of chromatin condensation 1 (RCC1), damage DNA-binding protein 2 (DDB2),
poly(ADP-ribose) polymerase 3 (PARP3), and Obg Like ATPase 1 (OLAl)
(29,32,33,111). Although these targets all possess a common XPK motif (wherein X is
alanine, proline, or serine), further in vitro and structural studies support that this consensus
motif may be more flexible than the currently known substrates suggest (36). Interestingly,
eEF1A lysine and N-terminal methyltransferase (EEFLAKNMT) was recently discovered
to methylate EEF1AL at the a-N-terminus (34), but it possessed an N-terminal sequence
distinct from the XPK motif. This discovery enlarges the potential pool of N-terminal
methylated proteins, suggesting the presence of many unidentified substrates for o-N-

methylation.

Protein a-N-methylation appears to play several important roles in cancer. Knockdown
of NTMT]1 can increase the effectiveness of etoposide treatment and y-irradiation in breast
cancer cell lines while promoting tamoxifen sensitivity (46). Likewise, EEFLAKNMT is

down-regulated in bladder carcinoma, as increased expression suppresses cell
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proliferation, migration, and invasion (112). Conversely, EEFIAKNMT has also been
shown to suppress apoptosis (113). These discoveries demonstrate a vital role of o-N-

methylation in affecting cancer progression and prognosis of patients.

Mass spectrometry-based techniques have been widely used in high-throughput
proteomic analysis and have contributed a significant source of data on potential o-N-
methylation targets. Spectra produced through shotgun proteomic analysis, such as those
acquired from data-dependent acquisition (DDA), allow for the repeated interrogation of
data for different projects. In the past couple of decades, several databases have been
created to coordinate the uploading of publicly available raw datasets, enabling the global
exchange of mass spectrometry metadata (92,93,114). These data can then be compared

against the human proteome with MaxQuant, to identify peptides containing PTMs (94).

In this study, we utilized these publicly available data sets and analyzed them with
MaxQuant. We discovered 219 unique instances of N-terminal methylation on 196
individual proteins. We also showed that the o-N-methylation of Vesicle-associated

membrane protein 4 (VAMP4) was due predominantly to the enzyme NTMT1.

2. Materials and Methods

2.1. Plasmid Preparation

The coding sequence of the human VAMP4 was amplified from a cDNA library
prepared from HEK293T cells and cloned into the pRK7 plasmid between the Xbal and

BamHiI restriction sites, in which three tandem repeats of Flag epitope tag (DYKDDDDK)
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were fused at the carboxyl terminus. VAMP4-K4Q mutant plasmid was amplified from the

VAMP4 plasmid with primers designed to contain the mutation.
2.2.  Preparation of NTMT1 Knockout Cells using CRISPR-Cas9

Genome editing by the CRISPR/Cas9 system was conducted following the previously
reported protocols (115), where the single guide RNAs (sgRNASs) were designed by using
the online sgRNA tool (http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-
design). ODNs corresponding to target sequences were obtained from IDT and inserted
into the hSpCas9 plasmid pX330 (Addgene). The constructed plasmids were then
transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen) in a 6-well plate,
and individual cells were cultured for further analysis. Genomic DNA was extracted from
distinct clonal cell lines, and specific DNA regions surrounding the targeted sites were
screened by PCR, followed by agarose gel electrophoresis to assess the modification
efficiency and by Sanger sequencing to identify the deletion loci. A set of clones where
both alleles were cleaved by Cas9 was isolated, and the successful deletion of NTMT1 was
validated by  Western  blot analysis.  The guide  sequence  was

ACGACGTGATCTGGATCCAG TGG (letters in bold indicate the PAM motif).
2.3.  Cell Culture

HEK?293T cells and isogenic NTMT1” cells were cultured in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad,
CA) and penicillin (100 IU/mL). The cells were maintained at 37°C in a humidified

environment containing 5% CO..
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2.4. Tryptic digestion and Mass Spectrometry Analysis of Whole-cell Protein

Lysates

The whole-cell lysates prepared from HEK293T cells were combined at 1:1 ratio (by
mass, determined by Bradford assay), and 30 pg protein lysate were loaded onto a 10%
SDS-PAGE gel. After electrophoresis, the gel lanes were cut into 11 slices according to
apparent molecular weight ranges of proteins (< 20, 20-25, 25-30, 30-37, 37-42, 42-50, 50-
62, 62-75, 75-100, 100-150, >150 kDa), reduced in-gel with dithiothreitol, and alkylated
with iodoacetamide. The processed proteins were subsequently digested in-gel with
Trypsin (Thermo Fisher) at an enzyme/substrate ratio of 1:100 in 50 mM NHsHCO3 (pH
8.5) at 37 °C overnight. Subsequently, peptides were recovered from gels with a solution
containing 5% acetic acid in H20 and then with a solution containing 2.5% acetic acid in

an equal-volume mixture of CH3CN and H20.

Samples were automatically loaded at 3 pL/min onto a precolumn (150 pm i.d. and 3.5
cm in length) packed with ReproSil-Pur 120 C18-AQ stationary-phase material (5 um in
particle size, 120 A in pore size, Dr. Maisch). The precolumn was connected to a 20-cm
fused-silica analytical column (PicoTip Emitter, New Objective, 75 um i.d.) packed with
3 um C18 beads (ReproSil-Pur 120 C18-AQ, Dr. Maisch). The peptides were then resolved
using a 180-min gradient of 2-45% acetonitrile in 0.1% formic acid, and the flow rate was

maintained at 300 nL/min.

The mass spectrometer was operated in a data-dependent acquisition mode. Full-scan

mass spectra were acquired in the range of m/z 350-1500 using the Orbitrap analyzer at a
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resolution of 70,000 at m/z 200. Up to 25 most abundant ions found in MS with a charge
state of 2 or above were sequentially isolated and collisionally activated in the HCD cell

with a normalized collision energy of 28 to yield MS/MS.

2.5. DDA Data File Processing with MaxQuant Analysis

We first downloaded previously published raw LC-MS/MS data (116-118) and
searched them, along with the in-house proteomic data generated from the proteomic
samples of HEK293T cells files, against the Homo Sapiens IPI protein database (version
3.68) or the Uniprot protein FASTA (UP000005640) through MaxQuant quantitative
software (94). The maximum number of miss-cleavages for trypsin was two per peptide.
Cysteine carbamidomethylation was set as a fixed modification, while monomethylation,
dimethylation, and trimethylation of the o-N-terminal peptide were set as variable
modifications. The tolerances in mass accuracy were 25 ppm and 0.6 Da for MS and
MS/MS, respectively. Identified peptides under a posterior error probability score (PEP)
of 0.01 were considered significant. Unique proteins were further subjected to Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis.
2.6. LC-MS/MS Identification of Novel a-N-methylated Proteins

HEK?293T cells and isogenic NTMT1” cells were cultured in 6-well plates containing
antibiotic-free DMEM media at a density of 5 x 108 cells/well. Plasmid for ectopic

expression of FLAG-tagged VAMP4 (1.5 pg) was transfected into cells using
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Lipofectamine 2000 (Life Technologies, Carlsbad, CA). For inhibitor experiments, the
cells were treated with 10 uM Y2-6, a small-molecule inhibitor of NTMT1 developed by
Prof. Rong Huang at Purdue University. After a 24-hr incubation, the cells were harvested
and lysed in CelLytic M (Sigma-Aldrich, St. Louis, MO), supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). C-terminally Flag-tagged wild-type and K4Q mutant
VAMP4 protein were isolated from the resultant lysates by affinity purification with anti-
FLAG M2 beads (Sigma-Aldrich), and digested with Glu-C (NEB) at a protein/enzyme

ratio of 10:1.

The resultant peptides from Glu-C-digestion were analyzed by LC-MS/MS on an
LTQ XL linear ion trap mass spectrometer equipped with a nanoelectrospray ionization
source (Thermo Scientific, San Jose, CA) and an Easy-nLC Il nano-HPLC system. The
separation was conducted by using a trapping column (150 pum x 50 mm) and a separation
column (75 pum x 120 mm), both of which were packed in-laboratory with ReproSil-Pur
C18-AQ resin (3 um in diameter, Dr. Maisch HPLC GmbH, Ammerbuch-Entringen,
Germany). Peptide samples were first loaded onto the trapping column with a mixture of
0.1% formic acid in CH3CN/H20 (2:98, v/v) at a flow rate of 5.0 pl/min. The peptides were
separated using a 40-min linear gradient of 2-40% acetonitrile in 0.1% formic acid, and the
flow rate was 300 ul/min. The mass spectrometer was operated in the positive-ion mode
with a spray voltage of 1.8 kV. The full-scan mass spectra were acquired in the m/z range
of 150-1000, while MS/MS were recorded in a selected-ion monitoring mode. Quadruply
protonated ions of unmodified, mono-, and di- methylated forms of the VAMP4 N-terminal

peptide were selected for fragmentation. All data were analyzed manually.
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3. Results and Discussion
3.1. Proteome-wide Identification of Novel a-N-terminal Methylated Proteins

By employing the peptide identification strategy with MaxQuant detailed in the
Materials and Methods section, we identified 219 unique instances of a-N-methylation on
a total of 196 total proteins. Each of these identifications exhibited a PEP value under 0.01.
The MS/MS of the N-terminal peptides of VAMP4, RAN, and DDX39B are shown in

Figure 1, which support their a-N- methylation (Figure 3.1a-c).

Gene Ontology and KEGG pathway analysis suggest that the identified N-terminally
methylated proteins are significantly associated with RNA binding, particularly associated
with Poly(A) and spliceosome. In addition, most of the proteins identified can bind other
proteins, particularly with translation at the ribosome (Figure 3.1d-e). This suggests a
significantly broader list of substrates than previously indicated, most with N-terminal

sequences that have hitherto been unassociated with proteins that exhibit a-N-methylation.

3.2.  ldentification of a-N-methylation of VAMP4

From our list of potential a-N-terminal methylated genes, we chose to confirm the
methylation of VAMP4. VAMP4 possess a canonical N-terminal XPK motif, consistent
with previously discovered substrates for NTMT1. We constructed plasmids wherein the
coding sequence of VAMP4 is c-terminally fused with three consecutive repeats of the
FLAG epitope tag. The plasmids were expressed in HEK293T cells, after which the FLAG-

tagged protein was enriched from the cell lysate through affinity purification with anti-
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FLAG M2 beads digested with Glu-C, and the resulting peptides were analyzed with LC-

MS and MS/MS. Our results confirm that VAMP4 is a-N-methylated (Figure 3.2a-c).

3.3.  NTMT1 catalyzes the a-N-methylation of VAMP4

Recognizing that NTMT1 is known to methylate proteins with a similar N-terminal
sequence as VAMP4, we sought to determine whether NTMT 1 is responsible for this a-N-
methylation. To that end, we compared relative VAMP4 o-N-methylation between
HEK293T cells and isogenic cells with the genetic ablation of NTMTL. In cells lacking
NTMT1 expression, we observed a loss of VAMP4 N-terminal methylation (Figure 3.3a-

b, 3.4a).

Recent research has documented the discovery of inhibitors targeting the N-
terminal methyltransferase activity of NTMT1 (119,120). To further confirm that NTMT1
is responsible for the a-N-methylation of VAMP4, we treated HEK293T cells with a small
molecule inhibitor of NTMTZ. It turned out that, inhibition of NTMT1 by a small molecule

also gave rise to marked decreases in a-N-methylation of VAMP4 (Figure 3.4b).

To investigate this further, we produced a VAMP4-K4Q mutant plasmid. Previous research
has shown that this mutation blocks the ability of NTMTL1 to methylate its substrate protein
(31,32). Consistent with previous studies (31,32), we found that replacement of the 4™
lysine in the N-terminal sequence of VAMP4 with a glutamine led to a nearly complete

loss a-N-methylation (Figure 3.3c, 3.4a).
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4. Conclusions

In this study, we analyzed publicly available mass spectrometry DDA files with
MaxQuant to discover novel a-N-terminal methylate proteins. With this method, we
identified 219 unique instances of N-terminal methylation among 196 individual proteins.
Among those proteins, we confirmed the N-terminal methylation of VAMP4 through the
enrichment of FLAG-tagged protein. We also uncovered that NTMT1 is the primary

protein responsible for the N-terminal methylation of VAMPA4.

RAN is essential for regulating the nucleocytoplasmic transport of primarily
proteins and RNA. This is regulated by the dynamic binding of GDP or GTP, wherein RAN
is bound to GDP in the cytoplasm, and GTP in the nucleus (42). Uniquely, RAN’s function
is regulated by RCC1, the first protein known to be a-N-methylated by NTMT1 (29). RCC1
promotes both the transfer of GDP bound RAN to GTP bound RAN, thereby regulating
nucleocytoplasmic transport (43,44). In addition, RCC1 promotes the binding of GTP

bound RAN to chromatin, which is necessary for proper spindle assembly (41,121).

VAMP4 is a known component of the SNARE complex, with several established roles
in regulating intracellular transport. This binding is believed to occur in a ‘zipper’ mode,
wherein protein attachment begins at the N-terminus and moves to the C-terminus,
suggesting an essential role of the N-terminus in initial binding (122). In neurons, VAMP4
regulates asynchronous transport of neurotransmitters (123,124). Beyond this, VAMP4 can
form a complex with SNAP23, Syntaxin-5, and a-SNAP, which promotes lipid droplet
fusion (125). It will be important to examine how a-N-methylation modulates these

biological functions of VAMP4,
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Figure 3. 1. ESI-MS/MS of the N-terminal peptides of representative a-N-
methylated proteins. and Gene Ontology and KEGG pathway analysis of Novel a-

N-methylated proteins.

MS/MS of the N-terminal peptides of VAMP4 (a), RAN (b), and DDX39b (c). Gene
Ontology (d) and KEGG pathway (e) analysis of novel a-N-methylated proteins.
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Figure 3. 2. Identification of a-N-Methylation of VAMP4.

MS/MS of the [M + 3H]*" ions of unmethylated (a), monomethylated (b), and
dimethylated N-terminal peptide of VAMPA4.
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Figure 3. 3. NTMT1 is the methyltransferase responsible for VAMP4 a-N-terminal methylation.

‘Ultra-zoom’ scan ESI-MS showing the [M+4H]** ions of the Glu-C-produced N-
terminal peptide of VAMPA4 isolated from HEK293T cells (a) and the isogenic NTMT17
cells (b), and VAMP-K4Q mutant isolated from HEK293T cells (c).
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Figure 3. 4. VAMP4-K4Q mutant, genetic ablation of NTMT1, and NTMT1
inhibition decrease or abolish N-terminal Methylation of VAMP4.

Quantification of the effect of genetic ablation of NTMT1 and mutation of 4" lysine of
on a-N-methylation of VAMP4 (a). Effect of NTMT1 small molecular inhibitor
treatment on a-N-methylation of VAMPA4. The methylation levels were quantified based
on the relative abundances of the [M+3H]** ions of the unmethylated and the mono-, di-
and tri-methylated forms of the N-terminal peptide of MRG15. The p values were
calculated using unpaired, two-tailed t-test: “ns”, p > 0.05; “x”, 0.01 <p < 0.05; “**”,
0.001 <p<0.01; “*xx”, p <0.001.
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Chapter 4: Discovery of Novel Histidine Methylated Proteins through Analysis of
Publicly Available Datasets

1. Introduction

Post-translational modifications (PTMs) constitute an evolutionarily conserved mechanism
for regulating the structure and functions of proteins. First discovered decades ago, histidine
methylation represents one of several types of protein methylation (1). SETD3 was the first protein
discovered to methylate histidine residues in actin (2,3). In addition, HPM1 was recently identified
as a histidine methyltransferase in Saccharomyces cerevisiae, suggesting that its human ortholog
METTL18 may also be a histidine methyltransferase (4). Since the identification of these
methyltransferases, several unique protein substrates have also been discovered, including myosin
heavy chain, myosin light chain kinase 2 (MLCK2), and 60S ribosomal protein L3 (RPL3) (4-6).
Recent research have also identified METTL9 as the enzyme responsible for 1-methyl-
histidine on several substrates, including S100A9 and DnaJ Heat Shock Protein Family
(Hsp40) Member B12 (DNAJB12) (7).Although several targets have been revealed, recent

studies suggest that the number of histidine methylated proteins may be far more expansive than

what we currently have evidence for (8).

The SETD3-mediated histidine methylation has been implicated in affecting a variety of
physiological systems and cellular mechanisms. For instance, inhibition of SETD3 expression has
been shown to suppress muscle cell differentiation in mice (9). hSETD3 has also been identified as
a PCNA-binding protein, which suggests a role of this methyltransferase in DNA replication/repair
(10). Beyond this, recent research has illustrated SETD3's potential as a biomarker of prognosis for
triple-negative and p53 mutant breast cancer patients (11). These results suggest that histidine

methylation impacts many critical cellular functions and the discovery of additional substrates may
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provide a better understanding about the biological functions of this important type of post-

translational modification.

One source of discovery has arrived by high-throughput mass spectrometry-based
techniques, which have been employed for proteomic analysis in recent years and contributed to
publicly available datasets. These datasets acquired from discovery-based proteomic techniques,
such as data-dependent acquisition (DDA), can be reexamined for many different projects, allowing
for optimized research efficiency. This has led to the development of databases designed to store

and curate individual datasets for the global exchange of metadata (12,13).

In this study, we analyzed these publicly available data sets using MaxQuant. We discovered
33 unique instances of histidine methylation in 26 unique proteins. We further confirmed the

methylation of histidine 183 in RBM22.

2. Materials and Methods
2.1 Plasmid Preparation

The coding sequence of the human RBM22 was amplified from a cDNA library prepared from
HEK?293T cells and cloned into the pRK7 plasmid between the Xbal and BamHI restriction sites.
The cDNA was fused with three tandem repeats of Flag epitope tag (DY KDDDDK) at the carboxyl

terminus.

2.2 LC-MS/MS Identification of Novel Histidine Methylated Proteins

HEK?293T cells were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and penicillin (100 1U/mL). The cells were
maintained at 37°C in a humidified environment containing 5% CO.. These cells were cultured in

6-well plates containing antibiotic-free DMEM media at a density of 5 x 10° cells/well. Plasmid
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for ectopic expression of FLAG-tagged RBM22 (1 ng) was transfected into cells using
Lipofectamine 2000 (Life Technologies, Carlsbad, CA). After a 48-hr incubation, the cells were
harvested and lysed in CelLytic M lysis reagent (Sigma-Aldrich, St. Louis, MO), supplemented
with a protease inhibitor cocktail (Sigma-Aldrich). C-terminally Flag-tagged RBM22 was isolated
from the resultant lysate by affinity purification using anti-FLAG M2 beads (Sigma-Aldrich) and

digested with trypsin (NEB) at a protein/enzyme ratio of 50:1.

The resulting tryptic digestion mixture was analyzed on a Q Exactive Plus quadrupole-
Orbitrap mass spectrometer coupled with an UltiMate UHPLC system (Thermo Scientific, San
Jose, CA). Samples were automatically loaded at 3 pL/min onto a pre-column (150 pm i.d. and 3.5
cm in length) packed with ReproSil-Pur 120 C18-AQ stationary-phase material (5 pum in particle
size, 120 A in pore size, Dr. Maisch). The precolumn was connected to a 20-cm fused-silica
analytical column (PicoTip Emitter, New Objective, 75 um i.d.) packed with 3 um C18 beads
(ReproSil-Pur 120 C18-AQ, Dr. Maisch). The peptides were then resolved using a 180-min

gradient of 2-45% acetonitrile in 0.1% formic acid, and the flow rate was maintained at 300 nL/min.

The mass spectrometer was operated in a data-dependent acquisition mode. Full-scan mass
spectra were acquired in the range of m/z 350-1500 using the Orbitrap analyzer at a resolution of
70,000 at m/z 200. Up to 25 most abundant ions found in MS with a charge state of 2 or above were
sequentially isolated and collisionally activated in the HCD cell with a normalized collision energy

of 28 to yield MS/MS.
2.3 MaxQuant Analysis

We first downloaded the LC-MS/MS data that were acquired in the DDA mode and made
publicly available by other researchers (14-16). These data, along with the in-house generated

DDA data for the whole-cell protein lysate of HEK293T cells, were searched against the Homo
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Sapiens IPI protein database (version 3.68) or the Uniprot protein FASTA (UP000005640) using
MaxQuant (17). The maximum number of miss-cleavages for trypsin and GIuC was two per
peptide. Cysteine carbamidomethylation was set as a fixed modification, while mono- and di-
methylation of histidine were set as variable modifications. The tolerances in mass accuracy were
25 ppm and 0.6 Da for MS and MS/MS, respectively. Identified peptides with posterior error
probability (PEP) scores being less than 0.01 were considered significant. Unique proteins were
further subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway analysis. All data were analyzed manually.

3. Results and Discussion
3.1  High-throughput Identification of Novel Histidine Methylated Proteins

By searching publicly available and in-house generated proteomic data with MaxQuant,
we discovered 33 instances of histidine methylation from 26 distinct proteins. All targets met a PEP
score threshold of less than 0.01, with a mass deviation of less than 20 ppm. Figure 1 shows the
MS/MS of a tryptic peptide derived from RBM22 with H183 being mono-methylated, and a tryptic
peptide from ASPH with H725 being mono- and di-methylated (Figure 4.1a-c). The histidine
methylation of RBM22 is unique, as the methylated histidine is part of a conserved zinc finger and
involved in Zn?* binding (18). RBM22 is central to the U2-U6 snRNA complex's catalytic core,
promoting the active conformation of this structure (19,20). Further, we have identified Zinc Finger
CCCH-Type Containing 8 (ZC3H8) and Splicing factor U2AF 35 kDa subunit-like protein
(U2AF1L5) to exhibit histidine methylation on their zinc finger motif’s, further suggestion a role
for this PTM in regulating zinc finger function. In addition, ASPH, is an ER membrane-anchored
2-oxoglutarate oxygenase (20G) whose C-terminus contains the primary catalytic domain for
hydroxylating asparaginyl and aspartyl residues on epidermal growth factor-like domains (EGFDs)

(21). ASPH binding with iron as a cofactor in a unique mechanism involving only two ligand-
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binding sites (His679/His725) (22). What is more, ASPH has been shown to promote the Notch
signaling pathway, through binding several EGFD containing ligands. In breast cancer, the
promotion of the Notch pathway initiated MMP/ADAM-mediated exosomal synthesis and release,
contributing to the degradation and subsequent breakdown of the extracellular matrix, leading to
infiltration and metastasis (23). Further, ASPH is overexpressed in 70-90% of solid tumor cancers,
with documented roles of regulating cancer cell proliferation and metastasis in many types of
cancer (24). Previous data has shown that histidine methylation can likely modulate binding of
cofactors (25). Hence, it will be important to examine how this methylation modulates the iron
binding and enzymatic activity of ASPH. Along this line, it is worth noting that H73 methylation
in actin impedes ATP nucleotide exchange, likely through affecting ATP’s ability in binding to

actin (3).

Further analysis of the gene ontology of the 26 distinct methylated proteins revealed significant
involvement in poly(a) RNA binding, as well as U6 snRNA binding (Figure 4.1d) (26). This is
further supported by KEGG pathway analysis, revealing the role of several of these proteins in

regulating and contributing to the spliceosome (Figure 4.1e) (27).

3.2 ldentification of Histidine Methylation in RBM22

Noting that several of our novel histidine methylated proteins have a role in the spliceosome and
the importance of RBM22 in activating the catalytic core of the spliceosome complex, we decided
to collect additional evidence for the histidine methylation on this protein. For this purpose, we
constructed a plasmid to express the cDNA of RBM22 fused with three tandem repeats of FLAG-
tag on its C-terminus. We then enriched this protein from HEK293T cells, digested the lysate with
trypsin, and subjected the resultant peptide mixture to LC-MS and LC-MS/MS analysis. We

discovered that H183 in RBM22 was predominantly monomethylated, where the signal intensity
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for H183-containing monomethylated peptide is much stronger than that for the unmodified

counterpart (Figure 4.2a-b).

4. Conclusions

In this study, we analyzed publicly available DDA datasets with MaxQuant to identify novel
histidine methylation instances. Using this method, we discovered 33 instances of histidine
methylation across 26 distinct proteins. We further confirmed the methylation of histidine 183 in
RBM22 through LC-MS and MS/MS analyses of ectopically expressed RBM22 protein isolated
from HEK293T cells. Further research will focus on discovering how this methylation modulates
the function of RBM22. In addition, we will seek to confirm the histidine methylation in ASPH.
Given the importance of iron binding as a cofactor of this protein, methylation of one of the two

histidine responsible for this likely affects its ability to function, and thus its role in cancer.

68



References

1.

10.

11.

12.

13.

14.

15.

16.

Laki K, Maruyama K, Kominz DR. Evidence for the interaction between tropomyosin and actin.
Arch Biochem Biophys. 1962 Aug;98(2):323-330.

Kwiatkowski S, Seliga AK, Vertommen D, Terreri M, Ishikawa T, Grabowska I, et al. SETD3
protein is the actin-specific histidine N-methyltransferase. Elife. 2018 Dec 11;7.

Wilkinson AW, Diep J, Dai S, Liu S, Ooi YS, Song D, et al. SETD3 is an actin histidine
methyltransferase that prevents primary dystocia. Nature. 2019;565(7739):372-376.

Webb KJ, Zurita-Lopez CI, Al-Hadid Q, Laganowsky A, Young BD, Lipson RS, et al. A novel 3-
methylhistidine modification of yeast ribosomal protein Rpl3 is dependent upon the YIL110W
methyltransferase. J Biol Chem. 2010 Nov 26;285(48):37598-37606.

Elzinga M, Collins JH. Amino acid sequence of a myosin fragment that contains SH-1, SH-2, and
Ntau-methylhistidine. Proc Natl Acad Sci USA. 1977 Oct;74(10):4281-4284.

Meyer HE, Mayr GW. N pi-methylhistidine in myosin-light-chain kinase. Biol Chem Hoppe Seyler.
1987 Dec;368(12):1607-1611.

Davydova E, Shimazu T, Schuhmacher MK, Jakobsson ME, Willemen HLDM, Liu T, et al. The
methyltransferase METTL9 mediates pervasive 1-methylhistidine modification in mammalian
proteomes. Nat Commun. 2021 Feb 9;12(1):891.

Ning Z, Star AT, Mierzwa A, Lanouette S, Mayne J, Couture J-F, et al. A charge-suppressing
strategy for probing protein methylation. Chem Commun. 2016 Apr 7;52(31):5474-5477.

Zhao M-J, Xie J, Shu W-J, Wang H-Y, Bi J, Jiang W, et al. MiR-15b and miR-322 inhibit SETD3
expression to repress muscle cell differentiation. Cell Death Dis. 2019 Feb 22;10(3):183.

Cooper SE, Hodimont E, Green CM. A fluorescent bimolecular complementation screen reveals
MAF1, RNF7 and SETD3 as PCNA-associated proteins in human cells. Cell Cycle. 2015 Aug
3;14(15):2509-2519.

Shu W-J, Du H-N. The methyltransferase SETD3-mediated histidine methylation: Biological
functions and potential implications in cancers. Biochim Biophys Acta Rev Cancer. 2021
Jan;1875(1):188465.

Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu DJ, et al. The
PRIDE database and related tools and resources in 2019: improving support for quantification data.
Nucleic Acids Res. 2019 Jan 8;47(D1):D442-D450.

Choi M, Carver J, Chiva C, Tzouros M, Huang T, Tsai T-H, et al. MassIVE.quant: a community
resource of quantitative mass spectrometry-based proteomics datasets. Nat Methods. 2020 Sep
14;17(10):981-984.

Nagaraj N, Wisniewski JR, Geiger T, Cox J, Kircher M, Kelso J, et al. Deep proteome and
transcriptome mapping of a human cancer cell line. Mol Syst Biol. 2011 Nov 8;7:548.

Yeom J, Ju S, Choi Y, Paek E, Lee C. Comprehensive analysis of human protein N-termini enables
assessment of various protein forms. Sci Rep. 2017 Jul 26;7(1):6599.

Qi TF, Guo L, Huang M, Li L, Miao W, Wang Y. Discovery of TBC1D?7 as a potential driver for
melanoma cell invasion. Proteomics. 2020 Jul 2;20(14):e1900347.

69



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range
mass accuracies and proteome-wide protein quantification. Nat Biotechnol. 2008 Dec;26(12):1367—
1372,

Montaville P, Dai Y, Cheung CY, Giller K, Becker S, Michalak M, et al. Nuclear translocation of
the calcium-binding protein ALG-2 induced by the RNA-binding protein RBM22. Biochim Biophys
Acta. 2006 Nov;1763(11):1335-1343.

Rasche N, Dybkov O, Schmitzova J, Akyildiz B, Fabrizio P, Lilhrmann R. Cwc?2 and its human
homologue RBM22 promote an active conformation of the spliceosome catalytic centre. EMBO J.
2012 Mar 21;31(6):1591-1604.

Chu H, Perea W, Greenbaum NL. Role of the central junction in folding topology of the protein-free
human U2-U6 snRNA complex. RNA. 2020 Mar 27;26(7):836—850.

Stenflo J, Holme E, Lindstedt S, Chandramouli N, Huang LH, Tam JP, et al. Hydroxylation of
aspartic acid in domains homologous to the epidermal growth factor precursor is catalyzed by a 2-
oxoglutarate-dependent dioxygenase. Proc Natl Acad Sci USA. 1989 Jan;86(2):444-447.

Pfeffer I, Brewitz L, Krojer T, Jensen SA, Kochan GT, Kershaw NJ, et al. Aspartate/asparagine-f-
hydroxylase crystal structures reveal an unexpected epidermal growth factor-like domain substrate
disulfide pattern. Nat Commun. 2019 Oct 28;10(1):4910.

Zheng W, Wang X, Hu J, Bai B, Zhu H. Diverse molecular functions of aspartate 3-hydroxylase in
cancer (Review). Oncol Rep. 2020 Dec;44(6):2364-2372.

Kanwal M, Smahel M, Olsen M, Smahelova J, Tachezy R. Aspartate B-hydroxylase as a target for
cancer therapy. J Exp Clin Cancer Res. 2020 Aug 18;39(1):163.

Nyman T, Schiler H, Korenbaum E, Schutt CE, Karlsson R, Lindberg U. The role of MeH73 in
actin polymerization and ATP hydrolysis. J Mol Biol. 2002 Apr 5;317(4):577-589.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: tool for
the unification of biology. Nat Genet. 2000 May;25(1):25-29.

Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M. Data, information,
knowledge and principle: back to metabolism in KEGG. Nucleic Acids Res. 2014 Jan;42(Database
issue):D199-205.

70



Table 3.1. List of Histidine Methylated Proteins

Gene Acc #
ACTB P60709
ADGRE5 P48960
ASPH Q12797
ASPH Q12797
CDC42BPB Q9Y5S2
CPs1 P31327
DDX39B Q13838
DHRS7 Q9Y394
GAPVD1 Q14C86
HNRNPF P52597
HNRNPF P52597
HSD17B4 P51659
IPO9 Q96P70
ITPR3 Q14573
KIF11 P52732
MEPCE  Q7L2J0
MYH9 P35579
NARS1 043776
POTEI POCG38
PRDX1 Q06830
PSMD2 Q13200
PSMD2 Q13200
RBM22  Q9NW64
SERBP1  Q8NC51
TOP1 P11387
U2AF1L5 PODN76
VCL P18206
XRCC5 P13010
XRCC5 P13010
ZC3H8 Q8N5P1
ACTB P60709
U2AF1L5 PODN76
ACTB P60709

Sequence
EHPVLLTEAPLNPKANRE
LNSPILFAFSHLE
GKVLIFDDSFEHE
GKVLIFDDSFEHE
QGGRGAGATLEHQQEISK
LSLERILDIYHQE
LLRAIVDCGFEHPSEVQHE
KDILVLPLDLTDTGSHE
SLLAMFDPLSSHE
NDIYNFFSPLNPVRVHIE
NDIYNFFSPLNPVRVHIE
YVAPLVLWLCHE
LIQQFLQATVSGLHE
IKCTSLLPLEDVVSVVTHE
LDGFLSILCNNLHE

Modifications
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)
Methyl(H)
Methyl(H)
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)
Methyl(H)
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)
Dimethyl (H)

GQHHQQQQAAGGSESHPVPP1Methyl(H)

MEDLMSSKDDVGKSVHE

DLVCDVVDRILKSPAGSIVHE

HGIITNWDDME
TLRLVQAFQFTDKHGE
LDIMEPKVPDDIYKTHLE
LDIMEPKVPDDIYKTHLE
HEKPTDPDDPLADQNIK
DKRGGSGSHNWGTVKDE
VATFFAKMLDHE

Dimethyl (H)
Dimethyl (H)

Oxidation (M),Me

Dimethyl (H)
Dimethyl (H)

Oxidation (M),Din

Methyl(H)
Methyl(H)
Dimethyl (H)

LHNKPTFSQTIALLNIYRNPQNS Methyl(H)

SILEPVAQQISHLVIMHE

Dimethyl (H)

SKIQPGSQQADFLDALIVSMDV Methyl(H)
SKIQPGSQQADFLDALIVSMDV Dimethy! (H)

FSHAPLTPETQELLAK

HGIVTNWDDMEKIWHHTFYN| Oxidation (M),Me

LHNKPTFSQTILIQNIYR
YPIEHGIVTINWDDMEK
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Methyl(H)

Methyl(H)
Methyl(H)

-0.0382
0.022592
-0.52749
1.7484
-0.2963
0.43552
1.2564
0.91884
1.768
-0.00545
1.7377
0.83701
0.31508
0.70017
-0.55689
-0.20483
-0.58605
-0.20787
-1.7418
-0.23496
0.22338
0.27513
0.16502
-0.00856
-0.3462
-0.18801
0.6458
2.3365
-0.87054
0.24168
1.1379
0.036835
-0.07499

Mass Erroi PEP

5.07E-05
2.96E-05
1.49E-06
7.91E-06
2.02E-22
4.27E-06
0.000678
3.28E-07
1.13E-05
9.21E-05
0.000102
0.000319
0.000424
0.000497
0.000486
2.38E-12
1.34E-05
0.000589
0.000153
4.25E-09
3.35E-07
0.000659
1.06E-26
3.42E-05
0.00045
0

4.3E-05
3.82E-15
2.9E-06
1.52E-21
0.000115
0
3.8E-182



Figure 4.1. Representative ESI-MS/MS of Methylated Histidine-containing Peptides,
and Results from Gene Ontology and KEGG Pathway Analysis.

MS/MS from publicly available DDA files of the [M+2H]?* ion of a tryptic peptide, i.e.
1s3HEKPTDPDDPLADQNIK 199, derived from RBM22 containing monomethylated
H183 (a), and the [M+3H]** ions of a tryptic peptide, i.e. 714GKVLIFDDSFEHE72, from
ASPH with H725 being mono- (b) and di-methylated (c). Shown in (d) and (e) are results
from gene ontology (d) and KEGG Pathway (e) analysis of novel histidine methylated

proteins.
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Figure 4.2. H183 in RBM22 is monomethylated in HEK293T cells.

Positive-ion ESI-MS displaying the monomethylation of H183 in RBM22 (a), and
MS/MS of the [M+2H]?* ion of the monomethylated H183-containing peptide
16sHEKPTDPDDPLADQNIK199 (b).
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Chapter 5: Targeted Proteomic Analysis Revealed Kinome Reprogramming during
Acquisition of Radioresistance in Breast Cancer Cells

1. Introduction

Breast cancer is the most frequent malignancy in women (1), and the global incidence
of breast cancer has been rising at an annual rate of 3.1%, from 641,000 cases in 1980 to
over 1.6 million in 2010 (2), and then to almost 2 million cases in 2017 (3). Breast cancer
ranks as the fifth most common cause of cancer death in women and it is one of the most

expensive malignancies for treatment (4).

Breast cancer treatment is multidisciplinary. The majority of women with early-stage
breast cancer are candidates for breast-conserving surgery with radiotherapy or
mastectomy (5). Radiotherapy is a treatment method wherein high-energy y rays introduce
DNA damage and Kill rapidly proliferating cancer cells. It has been evolving to improve
precision in targeting the diseased tissue while minimizing delivery of radiation to
surrounding vital organs such as the heart and lungs (6). Despite the advances in radiation
therapy, uniform doses of radiation is typically delivered without taking into consideration
the differences across breast cancer subtypes (6). As a result, the benefits of this therapy
may not be uniform across all patients owing to individual variations in sensitivity toward
radiation therapy (6). Moreover, some patients may experience recurrences and develop
radiation resistance, which confer poor prognosis and diminished quality of life in these
patients (6). Thus, radioresistance presents a major obstacle to current breast cancer

radiotherapy (7), and the discovery of novel molecular targets that modulate
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radiosensitivity may provide a venue for improving therapeutic efficacy and for developing

personalized radiotherapy.

Recent studies showed that aberrant expression and activity of kinases are associated
with the acquisition of resistance towards breast cancer radiotherapy. For example,
abnormal expression of maternal embryonic leucine zipper kinase (MELK) (8) and ataxia-
telangiectasia mutated (ATM) (9) are known to be accompanied with breast cancer that are
refractory toward radiation treatment. In addition, Guo et al. (10) reported the application
of a targeted proteomic method, relying on the use of desthiobiotin-ATP acyl phosphate
probe together with liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis in multiple-reaction monitoring (MRM) mode, to reveal the roles of kinases in the
acquisition of resistance toward radiation in breast cancer. However, the results from the
ATP-affinity probe enrichment can be affected by both the protein expression level and
activity of the kinase, rendering it difficult to differentiate their individual contributions. In
addition, the earlier version of the kinome profiling method only allowed for the
quantifications of 120 unique kinases (10); thus, some low-abundance kinases associated
with radioresistance may not be detected. Therefore, there is a need for in-depth profiling
of differential expression of protein kinases that are associated with the development of

radioresistance in breast cancer.

In this study, we employed our previously developed parallel-reaction monitoring
(PRM)-based LC-MS/MS method (11-16) to examine the differential expression of kinase
proteins in two pairs of breast cancer cell lines, i.e. the MDA-MB-231 and MCF-7 breast

cancer cells and their corresponding radioresistant sub-clones. Our results led to the
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quantifications of the relative expression levels of 300 and 281 kinases in the MDA-MB-
231 and MCF-7 pairs of breast cancer cells, respectively. We also revealed the role of one
of the differentially expressed kinases, TAF9, in promoting acquired radiation resistance

in breast cancer cells.

2. Materials and Methods
2.1.Cell culture
The radioresistant clone (clone 6, referred as C6) of MCF-7 cells were generated by
treating the parental cells with a total dose of 60 Gy of y rays and further exposed to an
additional term of 30 fractions of y rays (17,18). Similarly, MDA-MB-231 cells were
exposed to a total dose of 30 Gy of ionizing radiation to generate the radioresistant clone

(clone 5, referred as C5) (18,19).

MCF-7 and MDA-MB-231 cells, as well as their paired radioresistant lines were cultured
in Dulbecco's modified eagle medium (DMEM). The culture medium was supplemented
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and penicillin (100 IU/mL). The
cells were maintained at 37°C in a humidified atmosphere containing 5% CO..
Approximately 5x10° cells were harvested, washed twice with cold PBS, and lysed by
incubating on ice for 30 min with CelLytic M cell lysis reagent (Sigma) containing 1%
protease inhibitor cocktail. The cell lysates were centrifuged at 9,000g at 4°C for 20 min,

and the resulting supernatants were collected. For SILAC labeling experiments, the cells
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were cultured in SILAC medium containing unlabeled lysine and arginine, or [**Cs, °N2]-

lysine and [**Ce]-arginine, for at least five cell doublings.
2.2.Tryptic digestion of whole-cell protein lysates

The whole cell lysates prepared from MCF-7 or MDA-MB-231 breast cancer cells and
their radioresistant counterparts were combined at 1:1 ratio (by mass, determined by
Bradford assay), incubated with 8 M urea for protein denaturation, and subsequently with
dithiothreitol and iodoacetamide for cysteine reduction and alkylation, respectively. The
proteins were then digested, at 37°C overnight, with modified MS-grade trypsin (Pierce)
at an enzyme/substrate ratio of 1:100 in 50 mM NHsHCOs (pH 8.5). The resulting peptide
mixture was dried in a Speed-vac, desalted with OMIX C18 pipette tips (Agilent

Technologies), and analyzed by LC-MS/MS in the PRM mode.
2.3.LC-PRM Analysis

All LC-PRM experiments were carried out on a Q Exactive Plus quadrupole-Orbitrap
mass spectrometer coupled with an EASY-nLC 1000 system (Thermo Fishier Scientific).
The linear predictor of empirical retention time (RT) from normalized RT (iRT) (20) for
targeted peptides of kinases was determined by the linear regression of RTs of tryptic
peptides of BSA obtained for the current chromatography setup (21-24). This RT-IRT
linear relationship was re-defined between every eight LC-MS/MS runs by injecting a
tryptic digestion mixture of BSA. The MS/MS for targeted precursor ions were monitored
in scheduled PRM mode with an 8-min retention time window. The resulting LC-MS/MS

data were processed with Skyline (version 3.5) to plot the extracted-ion chromatograms
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and to integrate peak areas (25). The detailed experimental conditions are provided in the

Supporting Information.

2.4 \Western blot

The detailed sample preparation procedures for Western blot analysis are described in
the Supporting Information. Human CHKZ1 (Cell Signaling Technology, 2360S, 1:2000
dilution) and TAF9 (Proteintech, 10544-1-AP, 1:2500 dilution) antibodies were employed
as the primary antibodies. Horseradish peroxidase-conjugated anti-rabbit IgG and IRDye®
680LT Goat anti-Mouse 1gG were used as secondary antibodies. Membranes were also
probed with anti-Actin antibody (Cell Signaling #4967, 1:10000 dilution) or anti-GAPDH
antibody (Santa Cruz Biotechnology, sc-32233, 1:5000 dilution) to verify equal protein

loading.

2.5.TCGA, UALCAN and GEPIA data analysis

Clinical data and mRNA expression profiles for the Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) (26) cohort were obtained from

cBioPortal (http:// www.cbioportal.org/data_sets.jsp) (27). A total of 1137 patients in the

METABRIC cohort with radiotherapy was applied for TCGA analysis. Median mRNA
expressions of genes encoding kinases was further applied as cut-off for low/ high
expression (568 and 569 patients, respectively). p-values were generated using log-rank

(Mantel-Cox) test, and a p-value of less than 0.05 is considered significant.

Box plots for kinase mMRNA expression in normal and breast cancer cell lines were

generated from the gene expression data for cell lines derived from 114 normal breast
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tissues and 1097 breast cancer tissues using UALCAN

(http://ualcan.path.uab.edu/index.html) (28). The t-test was performed using a PERL script

with Comprehensive Perl Archive Network (CPAN) module “Statistics::TTest”

(http://search.cpan.org/~yunfang/Statistics-T Test-1.1.0/TTest.om) (28). Correlation

analysis of gene expression was conducted using GEPIA (29), where the expression of
targeted genes in 1085 breast cancer tissues was analyzed. Pearson's correlation coefficient

was employed to calculate distance metric.

2.6.Plasmid construction and clonogenic survival assay

The coding sequence of human TAF9 gene was amplified from a cDNA library prepared
from mRNAs isolated from HEK293T cells and cloned into the pRK7 plasmid between
the Xbal and BamHI restriction sites. The resulting pRK7-TAF9 plasmid was confirmed

by Sanger sequencing.

MCF-7 and MDA-MB-231 cells were transfected with a control pRK7 vector or pRK7-
TAF9 using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. At
24 hr following the transfection, the cells were seeded in triplicate in 6-well plates at a
concentration of 900 cells per well and incubated overnight. On the following day, the cells
were exposed with 0, 1, 2, 3.5, or 5 Gy of X-rays, delivered by a Rad Source RS-2000
cabinet irradiator (Rad Source Technologies, Buford, GA, United States). Following a 10-
day incubation, cell colonies were fixed with a 6% glutaraldehyde solution for 1 hr, and
subsequently stained with 0.5% crystal violet for 30 min. All colonies with at least 50 cells

were counted.
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3. Results and Discussion

3.1.Quantitative assessment of differential expression of kinases in two matched
pairs of radioresistant and parental breast cancer cells

To explore the potential functions of kinases in acquired radioresistance, we employed
our recently developed PRM-based targeted proteomic method (11), in combination with
stable isotope labeling by amino acids in cell culture (SILAC) (30), to examine the
differential expression of kinases in two pairs of breast cancer cells, i.e. parental (WT)
MCF-7 and MDA-MB-231 cells, as well as their corresponding radioresistant C6 and C5

clones (Figure 5.1a).

The targeted proteomic analysis led to the quantifications of 281 and 300 unique kinases
in the MCF-7 WT/C6 and MDA-MB-231 WT/C5 pairs of breast cancer cells, respectively
(Figures 5.1b, 5.1c, 5.2 and Table 5.1). All 4-6 PRM transitions selected for each tryptic
peptide derived from kinases displayed the same retention time and exhibited a dot product
(dotp) value (31) of > 0.7. In addition, more than 90% of all the quantified kinase proteins
appeared in both forward and reverse SILAC labeling experiments (Figures 5.1b and 5.1c,
Table S1). Furthermore, the ratios of the quantified peptides obtained from forward and
reverse SILAC labeling experiments showed a very good linear fit (Figure 5.1b and 5.1c).
The results, therefore, revealed the robustness and good reproducibility of the PRM

method.

Guo et al. (10) has reported the application of a targeted proteomic method, relying on

the use of desthiobiotin-ATP probe together with LC-MS/MS analysis in MRM mode, to
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reveal the roles of kinases in the acquisition of resistance toward radiation in MCF-7 breast
cancer cells. We next compared the reported MRM and our PRM data to assess the
perturbations in protein expression levels and ATP-binding affinities of kinases upon

redioresistance acquisition.

The comparison between the two datasets facilitated the expression and ATP-binding
affinity of 87 common kinases (Figure 5.3a, Table S2). Kinase ratios (C6/MCF-7) obtained
from PRM and MRM analyses lacked apparent correlation (Figure 5.3b), suggesting the
perturbed ATP-binding affinity of kinases during radioresistance acquisition. The
comparison of the two datasets revealed the perturbations of the kinases such as CHK1 and
CDK1 are due to protein expression alone, while the ATP-binding affinities of MAP4K4
and MAPK13 are induced profoundly during radioresistance acquisition (Figure 5.3b).
This agrees with a recently research that the activity of MAP4K4 regulates the DNA
double-strand breaks (DSBs) repair pathway (32). Along this line, we uncovered enhanced
ATP-binding affinities of 10 kinases and diminished affinities of 15 kinases, which could

be important in radioresistance acquisition in MCF-7 breast cancer cells (Table S2).

3.2.Kinases are altered upon the development of radiation resistance in breast
cancer cells

The PRM method facilitated the quantifications of the relative expressions of 227
common kinases in the two pairs of breast cancer cells, which exhibited similar changes in
kinome profiles upon the development of radioresistance (Figure 5.4a and 5.4b). In
particular, 45 kinases were commonly altered by at least 1.5-fold in both lines of

radioresistant breast cancer cells relative to the corresponding parental lines (Figure 5.4c,
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Table 5.1). Moreover, several of these kinases were previously characterized to confer
radiation resistance in cancer cells. For example, CHK1, which is involved in regulating
DNA-damage-checkpoint responses, is known to be associated with the acquisition of
radioresistance in cancer cells (33,34). In addition, up-regulation of HK2 was found to
elicit radioresistance through elevating glycolysis rate (35). Moreover, DDR1, a receptor
tyrosine kinase, was able to regulate autophagy and ultimately modulate radiosensitivity in

glioblastoma (36).

To understand further the molecular mechanisms through which the differentially
expressed kinases may contribute to radioresistance, we conducted Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses (Figure 4d).
Interestingly, RNA polymerases stand out in both GO and KEGG pathway analyses, while
7 subunits of RNA polymerase Il complex were commonly up-regulated in the two
radioresistant lines over the corresponding parental lines. Furthermore, analysis of The
Cancer Genome Atlas (TCGA) data among those breast cancer patients with radiotherapy
revealed that increased expression of one out of seven RNA polymerase Il subunits, i.e.
POLR2H, was positively correlated with poorer survival of breast cancer patients (Figure
5.5a, Table S3). Therefore, our results suggest that RNA polymerase Il may promote the
acquisition of radioresistance. However, POLR2H is essential for the survival of most
cultured cancer cells (37), rendering it difficult to further validate its role in radioresistance.

3.3.TAF9 drives acquired radioresistance in breast cancer cells

To uncover those differentially expressed kinases that modulate acquired radioresistance

in breast cancer cells, we compared our kinome quantification results with the mRNA
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levels of kinases in primary breast tumor tissues and normal tissues (Table S3). We found
that the differential mMRNA expressions of 25 out of 45 perturbed kinases were positively
correlated with their protein expression, including CHK1 and TAF9, while the expression
of CHEK1 was positively correlated with poorer survival of breast cancer patients (Figure
5.5b). Consistent with the PRM data, our Western blot results revealed increased
expression of CHK1 and TAF9 in the radioresistant breast cancer cells over the parental
breast cancer cells (Figure 5.5c-€). These results also support the quantification accuracy

of the PRM method.

We also observed higher mRNA expression levels of CHEK1 and TAF9 genes in the
breast tumors compared to normal tissues (Figure 5.5f). Since CHK1 is known to be
involved in DNA damage response signaling and correlated with radiosensitivity of cancer
cells (33,34), we focused on examining the function of TAF9 in acquired radioresistance

in breast cancer cells.

TAF9 is a component of the transcription factor 11D (TFIID) complex, the TBP-free
TAFII complex (TFTC), the PCAF histone acetyltransferase (HAT) complex and the
STAGA transcription coactivator-HAT complex (38). Because TFIID or TFTC are
essential for the regulation of RNA polymerase Il-mediated transcription, TAF9 may
modulate RNA polymerase ll-catalyzed transcription. As noted above, the protein
expression levels of seven out of eight quantified subunits of RNA polymerase Il were
elevated in both radioresistant lines of breast cancer cells. Thus, TAF9 may play a central
role in the acquisition of radioresistance in breast cancer cells by regulating RNA

polymerase Il-based transcription.
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To assess directly the role of TAF9 in the acquisition of radioresistance, we
overexpressed TAF9 gene in MCF-7 and MDA-MB-231 cells, and assessed its impact on
the survival of breast cancer cells following exposure to X rays. Results from our
clonogenic survival assay showed decreases in survival of MCF-7 and MDA-MB-231 cells
upon ectopic overexpression of TAF9 compared to transfection with empty vector control,
with the most pronounced decrease being observed for cells exposed with 2 Gy of X rays

(Figure 5.6a and 5.6b).

As TAF9 binds directly to several transcription factors such as p53 (39) and VP16 (40),
thereby regulating gene transcription, we also asked if TAF9 regulates the transcription of
radioresistant-related genes. For this purpose, we compared the mRNA expression of TAF9
and drivers of radioresistance in 1085 breast cancer tissues. HK2 and DDR1 are two known
drivers that we identified to be up-regulated in both radioresistant cell lines, as described
above. The mRNA expression levels of these two genes are positively correlated with the
MRNA level of TAF9 gene in breast cancer patients, suggesting the potential role of TAF9

in the up-regulation of those drivers for radiation resistance (Figure 6c).

4. Conclusions

In this study, we employed a recently developed PRM-based targeted proteomic method
to examine the differential expression of kinase proteins in two pairs of radioresistant breast
cancer cells versus the corresponding parental cells. With this method, we quantified 300
and 281 kinases in MDA-MB-231/C5 and MCF-7/C6 pairs of breast cancer cells,

respectively. Among these kinases, 45 were commonly altered by at least 1.5-fold in both
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pairs of breast cancer cell lines. We also validated that one of the differentially expressed
kinases, TAF9, promotes the acquisition of radioresistance in cultured breast cancer cells.
Moreover, gene correlation analysis suggested TAF9’s role in up-regulating the expression
of other genes involved in radioresistance. Overall, our study revealed a new role of TAF9
in promoting the acquisition of radioresistance in breast cancer and uncovered a number of

other kinases with potential functions in radioresistance.
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Table 5.1. Relative protein expression levels of those kinases that are altered by at
least 1.5-fold in both MCF-7 and MDA-MB-231 pairs of radioresistant/parental
cells. The values represent the mean ratio + S.D.

Protein C5/MDA-MB-231 C6/MCF-7
AKT1 0.46 +0.21 0.55+0.14
BCR 2.17 2.05+0.30
CAD 1.92+0.39 2.08+0.14
CAMKV 0.29 + 0.03 0.13
CASK 0.37 0.30+0.17
CCNH 1.67 +0.63 2.03+0.21
CDK5 0.51+0.16 0.67+0.11
CHEK1 2.00+0.14 2.42 + 0.62
CSK 2.33+0.84 1.96 +0.41
CSNK2A1 1.95+1.03 1.72+0.08
CSNK2A2 2.01+0.20 1.61+0.10
CSNK2B 1.58+0.14 1.53+0.26
DDR1 4.76 6.01 +3.53
EIF2AK2 1.60+0.17 2.34+0.52
ERBB3 0.03 0.52
EXOSC10 1.72+0.35 3.41+1.38
GAK 2.27+0.55 1.84+0.28
GNE 1.68 + 0.6 4.00
GRKG6 1.98 2.80+1.82
HK2 2.44 +0.65 1.91+0.34
HSPB8 15.71+11.95 8.75 + 8.66
ITPK1 1.64+0.98 4.54+1.80
MAGI3 3.46 4.23
MASTL 1.70+0.38 2.06+0.27
PFKM 2.72+0.69 9.45+5.44
PFKP 0.43+0.01 0.54 £ 0.05
PIK3R4 3.90+351 3.45
POLR2A 3.53+1.58 1.92+0.18
POLR2B 1.94+0.68 2.46 £ 0.44
POLR2C 1.96+0.10 230+1.25
POLR2E 1.96 +0.39 1.90+0.40
POLR2G 1.65+0.07 2.58+1.16
POLR2H 2.02 +£0.90 3.24+£0.75
POLR2L 2.00 £ 0.46 7.07+4.33
PRKACB 0.10+0.00 0.14
PTK2 2.11+0.90 6.21
PTK7 15.93 + 13.90 1.71+0.10
RIOK1 2.48 £ 0.69 5.33+2.00
STK25 0.56 0.42
STK26 0.59+0.16 0.44 £ 0.20
TAF9 4.35 2.85
TK1 1.71+0.64 1.84+0.20
TRIM27 3.85 226+131
UCK?2 1.56 +0.43 3.38+1.14
WNK1 1.51+0.33 2.85+1.66
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Figure 5.1. A PRM-based targeted proteomic approach for quantifying the
differential expression of kinase proteins in two pairs of radioresistant and parental
breast cancer cells.

(a) Experimental strategy for the PRM-based targeted proteomic approach. (b) A scatter
plot showing the correlation between the ratios of kinase protein expression in C6/MCF-7
cells obtained from forward and reverse SILAC labeling experiments. (c) A scatter plot
displaying the correlation between the ratios of kinase protein expression in C5/MDA-
MB-231 cells obtained from forward and reverse SILAC labeling experiments.
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Figure 5.2. Differential expression of kinase proteins in C6/MCF-7 (a) and
C5/MDA-MB-231 (b) pairs of breast cancer cells.

The kinase protein expression data represent the means of results obtained from two
forward and two reverse SILAC labeling experiments. The ratios obtained from
individual measurements are listed in Table S1.

ADRBK1 = BRD2 DeK AD CPNE3
ADRBK2 < MTOR DYRK1A ¢ o
o Csk CRIML GTF2H1
AKTL = PDK1 DYRK1B DDR1 DGKZ PIK3CB
AKT3 B PDK2 GSK3A EPHB2 DGUOK PIK3R2
CCND1L 2 PDPK1 GSK3B EPHB4 DTYMK PIK3R4
CCND3 < RIOKL MAPK1 EPHB6 EIF2AK2 PIKFYVE
DMPK RIOK3 MAPK13 ERBB2 EIF2AK4 PIPAK2A
EXOSC10 SMGL O mapkia ERBE3 FASTKD2 PIPAK2C
GRK6 CAMK2D O warxs FER FASTKD3 PIPSK2C
MASTL CAMK2G S| wes EYN FASTKD5 PKMYTL
PKN1 CAMK4 MAPK9 v IGFIR FGGY PNKP
PKN2 CAMKY O POLR2A
PRPK [ IGF2R FKBP1A
PKN3 CASK PRPSL Tk FPGT POLR2B
PRKAAL CHEK1 PRPS2 JAK3 GAK POLR2C
PRKACA X CHEK2 PRPSAPL I GALKL POLR2D
PRKACB S| markapk2 POLR2E
PRPSAP2 PDGFRB GALK2
PRKACG <C| MAPKAPK3 GNE POLR2G
Q| prract MAPKAPKS SRPK1 PTK2 POLR2H
o) ] SRPK2 PTK7 GOLGAS POLR2L
PRKAG2 MARK1 GUKL
b4 o SYK PPIPSK2
PRKCH MARK2 HK1
PRKCI MELK MAP2KL . oS
TK2 HK2 PRKCD
PRKCZ MAP2K2
PHKAL TNKL HKDC1 PRKCE
PRKD3 PHKA2 MAP2K4 HSPBS by PYK
PRKDC PHKB MAP2KS ,I,Z‘Ké = HUS1 g SCYLL
PRKX PHKG2 MAP3K1 e @ | kekap S| sévz
ROCK1 STK17B MAP3K11 O IRAKL < ITPKL O| scvis
ROCK2 TRIO MAP3K2 I~ \RAKA O| Kenwa SPHK1
RPSBKAL CSNK1AL MAP3K3 g KSRL LGMN SRC
RPS6KA3 - CSNK1D MAPAK1L s MAGI3 TAF9
RPSEKBL X | csnKaal MAP4K4 v MYTL TBK1
RPS6KB2 O] csnkeaz MAP4KS LMTK2 NAGK TBRG4
RPSBKCL CSNK2B w MEK2 NEK1 TFG
SGK223 TTBK2 RAFL TGFB2
= OxsRri RIPKL NEK7
SGK3 VRKL n PAK2 TGrBR2 NIN Top2
STK38 CDC42BPA PAK3 NME3 TLK2
ADCK4 CDC42BPB ZAK TRIM24
PAK4 ACTLS NME6
AKL CDC42BPG NRBPL TRIM27
AK2 coc7 SLK ADK NTKL TRiM28
= AKs (@) COKL STK10 | AkaP13 NUPSs TWFL
o AK4 o CDK16 STK24 [ AKAPY ucK1
= AKS STK25 < ATRIP PBK uckz
ol = CDK2 STK28 = AURKB PEAKL UCKLL
> AKE 3] CDK3 (@] PFKFB2
k= AK9 CoKa STK3 BUB1B ULKL
Z PFKFB3 ULK3
ATM CDK5 STK39 CCNH PFKL URKLL
ATR CDK7 STK4 CHUK PFKM VIPL
BCKDK CDK9 TAOK2 CLP1 PFKP WEEL
BCR CRKL TAOK3 CMPK1 PIAKB WNKL
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10 01 1 10
Rcemcr-7 Rcemcr-7 Rcemcr-7 Rcemcr-7 Rce/mcF-7 Rcemcr-7
AKT3 BRSK2 DCK ACTL8 CPNE3 AAKL
ccNpL CAMKL DYRK1B ADK DLGL PFKP
ConD3 CAMK1D GSKaA o | axars DSTYK PI4K28
EXOSC10 CAMK2D Gsk3B @ [ e DTYMK PlAKE
GRK6 CAMK2G MAPK1 = EIF2AK2 PIK3C2A
MAST3 CAMK4 = | AURKB EIF2AK4 PIK3C28
CAMKK2 MAPK13 O | Bwex ERCC2
MAST4 AMKY MAPK14 BUB1B PiKscs
MASTL © MAPKLS cav2 ored PIK3R2
il CcASK [8) cona FASTKD2 PIK3RA
PKN2 CHEK1L O] MAPK3 BTK FKBP1A PIKFYVE
PRKAAL DOLK1 S| Mk CAD FPGT PIP4K2A
PRKACA ¢ | MAPKAPK2 MAPK8 5 CSK GAK PIP4K2B
RKAGE S [werarcs Of warke ‘| bort GALKL PipAKaC
PRKACG < MAPKAPKS PRPK EGFR GDUOK PIPSK1A
MARKL PRPS1 EPHA2 GNE
Q| prac O|  wmarkz s EPHBL GoLeAs P
o PRKCD MELK S, EPHB4 GTF2HL
< vy PRPSAPL EPHB6 pbbaie PNKP.
priee NUAK1 PRPSAP2 ERBB2 CTF2He POLR2A
PRKCI PASK SRPK1 ERBB3 GUKL POLR25
PRKD3 PHKAL SRPK2 FER HK1 POLR2C
PRKDC PHKA2 MAP2K1 Y IGF1IR HK2 POLR2D
ROCKL PHKG? MAP2K2 [ HKS poLRaE
ROCK2 SIK3 MAP2K3 JAKL HSPBS PoLR2G
RPSGKAL STK33 MAP2K4 KIT IKBKAP i | POLR2H
RPSGKA3 TRIO MAP3K1L LYN o | xexs @ | poLraL
RPSBKA4 CSNKIAL MAP3K2 PDGFRB [ 1PPK S| Pom
RPSGKB1 CSNK1D MAP3K3 PTK2 < IRS1 O |Phieskz
RPS6KB2 CSNK1D MAP3KA PTK2B - ITPK1 PPP4C
RPSEKC1 CSNK1E MAP3K7 PTK7 Of e PXK
STK38 - CSNK2AL ROR1 ITPKC RP2
ADCKS X | csnkeaz MAP4K2 TR KCNHa scviL
AKL U CSNK2B w MAP4K4 TK2 MAGI3 SCYL2
AK2 TTBK2 pu| wapars L MPPL scvia
AK2 VRK1 MINK YES1 NAGK SPHK1
AK3 VRK2 D] oxsri e NEK3 SRC
AK4 CDCA42BPA PAK2 ACVRL NEK4 TAFY
AKS CDC42BPB PAK3 ARAF NEK7 TBK1
= AKE CDC42BPG PAK4 ILK NIN TBRG4
S :x CDK1 SLK IRAKL NME6 TFG
Q CcDK16 STRL0 IRAKA NME7 TIP2
o ATR Q CDk2 STK24 KSR1 NRBP1 TRIM27
> BCR ] CDK3 oTkes LIMK2 NRP1 TRIM28
b3 BRD2 S CDK4 | MKk NUP62 TTK
MTOR CDKs STK26 X | RAFL
O STK3 RIPK1 PeK sy
PDK1 CDK7 i | Rk PEAK1 UCK1
PDK2 CDK9 TGFB2 PFKFB2 UCK2
RIOKL CLKL STK4 TGFBRL PFKFB3 UCKLL
RIOK3 CLK3 STRADA TGFBR2 PFKL WNK1
SMG1 CRKL TAOK2 ZAK PFKM WNK4
01 1 10 01 1 10 01 1 10 01 1 10 01 1 10 01 1 10
Rcs/MDA-MB-231 Rcs/MDA-MB-231 Rcs/MDA-MB-231 Rcs/MDA-MB-231 Rcs/MDA-MB-231 Rcs/MDA-MB-231

91



Figure 5.3. Comparison of MRM and PRM result.

(a) A Venn diagram displaying the overlap between quantified kinases from MRM and
PRM analysis in C6/MCEF-7 pair of breast cancer cells. (b) A scatter plot showing the
correlation between the expression ratios of kinases obtained from MRM and PRM

analysis in C6/MCF-7 pair of breast cancer cells.
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Figure 5.4. A comparison of the quantified kinases in the two pairs of breast cancer
cells.

(a) A Venn diagram displaying the overlap between quantified kinases from C5/MDA-
MB-231 and C6/MCF-7 pairs of breast cancer cells. (b) A scatter plot showing the
correlation between the expression ratios of kinases obtained for the two pairs of
radioresistant/parental (WT) cells. (c) A heatmap showing the differences in expression
of the commonly altered kinases in the two pairs of radioresistant/WT breast cancer cell
lines. Genes were clustered according to Euclidean distance. The data represent the
means of results obtained from two forward and two reverse SILAC labeling results, and
Table 1 lists the ratios. (d) GO and KEGG pathway analysis of commonly perturbed
kinases in the two pairs of WT/radioresistant breast cancer cell lines.

93



C5/MDA-MB-231

C6/MCF-7

10g10(C6/MCF-7)

10g,,(C5/MDA-MB-231)

Gene Ontology

ATP binding
protein serine/threonine kinase activity
DNA-directed RNA polymerase activity

protein kinase activity
6-phosphofructokinase activity

;-‘F(E receptor signaling protein serine/threonine kinase..
magnesium ion binding
translation initiation factor binding

0 5101520
-log,o(p-value)

KEGG Pathway

Pyrimidine metabolism

RNA polymerase

Purine metabolism

Huntington's disease

Metabolic pathways

Central carbon metabolism in cancer
Measles

Ribosome biogenesis in eukaryotes
Galactose metabolism

Fructose and mannose metabolism
Herpes simplex infection

Wnt signaling pathway

Cytosolic DNA-sensing pathway
Glycolysis / Gluconeogenesis
Adherens junction

RNA degradation

Chemokine signaling pathway

30 00 30
log,(Ratio)

0 5 10
-log,o(p-value)

94



Figure 5.5. Differential expression of CHK1 and TAF9 in acquired radioresistance.

Patient survival correlates with POLR2H (a) and CHEK?1 (b) expression in the
METABRIC cohort with radiotherapy treatment. p value was calculated by using the log-
rank test. (c) Western blot for the validation of the relative expression levels of CHK1
and TAF9 proteins in the paired breast cancer cells. (d) PRM traces for the
quantifications of CHK1 and TAF9 proteins in the paired breast cancer cells. (e)
Quantitative comparison of the ratios of CHK1 and TAF9 in the paired breast cancer cells
obtained from PRM and Western blot analysis. The data represent the mean + S. D. of the
quantification results (n = 3). (f) Box-and-whisker plot showing the comparison of
MRNA levels of CHK1 and TAF9 gene in cell lines derived from normal breast tissues
and primary breast cancer tissues. Data were retrieved from cell lines derived from 114
normal breast tissues and 1097 breast cancer tissues from UALCAN. Box plots represent
interquartile range (IQR) including minimum, 25" percentile, median, 75" percentile and
maximum values. Outliers are excluded from the plot. The t-test was performed using a
PERL script with Comprehensive Perl Archive Network (CPAN) module
“Statistics::TTest”.
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Figure 5.6. TAF9 modulates the acquisition of radiation resistance in breast cancer
cells.

(a) Relative cell survival of MCF-7 (a) and MDA-MB-231 (b) breast cancer cells with
exposure to different doses of X rays after ectopic overexpression TAF9 or transfection
with an empty vector (control). The p values were calculated based on unpaired, two-
tailed Student’s t-test: #, p > 0.05; *, 0.01 <p <0.05; **,0.001 <p <0.01; ***, p<
0.001. (c) Quantitative comparison of MRNA expression between TAF9 and HK2, TAF9
and DDR1 obtained from 1085 breast cancer patients.
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Chapter 6: Targeted Quantitative Profiling of GTP-binding Proteins Associated
with Metastasis of Melanoma Cells

1. Introduction

Melanoma is a principal cause of mortality in the United States, accounting for an estimated
87,110 new cases and 9,730 deaths in 2017 alone (1). Melanoma is typically curable in the
early stages, where the five-year survival rate is 99% for localized melanoma; the
prognosis, however, worsens considerably to approximately 27% for distant metastatic
cases (2). Fortunately, reported mortality for melanoma in the United States decreased
dramatically since the FDA approved new therapies, such as checkpoint inhibitor
ipilimumab and BRAF inhibitor vemurafenib, for metastatic cancer (3,4). Further
investigation of other proteins responsible for regulating melanoma metastasis is of
paramount importance to advance cancer therapy and improve overall survival of advanced

melanoma patients.

GTPases usually serve as molecular switches in cell signaling pathways (5). Aberrant
expression of GTPases is known to be associated with melanoma metastasis. In 2018,
Huang et al. (6) reported a targeted proteomic method combining SILAC labeling, SDS-
PAGE fractionation with MRM analysis to quantitate small GTPases in melanoma cells.
Based on LC-MS results and bioinformatic analysis, they revealed the potential regulatory
role of RAB38 in melanoma metastasis through the upregulation of Matrix
Metallopeptidase 2 (MMP2) and MMP9. Ras Homolog Family Member C (RhoC) has also
been identified as a driver of melanoma metastasis, where induction of RHOC expression

promotes invasion and metastasis, and the phenotype is reversed upon inhibition (7,8).
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Despite these findings, there is a continued need to discover novel drivers and suppressors

for melanoma metastasis.

We previously developed isotope-coded desthiobiotin-GTP probes for the enrichment
and quantitative profiling of GTP-binding proteins. Combining with an MRM-based
proteomic method, we were able to quantify variations in GTP-binding proteins in a pair
of primary and metastatic colon cancer cell lines (9). Several up- or down-regulated
proteins identified with the method were previously reported to play essential roles in
regulating colon cancer metastasis. Considering the effectiveness and efficiency of this
method and the importance of discovering novel regulators of melanoma metastasis, we
applied this quantitative analysis in two matched pairs of primary and metastatic melanoma
cancer cell lines. A few GTP-binding proteins identified from the quantification result were
already reported to regulate melanoma cancer metastasis, including Ras-Related Nuclear
Protein (RAN)and Ras-Related Protein Rab-27A (RAB27A) (10,11). We selected AK4,
one of the most up-regulated proteins, to validate our method's effectiveness and explore
its potential role in the migration and invasion of melanoma cells. Based on migration and
invasion assays and wound healing scratch assays, the increased AK4 expression level was

associated with elevated migration and invasion of melanoma cells.

2. Materials and Methods
2.1 Cell Lysates Labeling with the GTP Probes

WM-115 and WM-266-4 cells were obtained from ATCC, IGR39 and IGR37 cells

were generous gifts from Prof. Peter H. Duesberg (University of California, Berkeley, CA).
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Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen-Gibco)
supplemented with 10% fetal bovine serum (FBS, Invitrogen-Gibco) and
penicillin/streptomycin (100 IU/mL) and maintained at 37°C in a humidified atmosphere
containing 5% CO>. All chemicals were purchased from Sigma-Aldrich unless specifically
noted. The preparation of isotope-coded desthiobiotin-GTP affinity probes, cell lysates
preparation and labeling were performed as previously reported,Errort Bookmark not defined.
Briefly, approximately 2x107 cells were lysed with 1 mL lysis buffer (0.1% Triton X-100,
50 mM HEPES (pH 7.4), 100 mM NaCl) containing protease inhibitor cocktail. After
removal of endogenous nucleotides using NAP-5 columns (Amersham Biosciences),
approximately 1 mg lysates in 1 mL lysis buffer were treated with 5 mM EDTA for 5 min,
followed by 20 uM GTP probe and 20 mM MgCl at room temperature for 2 h. In the
forward labeling experiments, the primary and metastatic melanoma cells were labeled
with light or heavy GTP probes, respectively. The labeling conditions were swapped in the
reverse experiments. After the labeling reaction, the unreacted probes were quenched with
100 mM glycine for 30 min at room temperature. The labeled lysates for a pair of primary

and metastatic melanoma cells were combined in 1:1 ratio for further analysis.

2.2  Scheduled MRM analysis

The LC-MS/MS samples were prepared following previously reported procedures.
Error! Bookmark not defined.  Briefly, after probe labeling, the lysates were digested with trypsin
using filter-aided sample preparation (FASP) method. The probe-labeled peptides were
enriched using high-capacity streptavidin beads (Sigma-Aldrich) and analyzed on a TSQ

Vantage triple-quadrupole mass spectrometer (Thermo Fisher) coupled with a
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nanoelectrospray ionization source and an EASY n-LC-11 HPLC system. Samples were
automatically loaded onto a pre-column packed with ~4 cm of 5 pm C18 120 A reversed-
phase material (ReproSil-Pur 120 C18-AQ, Dr. Maisch) at a 3 pL/min flow rate. The pre-
column was connected to a 20-cm fused-silica analytical column (75 pum i.d.) packed with
3 um C18 120 A reversed-phase material. Peptides were separated with a 140-min HPLC
gradient from 10-35% buffer B (acetonitrile with 0.1 % formic acid) in buffer A (water
with 0.1 % formic acid) at a flow rate of 230 nL/min. The spray voltage was 1.9 kV. Q1

and Q3 resolutions were 0.7 Da and the cycle time was 5 s.

We employed our previously developed scheduled LC-MRM method for targeted
peptide detection in a pre-selected retention time window that was calculated based on iRT
calibration using tryptic peptides of BSA as the standards. The quantification results were
analyzed with Skyline and manually checked to ensure that the intensity distribution of
selected transitions match with theoretical distributions in the spectral library (dotp higher
than 0.8) (12). The sum of peak areas for all selected transitions were used for
quantification of the heavy over light ratios. The transition lists for peptides in the library
and the raw files for LC-MRM analyses for paired melanoma cancer cells were deposited
into PeptideAtlas with the identifier number of PASS01639

(http://www.peptideatlas.org/PASS/PASS01639).

2.3 Stable Cell Line Generation

The stable cell lines for knockdown or overexpression of AK4 in melanoma cancer
cells were generated with lentivirus. The sShRNA sequences were selected from Sigma and

cloned into pLKO.1-Puro (Addgene). The loop regions for sShRNAs were CTCGAG, the
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sense strands were 5'-GCCAGTCATTGAATTATACAA-3" for shAK4-2e, 5'-
GCCAGGCTAAGACAGTACAAA-3' for shAK4-1, and 5'-
TCCTAAGGTTAAGTCGCCCTCG-3" for scrambled control (shCtrl). The cDNA
sequence of AK4 was PCR-amplified from a cDNA library prepared from WM-266-4 cells
and cloned into a pLIM1-EGFP vector (Addgene). The lentiviruses were packaged in HEK
293T cells and collected after a 48-h incubation. Primary melanoma cells were infected
with lentivirus for AK4 overexpression or empty vector, and metastatic melanoma cells
were infected with lentivirus for AK4 knockdown or shCtrl for 48 h. Successfully infected
cells were selected with 1 pg/ mL puromycin until the corresponding untransduced cells
dead completely. The AK4 expression levels were tested using western blot prior to further

experiments.

2.4  Cell Migration and Invasion Assays

For the migration assay, WM or IGR pairs of melanoma cells were suspended in serum-
free media, and 2.5x10* (for the WM pair) or 4x10* (for the IGR pair) cells were added
into the chamber of the transwell insert (Corning). Complete DMEM media supplemented
with 10% FBS was added into the lower chamber under the insert. After incubation at 37°C
for 24 hours (WM cells) or 48 hours (IGR cells), the inserts were washed with PBS and the
unmigrated cells inside the insert were gently removed with a cotton swab. The migrated
cells were fixed with 70% ethanol followed by staining with 0.5% crystal violet and imaged
under an inverted microscope. The WM cells were imaged under bright field and the IGR
cells were imaged using the TxRed lens. Cells in four randomly selected fields were

counted and averaged. The invasion assay was performed side by side with the migration
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assay under the same conditions, except that the inner surface of the transwell insert was
coated with Matrigel basement membrane matrix (Corning), at a concentration of 200-400

pg/ml, at 37°C for an hour prior to seeding of cells.

2.5  Wound Healing Assays

Cells were seeded in 6-well plates at a density of 5x10° cells per well and incubated
until more than 90% confluency. A scratch was made in the cell monolayer with a 100 pl
pipette tip and the disrupted cells were removed by gently wash with 1xPBS twice. The
remaining cells were cultured at 37°C in DMEM media without FBS to prevent cell
proliferation. Images were then taken under an inverted microscope at 0, 24 and 48 hours,
to assess the level of cell migration. Images were then analyzed with Image-Pro v10 (Media

Cybernetics).

3. Results and Discussion
3.1  Quantitative Profiling of GTP-binding Proteins in Melanoma Cells
We have previously reported the application of GTP acyl phosphate probes for the

covalent labeling of GTP binding proteins (Figure 6.1A). These probes were designed to
label the nucleophilic lysine residues in the GTP-binding pockets, such as lysines in the
highly conserved Walker A motif GxxxxGKT/S in many GTPases, with a desthiobiotin
affinity tag. By introducing an isotope-coded y-amino-butyryl (GABA) linker between
GTP and the affinity tag, targeted proteins could be labeled with either a heavy or a light
probe to facilitate quantitative analysis. Based on shotgun proteomic data, we constructed

a peptide library encompassing 217 probe-labeled GTP-binding proteins and developed a
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quantification method using multiple reaction monitoring (MRM) technique (Figure 6.1B).
Primary and metastatic melanoma cancer cells were labeled with light or heavy probes,
respectively, and mixed at a 1:1 ratio, followed by tryptic digestion. The peptide mixtures
were then treated with streptavidin beads to enrich labeled peptides for LC-MRM analysis.
At least three top-ranking y-ions were selected for each peptide in the library. Targeted
peptides were detected in pre-selected retention time windows based on iRT calibration
with 10 selected tryptic peptides from bovine serum albumin (BSA) as external standards.

The data were then analyzed with skyline.

3.2  Scheduled MRM Analysis of GTP-binding Proteins in Matched Metastatic
and Primary Melanoma Cancer Cells

Metastasis is one of the primary reasons leading to the mortality of melanoma. To
evaluate the impact of GTP-binding protein expression on melanoma metastasis, we
applied our scheduled MRM method on two pairs of matched metastatic and primary
melanoma cell cancer lines. WM-115 and WM-266-4 were derived from primary tumor
and skin metastasis from the same 55 years old female patient (13). IGR39 and IGR37
were derived from primary tumor and lymph node metastasis from the same 26 years old

male patient (14).

A total of 64 GTP-binding proteins were quantified in both pairs of cell lines (Figure
6.2). Among these proteins, several were previously shown to regulate melanoma
progression, including Ras-Related Nuclear Protein (RAN) (11). Another example of this
is RAB27A, which has been found to be upregulated in metastatic cancer and promote

melanoma metastasis through regulating the MET network (10,15). For most quantified
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peptides, the peptide intensity ratio was reasonably consistent between forward and reverse
experiments (Figure 6.3A, B). We also observed a significant correlation for differential

regulation of proteins between the WM and IGR cell lines pairs (Figure 6.3C).

We next validated the altered expression of AK4 and Transglutaminase 2 (TGM2)
between primary and metastatic cell lines. By employing Western blot analysis, we
determined that the results about the differential expressions of AK4 and TGM2 in the
paired primary/metastatic melanoma cells are consistent with our MRM data, further
validating quantification accuracy of our method (Figure 6.3D, 6.7, 6.8). Hence, we chose
to further investigate AK4 for its effects on promoting melanoma metastasis.

3.3  AK4 Promoted Migration and Invasion in Melanoma Cells

We next sought to determine whether AK4 can promote the migration and invasion
capabilities of metastatic melanoma cell lines. For this purpose, we employed the transwell
migration and invasion assay. To employ this method, we first modified the WM-115 and
IGR39 cell lines to stably overexpress AK4. We compared these cell lines against WM-
115 and IGR39 cell lines containing the empty vector sequence. Using the transwell assay
detailed above, we determined that the invasion of WM-115 cells was significantly
increased upon overexpression of AK4 (Figure 6.4B, C). This finding was further
corroborated with the IGR39 cells, where overexpression of AK4 led to a significant

increase in cell migration and invasion (Figure 6.8B, C).

We subsequently sought to determine whether heightened AK4 expression in
metastatic melanoma cells can promote melanoma cell migration and invasion. We

prepared WM-266-4 and IGR37 cell lines with stable knockdown of AKA4. This
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knockdown's effectiveness was assessed against cell lines containing an shCtrl sequence
with Western blot analysis (Figure 6.4A, 6.8A). Our results demonstrated that the
knockdown of AK4 in WM-266-4 cells resulted in a significant decrease in these cells'
ability to migrate and invade (Figure 6.4D, E). We observed a similar change with IGR37
cells with stable knockdown of AK4, wherein migration and invasion were significantly
decreased (Figure 6.8D, E). Together these results suggest the vital importance of AK4 in

promoting cell invasion and migration.

To further investigate this effect, we employed a wound-healing scratch assay to
determine if AK4 expression is necessary for melanoma cells to migrate. Using the WM-
115 AK4 stable overexpression line, we observed a significant increase in cell migration
compared to the control at 48 hours after the scratch (Figure 6.5A, B). Consistent with this
trend, we observed an increase in cell migration with the IGR39 cells following cell
perturbation (Figure 6. 9A, B). Reciprocal experiment with WM-266-4 and IGR37 cells
with stable knockdown of AK4 showed a significant diminution in cell migration (Figure

6.5C, D, 6. 9C, D).

There is considerable research showing that increased AK4 is associated with a poor
prognosis in cancer. In lung cancer, elevated AK4 expression promotes metastasis through
regulating activating transcription factor 3 (ATF3). In one mechanism, this occurs through
the AK4-induced down-regulation of ATF3, which leads to the induction of MMP2 (16).
In the same vein, increased AK4 expression has also been documented to promote the
stabilization of HIF-10, thus driving the epithelial-to-mesenchymal transition (EMT) in

lung cancer cells (17). Altogether, these results provide significant evidence of AK4’s role
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in promoting melanoma cell metastasis through supporting cell invasion and migration
capabilities.
4. Conclusions

In this study, we developed a high-throughput chemoproteomic method for the
quantitative analysis of GTP-binding proteins, where the method involves the use of stable
isotope-coded desthiobiotin-GTP acyl phosphate probes and a peptide library
encompassing 217 probe-labeled peptides derived from GTP-binding proteins. We
subsequently used this library to design an MRM method for the targeted quantification of
these proteins. By employing this method, we were able to quantify 64 GTP-binding
proteins across two primary and metastatic melanoma cells pairs. From these data, we
found that AK4 and TGM2 proteins were significantly up- and downregulated,
respectively, in the metastatic cell lines compared to their primary counterparts. We further
demonstrated through migration/invasion assays and the wound healing scratch assay that
the upregulation of AK4 is necessary for the increased migration and invasion observed in

the metastatic cell lines.
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Figure 6.1. The design of stable isotope-encoded desthiobiotin-GTP probes and the
guantification workflow.
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Figure 6.2. A heatmap showing the quantification results for GTP-binding proteins
in all four experiments.

The values for WM-F and WM-R are results obtained from the forward and reverse probe
labeling experiments in the WM pair of cell lines, respectively. The values for IGR-F and
IGR-R represent the corresponding quantification results for the IGR pair of cell lines.
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Figure 6.3. Analysis and validation of the MRM quantification results of labeled

GTP-binding proteins.

A) comparison between the forward and reverse labeling experiments of the WM-pair
cell lines; B) comparison between the forward and reverse labeling experiments of the
IGR-pair cell lines; C) comparison between the average ratios for WM- and IGR-pair cell
lines; D) validation of expression levels for selected GTP-binding proteins with Western

blot.
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Figure 6.4. AK4 promoted migration and invasion in the WM-pair cell lines.

A) Western blot showing the expression level of AK4 after its stable knockdown in WM-
266-4 cells; B) representative images and C) quantification results of the migration and
invasion assay showing the influence of AK4 overexpression in WM-115 cells; D)
representative images and E) quantification results of the migration and invasion assay
showing the influence of stable AK4 knockdown (with two different ShRNAs) compared
with shCtrl in WM-266-4 cells.
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Figure 6.5. Wound healing assay for the WM-pair cell lines.

A) representative images and B) quantification results showing the influence of AK4
overexpression in WM-115 cells; C) representative images and D) quantification results
showing the influence of AK4 knockdown in WM-266-4 cells.
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Figure 6.6. Selected-ion chromatograms for the light and heavy forms of the
targeted TGM2 peptide.

Data are obtained from A) forward experiment of the WM-pair of cell lines; B) reverse
experiment of the WM-pair of cell lines; C) forward experiment of the IGR-pair of cell
lines; D) reverse experiment of the IGR-pair of cell lines.
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Figure 6.7. Selected-ion chromatograms for the light and heavy forms of the
targeted AK4 peptide.

Data are obtained from A) forward experiment of the WM-pair of cell lines; B) reverse
experiment of the WM-pair of cell lines; C) forward experiment of the IGR-pair of cell
lines; D) reverse experiment of the IGR-pair of cell lines.
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Figure 6.8. AK4 promoted migration and invasion in the IGR-pair cell lines.

A) western blot showing the expression level of AK4 after overexpression in IGR39 cells
and stable knockdown in IGR37 cells; B) representative images and C) quantification
results of the migration and invasion assay showing the influence of AK4 overexpression
in IGR39 cells; D) representative images and E) quantification results of the migration
and invasion assay showing the influence of stable AK4 knockdown (with two different
shRNAs) compared with shCtrl in IGR37 cells.
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Figure 6.9. Wound healing assay for the IGR-pair cell lines.

A) representative images and B) quantification results showing the influence of AK4
overexpression in WM-115 cells; C) representative images and D) quantification results
showing the influence of AK4 knockdown in WM-266-4 cells.
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Chapter 7: Conclusions and Future Remarks

The research in this dissertation focused on two main goals. In the first avenue, we
sought to identify novel protein substrates for two types of protein methylation, histidine
methylation and o-N-methylation, as well as to elucidate how the installation of the latter
type of methylation is regulated. Our research initially focused on discovering how
NTMT1 expression is regulated by the m®A-mediated epitranscriptomic pathway, and
how this affects the a-N-methylation of a novel substrate, MRG15. We subsequently
sought to identify novel substrates of both a-N-methylation and histidine methylation,
both PTMs that are as-of-yet poorly understood. Our second primary avenue of research
was to discover drivers and suppressors of metastasis in melanoma cells and acquired
radioresistance in breast cancer cells.

In Chapter Two, we sought to determine if NTMTL1, and by extension the entire
process of a-N-methylation is regulated epitranscriptomically. To this end, we used
isogenic cells with genetic knockout of writers/readers/erasers of m®A, one of the most
well studied mRNA modifications. In cells with a loss of METTL3 expression, we
observed a dramatic increase in NTMT1 expression. This finding was mirrored when
testing isogenic cells without FTO expression. Furthermore, using cells lacking
expression of YTHDF1/2, we observed an increase in NTMT1 expression, a trend that
was opposite in cells without YTHDF3. Together, these data showed that NTMT1
expression and the a-N-methylation that it is responsible for are regulated in an
epitranscriptomic manner. Subsequently, we sought to identify a new protein substrate of

NTMT1. MRG15 contains the N-terminal XPK motif that is common among NTMT1
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substrates. By using affinity enrichment and mass spectrometry analysis, we discovered
that MRG15 exhibits a-N-methylation. Moreover, to determine if MRG15 is indeed a
NTMT1 substrate, we conducted the same experiment using SiRNA to deplete NTMT1
expression. Upon depletion of NTMT1, we observed a loss of MRG15 a-N-methylation.
This was further confirmed by expressing an MRG15 plasmid harboring a K4Q mutation,
known to block NTMT1 methyltransferase activity. Conducting the same experiment, we
observed a loss of MRG15 N-terminal methylation, confirming NTMTL1 is the primary
protein responsible for this methylation. We further tested whether MRG15 a-N-
methylation is regulated epitranscriptomically. Using the isogenic cells with genetic
ablations of the m8A writers/readers/erasers, we observed promotion or suppression of
MRG15 a-N-methylation consistent with previous data. Altogether, we demonstrated that
NTMT1 expression is regulated epitranscriptomically, including its ability to target a

novel protein substrate, MRG15.

In Chapters Three and Four, we discuss the mining of publicly available mass
spectrometric datasets for the identification of novel protein substrates exhibiting o-N-
methylation or histidine methylation. This method consisted of comparing spectra from
publicly available datasets against the theoretical peptide fragments produced from all
proteins in the human proteome with MaxQuant to determine novel PTM substrates. Our
results uncovered 219 instances of N-terminal methylation across 196 proteins.
Furthermore, we used the affinity purification and mass spectrometric analysis to confirm
the discovery of VAMP4 as a substrate for a-N-methylation. Given the knowledge that

VAMP4 contains a conserved XPK motif known to be targeted by NTMT1, we
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subsequently sought to determine if NTMT1 is responsible for this methylation. Through
employing isogenic cells lacking expression of NTMTL1, or a K4Q mutant of VAMP4, we
observed a dramatic loss of VAMP4 a-N-methylation. We subsequently applied the same
method of screening publicly available datasets for the identification of novel protein
substrates of histidine methylation. Using this method, we uncovered 33 instances of
histidine methylation among 26 proteins. Moreover, using the affinity purification
method detailed above, we confirmed that RBM22 is a novel protein with histidine
methylated. Together, our results have significantly expanded on the pool of potential a-
N-methylated and histidine methylated proteins, including VAMP4 and RBM22. Future
experiments should focus on confirming other potential histidine methylated proteins and
determining how the o.-N-methylation of VAMP4 and histidine methylation of RBM22

modulate the functions of these proteins.

In Chapter Five, we used SILAC labeling and a PRM-based LC-MS/MS method
to determine the differential expression of kinase proteins between breast cancer cell lines
MCF7 and MDA-MB-231 and their radioresistance clones ( C6 and C5 respectively). By
employing this method, we were able to quantify the relative expression levels of 300 and
281 protein kinases in C5/MDA-MB-231 and C6/MCF-7 pairs of breast cancer cells,
respectively. Among the proteins shown to have increased expression in the
radioresistance clones, we identified TAF9 as a potential driver of acquired
radioresistance. Through employing clonogenic survival assays, we further confirmed

TAF9 as a driver of radioresistance in breast cancer cell lines. Further studies would
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focus on confirming TAF9s role in radioresistance, as well as to determine whether TAF9

effects radioresistance in animal models.

In Chapter Six, we employed an MRM-based LC-MS/MS method for the
quantitative profiling of GTP-binding proteins. For this purpose, we used stable isotope-
coded desthiobiotin-GTP probes for the targeted enrichment of GTP-binding proteins. A
total of 64 GTP-binding proteins were quantified in both pairs of cell lines, including
several proteins such as RAB27A which are known drivers of melanoma metastasis.
From these proteins, we identified AK4 as a potential driver of metastasis as it was one of
the most upregulated proteins in the metastatic cell lines. We further discovered that AK4

expression is necessary for melanoma cell invasion and migration.
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