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ABSTRACT OF THE DISSERTATION

Quantitative Proteomic Profiling of TBC Domain-Containing Proteins and
Epitranscriptomic Reader, Writer and Eraser Proteins

by

Tianyu Q1

Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, March 2022
Dr. Yinsheng Wang, Chairperson

Recent advances in mass spectrometry instrumentation and sample preparation methods
have enabled robust identification and quantification of proteins at the entire proteome
level. The focus of this dissertation is placed on two groups of proteins, the TBC domain-
containing proteins as well as epitranscriptomic reader, writer and eraser (RWE) proteins.

In Chapter 2, I utilized a shotgun quantitative proteomic method to assess, at the global
proteome scale, differential protein expression in a matched pair of primary/metastatic
melanoma cell lines (i.e. WM-115/WM-266-4). | found TBC1D7 may play a role in
melanoma cell invasion.

In Chapter 3, | established a liquid chromatography—parallel-reaction monitoring (LC-
PRM) method for high-throughput profiling of approximately 150 epitranscriptomic RWE

proteins. | employed this LC-PRM method coupled with stable isotope labeling by amino



acids in cell culture (SILAC) to examine the differences in expression levels of the proteins
in two matched pairs of radioresistant/wild type (MDA-MB-231/C5 and MCF-7/C6) breast
cancer cells. This method allows for the quantifications of 70% and 65% of the
epitranscriptomic RWE proteome. Among them, TRMT1 (an m??G writer) may assume a
crucial role in enhancing breast cancer radioresistance.

In Chapter 4, | further applied this LC-PRM method to assess the expression of
epitranscriptomic RWE proteins in modulating colorectal cancer (CRC) metastasis. | was
able to quantify 74% of the epitranscriptomic RWE proteome; among them, 48 and 5 were
up- and down-regulated by over 1.5-fold in metastatic SW620 relative to primary SW480
CRC cells, respectively.

In Chapter 5, I modified the LC-PRM method by employing a mixture of 48 stable
isotope-labeled (SIL) peptides representing RWE proteins as internal or surrogate
standards. | utilized this method to explore potential crosstalk between Né-methyladenosine
(m®A) and other modified ribonucleosides by assessing the epitranscriptomic RWE
proteome in ALKBH57, FTO”-, METTL3" cells, and their isogenic parental HEK293T.
NOP2, PUS3, TGS1 and RBMX were altered by more than 1.5-fold in the opposite
directions in ALKBH5”- and METTL3" cells relative to isogenic HEK293T cells.

Together, the research described in this dissertation documented the power of
quantitative proteomics in revealing new functions of cellular proteins in modulating

cancer metastasis, radioresistance, and the epitranscriptome.
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1. Chapter 1. Introduction

1.1 General Overview

The advances in Mass spectrometry (MS)-based proteomics in the past decade provides
powerful tools for studying protein identification and quantification, posttranslational
modification (PTM) characterization, protein-protein interaction, protein structure and
function, and biomarker discovery (1-4). Bottom-up proteomics analyzes proteins that are
proteolytically cleaved prior to mass spectrometric analysis. In this chapter, | will discuss
common peptide detection methods in bottom-up proteomics, i.e., unbiased and untargeted
methods, including data-dependent acquisition (DDA) and data-independent acquisition
(DIA), and targeted methods, including selected-reaction monitoring (SRM) and parallel-
reaction monitoring (PRM). I will discuss the basic principle, method development,
workflow, and comparison among these different methods.

Next, | will describe quantitative proteomics, which encompasses relative and absolute
quantifications and involves label-free and labeling-based methods. The overview of MS-
based proteomics is summarized in Figure 1.1. Labeling-based quantification methods
include metabolic labeling, spike-in of isotope-labeled standards, and isotope-tagging by
chemical reactions, where | will elaborate on stable isotope labeling by amino acids in cell
culture (SILAC), stable isotope-labeled (SIL) peptide, and tandem mass tags (TMT),
respectively. In the end, | will discuss absolute quantification using absolute quantification
of proteins (AQUA) and protein standard absolute quantification (PSAQ). | will explain

the basic principle, advantages, and disadvantages of each method.



Next, | will move on to introduce the most abundant internal modifications in mRNA,
NEé-methyladenosine (m®A), and its epitranscriptomic reader, writer, and eraser (RWE)
proteins. | will also discuss other modified nucleosides in RNA. In the end, I will introduce
the scope of the dissertation.

1.2 Bottom-up proteomics
1.2.1 Data-dependent acquisition (DDA)

In shotgun proteomics, also referred to as discovery-mode proteomics, mass
spectrometers acquire data in the data-dependent acquisition (DDA) mode (Figure 1.2a). It
is an unbiased and untargeted analysis allowing for identifying thousands of proteins in a
complex sample (5). In the DDA mode, MS survey scan is initially performed, then based
on the intensity acquired from the survey scan, the instrument is programmed to fragment
precursor ions with the highest abundances (i.e., top 20) to obtain their MS/MS
individually; subsequently, another MS survey scan is conducted, followed by acquiring
top N individual MS/MS, where each MS? is a snapshot of a specific peptide precursor.
The precursor space is sampled by MS? discontinuously in neither the RT dimension nor
m/z dimension. (Figure 1.2b). After data acquisition, MS and MS/MS can be searched using
search engines, e.g., MaxQuant and MASCOT (6, 7), against database with protein
sequences where peptides are identified based on peptide spectrum matches.

Compared with targeted proteomics, DDA analysis interrogates the full scope of the
proteins in the sample, and no information needs to be provided from the researcher to the
instrument before data acquisition. However, it lacks sensitivity because DDA only

fragments high-abundance precursor ions and leaves low-abundance ones in the MS survey



scan unanalyzed. In addition, DDA lacks reproducibility because low-abundance precursor
ions sampled in one biological replicate may not be selected for fragmentation in the
second biological replicate, resulting in large variations among replicates. It is worth noting
that DDA-based quantifications are based on extracted-ion chromatograms (XICs) from
MS scan, which may be more susceptible to interference of co-eluting ions than
quantification based on MS/MS.

In bottom-up proteomics, traditional proteolytic digestion is performed either “in-gel”
or “in-solution” using trypsin (8). Both digestion methods have disadvantages, where in-
gel digestion may suffer from significant sample loss and low peptide recovery, and in-
solution digestion may be incomplete owing to interferences from sample matrices (9). To
overcome these disadvantages, Wis niewski et al. (9) introduced filter-aided sample
preparation (FASP). FASP was employed to examine the cleanup efficiency of sample
solubilized in 4% sodium dodecyl sulfate (SDS). The successful removal of residual SDS
during buffer exchange in a filter-based device is crucial because the presence of SDS,
even at low amounts, affects trypsin digestion efficiency and interferes with peptide
quantification due to the high ionization efficiency of SDS.

1.2.2 Selected-reaction monitoring (SRM)

Western blot analysis for target protein quantification has been used for decades. It is
highly sensitive, but suffers from low throughput, and potential antibody specificity and
availability issues. In comparison, MS-based targeted proteomics has the advantages of

high throughput, where up to hundreds of peptides can be quantified in one LC-MS/MS



run, and high specificity, where unique tryptic peptides representing targeted proteins can
be quantified.

Targeted proteomics can be a better strategy if researchers have a pre-defined list of
proteins of interest since it offers better sensitivity, selectivity, and reproducibility than
DDA. Among targeted proteomic approaches, selected-reaction monitoring (SRM), also
referred to as multiple-reaction monitoring (MRM), is known for its highly sensitive and
reproducible peptide measurement (10). SRM is conducted on a triple-quadrupole mass
spectrometer (Figure 1.2a). The first (Q1) and third quadrupole (Q3) serve as mass filters
for precursor ion and fragment ion selection, respectively, whereas the second quadrupole
(Q2) operates in radio frequency (RF)-only mode and serves as a collision cell for
fragmentation of precursor ions. Scheduled SRM is programmed to target a pre-defined list
of peptides of interest, including the information of precursor m/z, fragment m/z, collision
energy, and potential elution time. Each MS? is a sampling of one fragment ion in Q3.
Precursor space is sampled by MS? signals continuously in the RT dimension, but not in
m/z dimension (Figure 1.2b). Because SRM is conducted in a quadrupole, the resolution is
lower than data acquired in a high-resolution mass analyzer, e.g., Orbitrap. The complexity
of the sample usually needs to be decreased through sample fractionation (11).

In order to establish an SRM library, three types of information are required: selection
of target proteins, selection of peptides to represent target proteins, and selection of
transitions (Figure 1.3) (12). Unlike discovery proteomics, the selection of target proteins
in SRM is driven by research hypothesis (13). The selection of peptides can be deduced

from discovery proteomics in-house or from data repositories. Two major criteria need to



be considered: (a) Peptide should be unique from a specific protein for high selectivity.
Online  tools, such as  neXtProt - Peptide  uniqueness  checker

(https://www.nextprot.org/viewers/peptide-unigueness-checker/app/index.html) (14), can

be used to ensure the uniqueness of the peptides. (b) Three to five peptide precursor ions
of a single protein with the maximum intensities should be selected for high sensitivity.
The selection of precursors can be determined by mining previously acquired discovery
proteomic data in-house or from data repositories, including PeptideAtlas

(www.peptideatals.org/), ProteomeXchange (http://www.proteomexchange.org/), and

PRIDE (https://www.ebi.ac.uk/pride/). To use PeptideAtlas (15) as an example, upon

searching a protein name, a table titled “Distinct Observed Peptide” is exhibited where
peptide sequences are displayed in descending order of empirical suitability score. Top
sequences on the list representing the targeted protein, which have been frequently detected
in different experiments and instruments from separate studies, may be selected to monitor
in the SRM experiment. It is worth noting that the top sequences on the list does not
guarantee the highest ion intensities on the triple quadrupole instrument to conduct the
SRM experiment. Therefore, it is more reliable to obtain proteomic data in-house using the
same instrument as conducting SRM experiment than from public data repositories. In
addition to the above-described empirical data, peptides can also be selected from
prediction algorithms, for instance, ESP predictor

(https://www.genepattern.org/esppredictor) (16). Prediction algorithms are less accurate

and it can be used as the last resort when empirical data are not available.
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In addition to two primary criteria mentioned above, below are the other criteria when
selecting tryptic digested peptides to establish an SRM library (17): (a) Peptide length
should maintain 7-25 amino acids; (b) Avoid missed cleavage sites of trypsin; (c) Avoid
two enzymatic cleavage sites adjacent to each other, such as KK, KR, RR, or RK; (d) Avoid
D/E adjacent to the cleavage site; () Avoid P after K/R, such as KP or RP; and (f) Avoid
frequently modified amino acids, for instance, M and W, which are frequently oxidized.

To select three-to-five transitions to represent each precursor, the transition needs to be
unique and exhibits the highest intensities. For a peptide encompassing ten amino acids,
fragment ions yo and ys are more likely to be unique and reliable than y1 and y2. Therefore,
if they display the same intensity, the selection of ys and ys to represent the precursor may
be a better choice than yi1 and y2. To obtain the highest intensities of fragment ions from
each peptide precursor, researchers can use the MS/MS obtained from discovery
proteomics generated in-house or from public data deposited to online repositories. In
addition to the aforementioned online repositories, other databases containing SRM data

such as SRMAtlas (www.srmatlas.org) and PASSEL (www.peptideatlas.org/passel/) can

also be used.

In summary, SRM is a highly sensitive and reproducible targeted proteomic method that
can be used to profile tens-to-hundreds of targeted proteins. The disadvantage of SRM is
that it can be labor-sensitive since prior knowledge of proteins is needed. Additionally,
samples may need to be fractionated to enhance signal-to-noise ratio due to the low-

resolution data obtained from quadrupole. However, once the SRM method is established,
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it may be efficiently applied to other research projects without extensive further
optimization.
1.2.3 Parallel-reaction monitoring (PRM)

Parallel-reaction monitoring (PRM) is another MS-based proteomic method, also known
as targeted MS/MS (tMSMS), MRM-HR, pseudo selected reaction monitoring (pSRM) or
targeted full-scan MS/MS. Distinct from MRM, it is usually performed on a high-
resolution and accurate-mass (HRAM) mass analyzer such as Orbitrap or time of flight
(TOF), coupled with quadrupole or ion trap for precursor ion selection (Figure 1.2a) (18).
The major difference between PRM and SRM is that HRAM full scan MS/MS (<10 ppm)
are obtained in PRM; on the contrary, low resolution (0.7 m/z) discrete transitions are
measured in SRM. PRM has a significantly reduced time in method development because
a full-scan MS/MS is acquired for all fragment ions of a peptide precursor ion, and it does
not require a priori information of fragment ions as SRM does.

Without the need to indicate fragment ions m/z, only predefined m/z values of precursor
ions need to be included in the PRM method. This information can be retrieved from
previous shotgun proteomics obtained in-house or from public data repositories, similar to
the processes described in the SRM section. While operating a quadrupole-Orbitrap mass
spectrometer in the PRM mode, precursor ions are selected in quadrupole, transferred
through the C-trap, and injected into the higher-energy collisional dissociation (HCD) cells
for fragmentation. The ensuing fragment ions are sent back to the C-trap for focusing and
are injected into the Orbitrap for high-resolution mass measurement. Each MS? is sampled

from one targeted precursor ion at one point in time, and MS? signal of each precursor is



acquired over time across the chromatogram. Similar to SRM, precursor space is sampled
by MS?signals continuously in the RT dimension, but not in m/z dimension (Figure 1.2b).

The goal of the targeted proteomics is to achieve the best possible sensitivity, accuracy,
and as many number of precursors as possible. However, there is a trade-off among these
three parameters. Dwell time or accumulation time is the time given the instrument to
accumulate signal for a specific transition (for SRM) or for obtaining full-scan MS/MS of
a specific precursor (for PRM). The longer the dwell time, the higher the signal-to-noise
ratio. Cycle time is the sum of the dwell time to loop through the transition list (for MRM)
or the precursor list (for PRM) (Figure 1.2b). It is also an indication of the sampling rate
across the chromatographic peak. For instance, for a 30-second chromatogram, if 15 points
or more are preferable to obtain accurate quantification, the cycle time should not exceed
2 seconds. Therefore, the shorter the cycle time, the more accurate the quantification is.
The number of scanned transitions (for MRM) or precursors (for PRM) equals cycle time
divided by dwell time. In order to maximize the number of transitions or precursors to scan
among tens-to-hundreds of peptides in a target list, without reducing dwell time (i.e.,
sacrificing sensitivity) or increasing cycle time (i.e., sacrificing quantification accuracy),
RT scheduling is necessary.

The determination of normalized retention time (iRT) (19) of each peptide precursor is
fundamental for RT scheduling. After knowing the elution time of the peptide precursor in
discovery proteomics in-house, iRT of each peptide precursor can be obtained from the
correlation between ten predefined iRT of bovine serum albumin (BSA) tryptic peptides

and their corresponding RT. Upon determining iRT of each peptide, peptide precursors are



monitored in a scheduled retention time window. Therefore, the number of concurrent
precursor ions is reduced at any point in time, allowing many more targets to be analyzed
in a single LC run at a given dwell and cycle time.

Skyline (www.skyline.ms) is a freely available, open-source software suitable for

targeted proteomic analysis (20). SRM or PRM library of targeted peptides, containing
spectrum library and iRT information of each peptide, is first developed using Skyline.
Subsequently, the isolation list of PRM or transition list of SRM can be automatically
exported from Skyline as an inclusion list for the LC-PRM or LC-SRM method. After data
acquisition, the obtained raw data are imported to Skyline for peak integration.

For confident SRM or PRM peak identification, several criteria can be employed (Figure
1.4): (a) Transitions of a specific precursor should co-elute and exhibit similar peak shape;
(b) If a heavy isotope-labeled standard is employed for an analyte of interest, the heavy
form and its light counterpart should co-elute; (c) dot plot (dotp) value is employed to
gauge the similarity of the fragment ion distribution between acquired MS/MS and
reference MS/MS in the spectral library (21). The closer dotp value to 1, the more these
two MS/MS resemble. Dotp value of 0.7 is often used as a cutoff, but 0.9 is preferable. It
should be noted that each transition of SRM or PRM needs to be examined by the
researcher to rule out the use of potential interfering ions for quantification. The most
frequently identified interfering ions are yi ion since it is less selective. Moreover, PRM is
acquired on a high-resolution mass analyzer whose mass accuracy is less than 10 ppm.

Transitions with mass accuracy larger than 20 ppm are usually not reliable.
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In conclusion, both SRM and PRM are highly accurate, reproducible, and have a wide
dynamic range of four to five orders of magnitude (22). SRM excels in its high sensitivity,
whereas PRM offers high selectivity. SRM usually requires prefractionation to reduce
sample complexity, such as using SDS-PAGE to separate and excise desired bands of
interest or using isoelectric focusing, because it is conducted in a low-resolution
quadrupole mass analyzer. However, because of its high selectivity, PRM can deal with
samples with high complexity, such as whole-cell lysate or plasma (23, 24). In addition,
PRM is less labor-extensive compared with MRM because fragment ion information does
not need to be determined a priori.

1.2.4 Data-independent acquisition (DIA)

Data-independent acquisition (DIA) or sequential window acquisition of all theoretical
mass spectra (SWATH) (25) has gained increasing attention in the scientific field in the
past decade. Unlike DDA, which is instrument-driven and biased toward detecting highly
abundant species, DIA measures all fragment ions, even the least abundant species, for all
precursors in a defined relatively large isolation window (for instance, 20 m/z). DIA
provides untargeted, unbiased, and consistent acquisition of MS/MS for all analytes across
chromatographic time scale. In theory, DIA offers complete peptide identification in a
given sample. However, it also results in a highly complicated MS/MS that contains all
fragment ions from different precursors in the same isolation window (26).

There are two major ways to identify peptides from DIA data. The most traditional one
is peptide-centric analysis (25). A reference spectrum library can be established a priori

after learning the precursor and fragment ion information of specific peptides from shotgun
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proteomic analysis. Similar to PRM data analysis, the acquired DIA MS/MS are
subsequently compared with the established spectral library for peptide identification. This
peptide-centric analysis can be carried out in open-source software such as OpenSWATH
or Skyline (20, 27). The disadvantage of this method is that peptides not included in the
reference library cannot be identified. The other way is spectrum-centric analysis. By using
this spectral library-free approach, DIA MS/MS can be de-convoluted to pseudo-MS?
spectra using scoring algorithms such as DIA-Umpire or Group-DIA (28, 29). The de-
convoluted spectra can be searched against traditional protein sequence database similar to
DDA data analysis.

DIA is usually conducted on a hybrid instrument where a mass-selective quadrupole is
followed with a high-resolution mass analyzer such as TOF or Orbitrap (Figure 1.2a). DIA
continuously samples in both RT dimension and m/z dimension, which allows for a full
coverage of the precursor ion space (Figure 1.2b) (30). The sensitivity of DIA is good,
slightly worse than SRM but better than DDA (25). The precursor selectivity of DIA is
lower than DDA or SRM/PRM since it has a much larger isolation window and MS/MS
reflects co-fragmented precursor ions. Like SRM/PRM, DIA offers accurate and
reproducible peptide quantification. In addition, the most significant feature of DIA is its
flexibility of data re-analysis or re-mining since information of all the peptides in a given
sample are documented in DIA data. In comparison, SRM/PRM is hypothesis-driven; data
need to be re-acquired when the hypothesis is changed.

In summary, DIA offers unbiased, untargeted, comprehensive, sensitive, accurate and

reproducible quantification of peptides, which combines the merits of DDA and

11



SRM/PRM analysis. However, one major drawback of DIA is that it produces a complex
mixture of MS/MS, which requires a relatively involved peptide-centric analysis or
spectrum-centric analysis. DDA, SRM, PRM, or DIA should be chosen based on research
goals.

1.3 Quantitative Proteomics

1.3.1 Relative quantification

1.3.1.1 Label-free quantification

MS-based quantitative proteomics usually provides two types of quantification
information, i.e., relative and absolute quantification, with the former being more widely
used. MS-based quantitative proteomics has two underlying methodologies: label-free and
label-based.

The label-free approach is cost- and work-effective since samples are analyzed
separately without the need for sample multiplexing or the addition of stable isotope-
labeled peptides (Figure 1.5a). It does not increase sample complexity compared with
label-based method. However, label-free approach may suffer from quantitative inaccuracy
and inconsistency because many variations can be introduced among samples in different
sample preparation processes, such as proteolytic digestion, cleanup, or variations in
different LC-MS/MS runs. Therefore, careful sample preparation and stable
chromatography and mass spectrometer performance are critical in obtaining satisfying
label-free quantification results. In addition, the quantification results from the label-free
method may be normalized using the ion intensities of peptides from a specific protein

encoding the housekeeping gene or the total ion intensities in a given sample (31).
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1.3.1.2 Label-based quantification

Stable isotope-labeling approach introduces a heavy isotope-labeled counterpart,
namely, 3C, N, or 80, to its endogenous target in a given sample. The heavy form is
chemically identical to its light form. Therefore, both forms exhibit the same behavior in
sample preparation, chromatography, ionization, and fragmentation. Isotope labeling-
based quantifications, including metabolic labeling, spike-in of isotope-labeled standards,
and isotope-tagging by chemical reactions, improve quantitative accuracy and
producibility compared with label-free quantification.

Stable isotope labeling by amino acids in cell culture (SILAC) is the most frequently
used metabolic labeling method (Figure 1.5b) (32). In SILAC, heavy isotope-labeled amino
acids, such as *C- and °N-labeled lysine and arginine, are added to the cell culture medium
for several cell doubling times until they are nearly fully incorporated into proteins through
translation. Lysates of cells grown in heavy- and light-medium, from two biological states,
are mixed at 1:1 ratio by mass. Upon tryptic digestion, nearly all the peptide precursor ions
in heavy-medium are labeled because they bear *C- and °N-labeled lysine and arginine,
except for some of the C-terminus peptides. Since the chemical properties of the heavy-
and light-labeled forms are the same, both forms should have the same tryptic digestion
efficiency and LC-MS/MS performance, namely with the same retention time and the same
ionization efficiency, but can be distinguished by mass differences in MS and MS/MS.

The ratio of peak intensities between heavy and light isotope-labeled peptides in the
spectrum, within the linear dynamic range of the peptide, reflects the difference in the

abundance of a particular protein between the two sample sets. High precision and accuracy
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are distinct benefits of SILAC because heavy and light isotope-labeled proteins are mixed
at the very early stage of the sample preparation process (Figure 1.5b), which reduces
experimental and analytical inconsistencies among samples. However, SILAC has
limitations for samples that are not amenable to metabolic labeling, such as biofluid or
tissues. In addition, it significantly increases sample complexity by combining light- and
heavy-labeled cells, which reduces sensitivity.

In targeted proteomics, stable isotope-labeled (SIL) standards, such as tryptic peptide
bearing *C- and °N- labeled lysine and arginine of targeted proteins, can be synthesized
and spiked into samples post tryptic digestion (Figure 1.5¢) (33). This method increases
the confidence of peptide identification because the SIL standard and the peptide of interest
share the same elution time (Figure 1.4c). In addition, this method does not increase the
complexity of the sample as much as SILAC does. However, since SIL standards are
usually introduced post proteolytic digestion, it can only adjust analytical variations. In
addition, even though the purity of the SIL peptide does not need to be high (>70% in
peptide purity and >99% in isotopic purity), it still can be costly, especially when a large
number of peptides need to be synthesized.

Tandem mass tags (TMT) labeling is one of the most prevalent chemical labeling
techniques for tryptic peptides (Figure 1.5d) (34). TMT reagents have three groups: mass
reporter, mass normalizer, and NH2-reactive group (Figure 1.6a). Different combinations
of stable heavy isotopes (**C and/or °N) are introduced to different positions of mass
reporters and mass normalizers (Figure 1.6b). NHz-reactive group reacts with lysine

residues and peptide N-termini. TMT reagents offer isobaric tags to the peptide but yield

14



mass reporters carrying different masses upon fragmentation in mass spectrometers. In this
context, TMT-labeled peptides are quantified based on the signal intensities of mass
reporter ions in the MS/MS. It should be noted that TMT reporter ions can only be
generated from HCD or electron transfer dissociation (ETD), but not from collision-
induced dissociation (CID) (35).

TMT was first introduced as TMT duplex in 2003 (34). Since then, the multiplexing
capacity of TMT reagents has been expanded to 6plex, 10plex, 11plex, even prol6plex (36,
37). The workflow of TMT-labeling is illustrated in Figure 1.6c. The higher level of
multiplexing requires a high-resolution mass spectrometer, for instance, a resolving power
of 50,000 at m/z 130, to distinguish *C from N labeling (38). Different from
quantification of PRM data using extracted-ion chromatograms (XICs) to integrate MS?
signal intensity across the chromatographic elution time of a peptide precursor,
quantification of TMT-labeled peptides employs reporter ion signal intensities at one point
in time in the MS/MS spectrum.

Due to the high level of multiplexing, TMT labeling enables quantifications across
multiple samples in a single LC-MS/MS run. TMT labeling is usually coupled with pre-
fractionation methods, such as high-pH reversed-phase fractionation (39), prior to LC-
MS/MS, to reduce sample complexity and improve proteome coverage. One major
drawback of TMT labeling is ratio compression through impure MS precursor isolation,
which may reduce quantification accuracy (40). This ratio compression issue can be
improved by further fragmentation to MS? or employing a narrower precursor isolation

window (41, 42).
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1.3.2 Absolute quantification

Absolute quantification determines the absolute amount of proteins in a mixture, which
can be employed to address research questions, such as protein complex stoichiometries,
sports doping testing, and biomarker development (43-45). Label-based absolute
quantification is more accurate and frequently used than label-free absolute quantification.
Employing peptides or proteins labeled with heavy stable isotopes is commonly seen in

label-based absolute quantification.

In targeted proteomics, heavy isotope-labeled absolute quantification (AQUA peptide)
mimicking a tryptic peptide of targeted protein can be synthesized and added an absolute
amount to the sample as an internal standard (46). The heavy isotope can be incorporated
into AQUA peptides not only through lysine or arginine residue on the C-termini, but at
another amino acid for specific PTM studies (47). The same chemical properties between
AQUA peptide and its native form ensure that they have the same retention time, ionization
efficiency, and fragmentation in an LC-SRM experiment. After a calibration curve of peak
intensity versus peptide concentration is generated using a dilution series of isotope-labeled

reference peptides (48), the absolute amount of the native peptide can be derived.

Since AQUA peptide is introduced after proteolytic digestion, it can correct for
variations among samples in LC-MS/MS performance, but not in sample preparation
procedures. In addition, the accuracy of AQUA peptide quantification relies on the
assumption that proteins are completely extracted from the sample and entirely digested
with trypsin. In reality, it is inevitable that global protein losses from incomplete cell lysis

or local protein losses from low solubility of membrane proteins. In order to ensure that
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the measured peptide level faithfully represents the protein level, an optimal quantotypic
peptide should be selected as an AQUA peptide (49). The selection of quantotypic peptide
from a specific protein has a stricter rule, for instance, ensuring complete digestion, than
that of SIL peptide used in relative quantification. Moreover, AQUA peptides may result
in losses due to adsorption to surfaces and degradation through freezing-thawing cycles.
Therefore, handling AQUA peptides with caution is crucial, such as using low-binding

tubes and pipet tips, and aliquot stock solution to avoid freezing-thawing cycles.

In addition to the spike-in of heavy isotope-labeled peptides, heavy isotope-labeled
proteins can also be used for absolute quantification (50). Protein standard absolute
quantification (PSAQ) method involves adding the in vitro-synthesized full-length isotope-
labeled recombinant protein to the sample as an internal standard before trypsin digestion.
PSAQ could provide more accurate quantification results than AQUA peptide since it
accounts for digestion efficiency and protein loss during cleanup. However, it is worth
noting that neither PSAQ nor AQUA can fully represent the native protein or peptide

because the endogenous one may have PTMs (51).

Label-free absolute quantification is based on spectral counting (52), and precursor or
fragment ion intensity (53). Several methods have been developed, for instance, absolute
protein expression (APEX) and “Top 3” (54, 55). Label-free absolute quantification suffers
from low accuracy and low reproducibility; therefore, it is much less reliable compared

with label-based absolute quantification.
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In summary, absolute quantification using either heavy isotope-labeled peptide or
protein is more challenging to achieve accurate and reliable quantification than relative
guantification. Major challenges, including incomplete protein extraction, incomplete
protein digestion, and protein loss during sample preparation, needs to be addressed

carefully.

1.4 Epitranscriptomic reader, writer, eraser (RWE) proteins
1.4.1 m8A and its RWE proteins

Epigenetic modifications of DNA and histones have been well studied; however, less is
known about the roles of RNA modifications in cellular processes. More than 170 types of
chemical modifications have been identified in multiple cellular RNA species (56). The
most abundant internal modification in eukaryotic mMRNA is m®A, first discovered in 1974
(57-60). METTL3 was uncovered in bacteria, and its function was demonstrated as an m°A
methyltransferase in 1997 (61). However, it was not until 2012, when advances in high-
throughput sequencing made transcriptome-wide m®A profiling achievable (62, 63), this
modification started to attract much more attention in the scientific community. In recent
years, the field of epitranscriptomics has been quickly evolving, and publication is seen on
a monthly basis.

Transcriptome-wide m®A site mapping studies revealed that m°A is primarily localized
near stop codon in 3’ untranslated region (3’'UTR) (63). m°A is selectively enriched in some
mRNAs (64). Most m®A-containing mMRNAs have only one mPA site, where the consensus

sequence is DR(MPA)CH (D=A, G,orU;R=Gor A; H=A, Cor U) (63).
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mBA in MRNA is primarily installed by a methyltransferase complex or “writer
complex”, which consists of a heterodimer of a catalytic subunit METTL3 and its allosteric
activator METTL14 (65), together with WTAP, ZC3H13, RBM15/15B, and VIRMA (66-
69). METTL16 is another m®A writer in pre-mRNAs and non-coding RNAs (70).
METTL5-TRMT112 complex and ZCCHC4 are m®A writers on rRNAs (71, 72). m®A
modification is reversible, which can be removed by a demethylase or “eraser”, FTO or
ALKBHS5 (73, 74). A later study demonstrated that FTO selectively demethylates N8,2"-O-
dimethyladenosine (m®Am) over m°A at a rate of 100 times higher in vitro (75), rendering
ALKBHS5 the only well-accepted m®A eraser in mRNA in the scientific community.
ALKBHS5 is known to impact RNA metabolism and mouse fertility (76).

mPA-binding proteins or “readers” exerts regulatory roles in mRNA splicing, export,
stability, and translation (Figure 1.7). YTH domain-containing proteins (i.e., YTHDF1,
YTHDF2, YTHDF3, YTHDC1, and YTHDC?2) are direct binders to m®A, where YTHDF1,
YTHDF2, and YTHDF3 bind to m°A in the cytoplasm, whereas YTHDC1 and YTHDC2
bind to mPA in the nucleus. The roles of YTHDF1, YTHDF2, and YTHDF3 had been
demonstrated to regulate mRNA translation efficiency, mRNA degradation, and both
MRNA translation efficiency and degradation, respectively (77-79), until another study
reported conflicting findings that YTHDF1, YTHDF2, and YTHDF3 work redundantly on
MRNA degradation, and their functions of regulating mRNA stability are obvious when
they are depleted simultaneously (80). YTHDC1 regulates mRNA splicing and mRNA
export in the nucleus (81, 82). YTHDC2 is primarily expressed in testes and assumes

important roles in spermatogenesis (83).
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Other m°A readers translate m®A mark into different functions. heterogeneous nuclear
ribonucleoproteins, hnRNPA2B1 and hnRNPC, regulate mRNA splicing and primary
microRNA processing in the nucleus (84, 85). Insulin-like growth factor 2 mRNA binding
proteins, IGF2BP1/2/3, bind to the m®A-modified transcripts enhancing their stabilities in
the nucleus (86). Eukaryotic translation initiation factor 3 (elF3) binds to the m°A sites on
a 5" untranslated region (5'UTR) to promote cap-independent translation (87).

Three models have been established to explain how m®A promotes translation efficiency
(Figure 1.7). The first model is through mPA reader protein YTHDF1 (77). YTHDF1
interacts with translation initiation factor complex 3 (elF3), a component of newly-
assembled 43S pre-initiation complex. elF3 is associated with elF4G, which binds both
cap-binding protein elF4E at the 5’-end and poly(A) binding protein at the 3'-end. elF4G,
as a bridge of 5’- and 3'-end, forms a loop structure of mRNA. Therefore, YTHDF1 was
proposed to regulate the translation initiation complex through the binding to elF3 and the
loop structure formed through elF4G. The detailed mechanism of the loop structure still
needs further validation (77). Another model was also a mMRNA-looping model, but through
a direct interaction between METTL3, bound to m°A at the 3'-end, and elF3h, bound to
cap-binding proteins at the 5'-end (88). This loop structure is further substantiated by the
proximity of METTL3 to polyribosome and 5’ cap-binding proteins in the cytoplasm using
electron-microscopy (88). METTL3, a well-known catalytic subunit of m®A writer
complex located in the nucleus, is shown here to serve as an m°A reader in the cytoplasm.
The third model is called cap-independent translation, which involves direct binding of

elF3 to m8A at the 5’UTR upstream of the start codon (87). This méA-mediated translation
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does not require the recruitment of elF3 to elF4E at the 5'cap, which is crucial for cap-
dependent translation. This mechanism was proposed to occur upon stress induction in the
mOA site located at 5’UTR of mRNAs, such as mRNAs encoding heat shock proteins.

In addition to regulating MRNA metabolism, many studies have investigated aberrant
regulation of m®A in cancer development. For instance, m®A writer complex component
METTL3, overexpressed in gastric cancer, promotes the epithelial-to-mesenchymal
transition and metastatic transformation of gastric cancer through regulating the stability
of ZMYM1 mRNA (89). In addition, overexpression of m°A eraser ALKBH5 promotes the
development of acute myeloid leukemia (AML) and self-renewal of leukemia
stem/initiating cells maintenance by modulating the stability of TACC3 mRNA (90).
Moreover, mPA readers IGF2BP1/2/3 play oncogenic roles in cancer cells by enhancing
MRNA stability of MYC through recruiting mRNA stabilizers ELAVL1 and MATRIN3
(86). In summary, aberrant expression of m®A RWE proteins may result in cancer
tumorigenesis or progression through affecting mRNA stabilities or expression of cancer-
related genes (91).

1.4.2 Other nucleoside modifications in RNA

Besides the most well-studied m®A, more than 170 nucleoside modifications are reported
to date (92). Transfer RNA (tRNA) has the most dynamic modifications among all RNA
species, with an average of 13 modifications per molecule in eukaryotic cells (93). In this
vein, other major modified nucleosides in mMRNA include 7-methylguanosine (m’G), 2'-O-
methylation Nm, 5-methylcytosine (m°C), N-methyladenosine (m*A), N*-acetylcytidine

(ac*C), inosine (I), pseudouridine (¥), and 5-hydroxymethylcytosine (hm°C) (Figure 1.8).
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Among them, m'A regulates RNA folding and stability, ribosome biosynthesis, and
translation (94-96). m°C modulates the export (97), stability (98), and translation of mMRNA
(99). ¥, primarily located in tRNA and rRNA (100), is the most abundant internal
modification in cellular RNA, and it affects RNA structure and translation (101, 102).
Moreover, ribosome can read through ¥ in the stop codon through unusual base-pairing
with tRNA, thereby modulating mRNA coding (103). RNA modifications studies focused
not only on understanding the aforementioned biological regulations, but also on its
association with cancer. Many RWE proteins have been known to promote or inhibit the
hallmarks of cancer (104).
1.5 Scope of the dissertation

Melanoma is the deadliest type of skin cancer because of its strong tendency to
metastasize. We set out to identify new protein players that may drive or suppress
melanoma metastasis. In Chapter 2, we utilized an unbiased mass spectrometry-based
quantitative proteomic method to assess differential protein expression in a matched pair
of primary/metastatic melanoma cell lines (i.e., WM-115/WM-266-4) derived from the
same patient. We found that TBC1D7 is overexpressed in metastatic over primary
melanoma cells, and elevated expression of TBC1D7 promotes the invasion of these
melanoma cells in vitro, partly through modulating the activities of secreted matrix
metalloproteinases 2 and 9. Additionally, interrogation of publicly available data showed
that higher mRNA expression of TBC1D7 predicts poorer survival in melanoma patients.
Together, our results suggest TBC1D?7 as a driver for melanoma cell invasion, which is an

essential element in melanoma metastasis.
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Epitranscriptomic RWE proteins recognize, install, and remove modified nucleosides in
RNA, which play crucial roles in RNA export, splicing, translation, and stability. In
Chapter 3, we established an LC-PRM method, for the first time, for high-throughput
profiling of a total of 152 epitranscriptomic RWE proteins. We also applied the LC-PRM
method, in conjunction with SILAC, to quantify these proteins in two pairs of matched
parental/radioresistant breast cancer cells (i.e., MDA-MB-231 and MCF-7 cells, and their
corresponding radioresistant C5 and C6 clones), with the goal of assessing the roles of
these proteins in radioresistance. We found that eight epitranscriptomic RWE proteins were
commonly altered by over 1.5-fold in the two pairs of breast cancer cells. Among them,
TRMT1 (an m??G writer) may play a role in promoting breast cancer radioresistance due
to its clinical relevance and its correlation with DNA repair gene sets.

Aberrant expressions of some epitranscriptomic RWE proteins are associated with
cancer initiation and progression. In Chapter 4, we employed the PRM-based targeted
proteomic method, in conjunction with SILAC, to comprehensively examine the
differential expression of epitranscriptomic RWE proteins in a matched pair of
primary/metastatic CRC cells (i.e., SW480/SW620). We were able to quantify 113 non-
redundant epitranscriptomic RWE proteins; among them, 48 and 5 were up- and down-
regulated by at least 1.5-fold in SW620 over SW480 cells, respectively. Particularly,
NAT10, hnRNPC, and DKC1 were markedly up-regulated in metastatic CRC cells, and
the potential roles of these proteins in driving CRC metastasis were documented in recent
studies. Interrogation of the Clinical Proteomic Tumor Analysis Consortium (CPTAC) data

revealed that the elevated expressions of these and several other RWE proteins are also
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accompanied with CRC initiation, suggesting the dual roles of these proteins in the

initiation and metastatic transformation of CRC.

To our knowledge, there have been no systematic investigations about the crosstalk
between m®A and other modified nucleosides in RNA. In Chapter 5, we modified the LC-
PRM method by employing a mixture of 48 SIL peptides representing 45 RWE proteins as
internal or surrogate standards for profiling epitranscriptomic RWE proteins. We were able
to reproducibly detect a total of 114 RWE proteins in HEK293T cells with the genes
encoding m®A eraser proteins (i.e., ALKBH5, FTO) and the catalytic subunit of the m°A
writer complex (i.e., METTL3) being individually ablated. Notably, eight proteins were
altered by more than 1.5-fold in the opposite directions in ALKBH5" and METTL3" cells
relative to isogenic HEK293T cells. Bioinformatic analysis of published m®A mapping
results revealed the presence of mPA in the mRNAs of four of these genes, namely, NOP2,
PUS3, TGS1, and RBMX. We are in the process of interrogating if the differential

expression of these proteins emanates from the altered stabilities of their transcripts.

We envision that the LC-PRM method reported in this dissertation is applicable for
studying the roles of the epitranscriptomic RWE proteins in the metastatic transformation
and therapeutic resistance of other cancer types. In conjunction with the use of SIL
peptides, the LC-PRM is applicable to study epitranscriptomic RWE proteins in biofluid

or tissues.
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Figure 1.1 Overview of MS-based proteomics in the quantification level, study aim,
provided information, and underlying methodology perspective.

The figure is adapted from Rozanova, S. et al., Quantitative Methods in Proteomics.
Springer US; 2021. p. 85-116.
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Figure 1.2 (a) Mass spectrometry instrumentation in MRM, PRM, DDA, and DIA.
(b) Summary of MS2 sampling of the precursor space in the retention time dimension
and m/z dimension.

Panel (b) is partially adapted from Egertson, J.D. et al., Multiplexed peptide analysis using
data-independent acquisition and Skyline. Nature Protocols. 2015; 10: 887-903.
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Figure 1.3 Workflow of SRM library development.
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Figure 1.4 Criteria for SRM or PRM peak identification.

(a) Co-elution of all fragment ions from one precursor ion. yio ion is a potential interfering
ion that needs to be excluded for quantification (b) Co-elution of light- and heavy- isotope
labeled precursor ions. (c) dotp value > 0.7. It gauges the similarities in fragment patterns
in the acquired MS/MS (left) and reference MS/MS (right) in the library.
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Figure 1.5 Workflow of quantitative proteomics in label-free quantification (a),
SILAC (b), SIL standards (c), and TMT labeling (d).

Orange and red triangles indicate non-labeling, whereas light and dark blue triangles
indicate heavy stable isotope-labeling. TMTduplex is shown for simplicity. The figure is
partially adapted from Bantscheff, M. et al., Quantitative mass spectrometry in proteomics:
a critical review. Anal. Bioanal. Chem. 2007; 389: 1017-31.
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Figure 1.6 TMT-labeling in quantitative proteomics.

(a) Structure of the TMT reagent (b) Regents of TMT6plex. Mass reporter group, mass
normalizer, and NHz-reaction group are highlighted individually in yellow, green, and blue
boxes. m/z value of the mass reporter group of each regent is labelled in the bottom-left
corner. 13C and N are labeled in red and blue asterisks, respectively. (c) Workflow of
TMT-labeling.
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Figure 1.7 Overview of an m®A writer complex, m°A erasers, and major m°®A reader

proteins.

mO°A reader proteins assume essential roles in mRNA splicing, export, degradation, and
translation. Three current models on how m°A affects translation are shown.
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Figure 1.8 Overview of nucleoside modifications distribution in mMRNA.

The dimension of the circles in mRNA schematically represents the abundance of the
modification. For modifications located in different regions of mRNA, only the major
location is shown for simplicity. The figure is adapted from Zaccara, S. et al., Reading,
writing and erasing mMRNA methylation. Nat. Rev. Mol. Cell Biol. 2019; 20: 608-24.
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2. Chapter 2. Discovery of TBC1D7 as a potential driver for melanoma

cell invasion

2.1 Introduction

Melanoma is the least common type of skin cancer, but it is the deadliest because it
is more likely to metastasize, where the five-year survival rate for distant-stage melanoma
is as low as 15-20% (1). In the local invasion stage of the metastasis cascade, cells must
escape from the primary site by acquiring a more motile phenotype. These cells then secrete
matrix metalloproteinases (MMPs) to degrade the basement membrane of the surrounding
extracellular matrix, thereby allowing cancer cells to migrate and invade adjacent tissues.
The cells then enter the lymphatic system or circulation to reach distant organs to produce
secondary tumors (2).

Rab subfamily of small GTPases are mainly responsible for membrane trafficking, e.g.
vesicle budding, transport, and fusion (3). Like other small GTPases, Rab GTPases exist in
GDP-bound inactive state or GTP-bound active state. Due to tight binding of Rab proteins
with GDP, guanine nucleotide-exchange factors (GEFs) activate Rab proteins by catalyzing
the exchange of the GTPase-bound GDP with GTP, which in turn facilitates the binding of
downstream effector proteins (4). On the other hand, owing to the slow inherent rate of GTP
hydrolysis mediated by GTPases, GTPase-activating proteins (GAPS) inactivate Rab
proteins by catalyzing GTP hydrolysis (5).

Most identified eukaryotic Rab GAPs contain a Tre2-Bub2-Cdc16 (TBC) domain (6,

7). The TBC domain harbors approximately 200 amino acids and it was first discovered as
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a conserved domain that is shared among the Tre-2 oncogene product and the yeast cell
cycle regulators Bub2 and Cdc16 (6). The TBC domain-containing proteins (TBC proteins)
have 44 predicted members based on the sequence homology of the TBC domain (8). It
was demonstrated that TBC proteins are essential in regulating intracellular trafficking,
particularly in integrating signal between RABs or between RABs and other small GTPases
(8), thereby modulating many cellular processes, e.g. autophagy (9), primary cilium
formation (10), and exosome secretion (11).

A few TBC proteins have been reported with roles in tumorigenesis or tumor
progression. TBC1D3 was identified as an oncoprotein in prostate cancer (12), TBC1D8
was reported to play a role in the tumorigenesis of ovarian cancer (13), and TBC1D16 is
known to enhance melanoma progression by targeting epidermal growth factor receptor
(EGFR) (14). However, there is no proteome-wide studies to identify the roles of TBC
proteins in melanoma metastasis. The goal of the present study is to employ a quantitative
proteomic method to identify the TBC proteins that may drive or suppress melanoma
metastasis.

2.2 Material and method
2.2.1 Cell culture

WM-115 and WM-266-4 cells (WM pair) were obtained from the American Type
Culture Collection (ATCC) (15), and this pair of cell lines are no longer available from
ATCC. WM-115 cells were established from the vertical growth phase from the primary
melanoma site (right anterior leg) of a 55-year-old female, whereas WM-266-4 cells were

derived from the skin cutaneous metastasis to the right thigh of the same patient (15).
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For the stable isotope labeling by amino acids in cell culture (SILAC) experiments (16),
light or heavy lysine ([**Cs, ©®N2]-L-lysine) and arginine ([*3Cs]-L-arginine), respectively,
along with dialyzed FBS (Invitrogen), were added to the lysine, arginine-depleted SILAC
medium to yield the light and heavy DMEM media. WM-115 and WM-266-4 cells were
cultured in the heavy DMEM media for at least 6 cell doublings to ensure complete heavy
isotope labelling. In the forward SILAC experiment, the lysate of light-labeled WM-266-
4 cells and that of the heavy-labeled WM-115 cells were combined at 1:1 ratio (w/w),
whereas the heavy-labeled WM-266-4 cell lysate was mixed equally with the light-labeled
WM-115 cell lysate in the reverse SILAC experiment. Following the filter-aided sample
preparation (FASP) protocol (17), proteins in the cell lysates were denatured, reduced,
alkylated and digested with trypsin, as described previously (18).

2.2.2 LC-MS/MS

The tryptic digestion mixture was subjected to an off-line strong cation exchange (SCX)
separation by using a PolySulfoethyl A SCX column (9.4 x 200 mm, 5 um, 200 A, PolyLC,
Columbia, MD). Twenty-one fractions were collected over an elution with a 90-min linear
gradient of 0 — 500 mM ammonium acetate in 0.1% formic acid. Each fraction was desalted
using OMIX C18 pipette tips (Agilent). The peptide fractions were analyzed individually
using reversed-phase liquid chromatography coupled with an LTQ-Orbitrap Velos mass
spectrometer, and the detailed experimental conditions for LC-MS/MS were described
elsewhere (18). LC-MS/MS data were searched against the International Protein Index
(IPI) human database version 3.68, which contained 87,083 entries, using MaxQuant for

protein identification and quantification (19).
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2.2.3 Western Blot

Melanoma cells were cultured in DMEM (Invitrogen-Gibco) supplemented with 10%
FBS (Invitrogen-Gibco) and 1% penicillin/streptomycin. The cells were trypsinized, rinsed
twice with PBS, and the resultant cell pellet stored at - 80°C until analysis. The cells were
lysed in CelLytic M (Sigma-Aldrich) supplemented with a protease inhibitor cocktail.
After centrifugation, total proteins in the supernatant were quantified using the Quick Start
Bradford Protein Assay (Bio-Rad). Approximately 10-20 ug total protein was loaded and
separated on a 10% SDS-PAGE gel, transferred to a nitrocellulose membrane, and blocked
with 5% milk in PBS-T. The membranes were subsequently incubated with primary
antibodies targeting human TBC1D7 (D8K1Y, Cell Signaling Technology, 1:10,000), -
actin (Cell Signaling Technology, 1:10,000), or MITF (Abcam, Ab12039, 1:10,000).
Membranes were then incubated with donkey anti-rabbit secondary antibody (Thermo
Fisher Scientific, 1:10,000), or anti-mouse secondary antibody (Santa Cruz, m-IgGk BP-
HRP, 1:10,000). Amersham ECL™ Western Blot Detecting Reagent (GE Healthcare) was
used to visualize the protein bands, following the vendor’s instructions.
2.2.4 Migration and invasion assay

FLAG-TBC1D7 plasmid was generously provided by Dr. Alexandre Reymond (20).
WM-115 cells were transfected with a FLAG-TBC1D7 plasmid or empty vector using
TransIT 2020 transfection reagent (Mirus) and incubated for 24 h. WM-266-4 cells were
transfected with siTBC1D7 or non-targeting SiRNA control (NTsiCtrl) using
Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific) and incubated for 72 h. The

sequence of sSiTBC1D7 was 5'-GAACAAGUGCAGAGAAGAUA-3' (21). At 24 hor 72
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h post-transfection, WM-115 (2.5 x 10%) and WM-266-4 (5 x 10%) cells suspended in
serum-free DMEM medium were seeded into the upper chamber of a transwell insert
(Corning). DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin
was added to the lower chamber as chemoattractant. For the migration assay, the cells,
following incubation at 37°C for 24 h (for WM-115 and WM-266-4 cells), that migrated
through the insert were fixed with 70% ethanol followed by staining with 0.5% crystal
violet. The cells were counted using an inverted microscope by randomly selecting four
fields of each insert and the numbers of cells from these four fields were subsequently
averaged. Cell numbers were compared between treatment groups (i.e. with ectopic
expression or siRNA knockdown of TBC1D7) and controls (i.e. empty vector or non-
targeting control siRNA (NTsiCtrl)).

The invasion assay was conducted under the same conditions as the migration assay
except that the transwell insert was coated with a matrigel basement membrane matrix
(Corning). For this purpose, matrigel (200 — 400 pg/mL) in serum-free medium was coated
on the top of the membrane of the transwell inserts at 37°C for 1 — 1.5 h. The matrigel was
removed from the top surface of the membrane before seeding cells onto the upper chamber
of the transwell inserts.

2.2.5 Gelatin zymography assay

After transfection of WM-115 cells with FLAG-TBC1D7 plasmid for 24 h, or
transfection of WM-266-4 cells with siTBC1D7 for 72 h, the culture medium was replaced
with FBS-free medium and the cells were cultured for another 24 h. Conditioned medium

was collected and concentrated by around 40-fold using Microcon centrifugal filter units
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with a molecular weight cutoff of 30 kDa (EMD Millipore). Total protein concentration in
the conditioned media was quantified using the Quick Start Bradford Protein Assay (Bio-
Rad). One to two pg of total protein was separated using a 7.5% polyacrylamide gel
containing 1 mg/mL gelatin under non-reducing conditions. After electrophoresis, the gel
was washed with the zymography washing buffer (2.5% Triton X-100, 50 mM Tris-HCI,
pH 7.5) at room temperature for 1 h, followed by incubation in a 37°C shaker for 10 min
in a buffer containing 1.0% Triton X-100 and 50 mM Tris-HCI (pH 7.5). The gel was
incubated in the fresh buffer for 20 h to induce digestion of the embedded gelatin by the
renatured MMPs in the sample. The gel was stained with 0.5% Coomassie blue G-250
followed by destaining until white bands could be visualized against the blue background.

For gelatin zymography for the cell lysate, after transfection of FLAG-TBC1D7 plasmid
in WM-115 cells for 24 h, or transfection of sSiTBC1D7 in WM-266-4 cells for 72 h, cells
were harvested. Cells were lysed using Cellytic M (Sigma-Aldrich) supplemented with a
protease inhibitor cocktail. 10 pg of total protein was separated, under non-reducing
conditions, using a 7.5% polyacrylamide gel including 1 mg/mL gelatin. The subsequent
protocol was the same as we described above for gelatin zymography for conditioned
media.
2.2.6 MTT proliferation assay

After transfection of WM-115 cells with TBC1D7 overexpression plasmid for 24 h, and
that of WM-266-4 cells with siTBC1D7 for 48h, cells were seeded to a 96 well plate with
2000 cells in each well. After cell attachment, 90 uL of DMEM medium without FBS and

10 pL of 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) solution
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(5 mg/mL) were added. After incubation at 37°C for 4 h, the insoluble purple formazan
was formed. 100 pL of lysis buffer (50% DMF, 20% SDS, 2.5% acetic acid, 20 mM HCI,
pH 4.7) was added. After overnight incubation at 37°C, absorbance of the solubilized
formazan product was measured at 570 nm using the Perkin Elmer Wallac 1420 Victor2
Microplate Reader.
2.2.7 Chromatin immunoprecipitation and Real-time Quantitative PCR (RT-qPCR)

WM-115 and WM-266-4 cells (1 x 107 cells) were treated with 1% formaldehyde at
room temperature for 10 min to induce protein-DNA cross-linking. The cells were lysed
and the cellular DNA was sonicated to produce 300-500 bp fragments. Chromatin was
subsequently immunoprecipitated using anti-MITF (ab12039, Abcam) or 1gG (2729S, Cell
Signaling Technology). RT-gPCR was carried out after the purification of the precipitated
DNA. The primers for TBC1D16 gene were 5-GGCCACATACAAAGGGATCG-3’
(forward) and 5’'-CTCGCGGAGGCAATCTGA-3’ (reverse), and the primers for TBC1D7
gene were 5-TCCTAGAGGACGCCTTTGTC-3' and 5'-
ACAGCTGCATGACGATTTGG-3'.
2.2.8 Bioinformatic Analysis

The mRNA expression data of TBC1D7 and survival information for 479 skin cutaneous
melanoma (SKCM) patients were retrieved from the TCGA dataset using the cBioPortal

for Cancer Genomics (http://www.cbioportal.org/) (22). The mRNA expression data of

TBC1D7 and survival information for a cohort of 150 melanoma patients were retrieved
from GSE65904, and MedCalc (MedCalc Software, Ostend, Belgium;

https://www.medcalc.org/) was used for the generation of Kaplan-Meier survival curve.
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The mRNA expression of TBC1D7 in SKCM and uveal melanoma (UVM) patients from
the TCGA dataset was compared with six other representative cancer types. We also
interrogated The Cancer Cell Line Encyclopedia (CCLE) database and NCI-60 cell line
database, through which box-and-whisker plots were generated for TBC1D7 mRNA
expression in melanoma cell lines versus cell lines derived from other types of cancer.

2.3 Results and Discussion

2.3.1. Up-regulation of TBC1D7 in WM-266-4 compared to WM-115 cells

To identify potential drivers or suppressors of melanoma metastasis, we utilized an
unbiased quantitative proteomic approach to examine, at the entire proteome scale, the
differential protein expression in paired WM-115 and WM-266-4 cells, which are
melanoma cells derived from the primary and metastatic melanoma sites of the same
patient (15). In this respect, the use of paired melanoma cell lines derived from the same
patient allows for the minimization of inter-patient heterogeneity. In this vein, while skin
and subcutaneous tissue are the most common sites for regional melanoma metastasis,
melanoma is also known to metastasize to other organs including lung and liver (23);
hence, drivers or suppressors for skin metastasis may vary from those for lung or liver
metastasis owing to differences in tumor microenvironment.

To reduce sample complexity, we conducted an off-line SCX fractionation prior to LC-
MS/MS analysis. By employing SILAC together with off-line 2D LC-MS/MS analysis, we
were able to quantify a total of 7387 proteins (Shown in Figure 2.1A is a flowchart of the
SILAC experiments. Data not shown). Among these proteins, 5955 (81%) were quantified

in at least two replicates of SILAC-labeling experiments, and 1551 (21%) displayed at least
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1.5-fold differences between these two cell lines (Data not shown). For those displayed at
least 1.5-fold changes, we carried out pathway analyses using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) (24). Many of them have known
functions in the pathway of signal transduction, oxidation-reduction process, and positive
regulation of GTPases activity (Figure 2.2). These quantitative proteomic data provided an
important basis for identifying putative proteins that play roles in metastatic transformation
of melanoma.

Our laboratory recently examined the roles of aberrant expression of small GTPase
proteins in melanoma and colorectal cancer metastasis (25-27). We are also interested in
how regulatory proteins of small GTPases, i.e., GAPs and GEFs, modulate melanoma
metastasis. In addition, many TBC domain-containing proteins are GAP proteins for small
GTPases, and one of the them, TBC1D16, is a driver for melanoma metastasis (14).
Therefore, we placed the emphasis of the present study on understanding whether
differential expression of other TBC proteins affects melanoma metastasis. The above
proteomic data also led to the quantification of 24 TBC domain-containing proteins, which
accounts for 55% of this protein family, in WM-115 and WM-266-4 cells (Figure 2.1B,
Table 2.1).

Fold-change has been widely used as a criterion for selection of altered proteins in
quantitative proteomics. On the ground that the average relative standard deviation for the
quantification results of TBC proteins was 12% (Table 2.1), we chose 1.5-fold as a cutoff
for identifying up- and down-regulated proteins. Among the quantified TBC proteins,

TBC1D4, TBC1D16, TBC1D7, and TBC1D10A were up-regulated, whereas TBC1D24
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was down-regulated, by more than 1.5-fold in WM-266-4 relative to WM-115 cells.
TBC1D7 was up-regulated by 2.5-fold in WM-266-4 metastatic melanoma cells relative to
WM-115 primary melanoma cells. Figure 2.3A shows the MS and MS/MS of a tryptic
peptide derived from TBC1D7, detected in both forward and reverse SILAC labeling
experiments. We also verified the augmented expression of TBC1D7 protein in WM-266-
4 over WM-115 cells by Western blot analysis (Figure 2.3B).

We next assessed if differential expression of these TBC family proteins is associated
with survival of melanoma patients. To this end, we performed Kaplan-Meier survival
analyses based on the gene expression data of TBC family proteins for the skin cutaneous
melanoma (SKCM) patients in the TCGA database. We found that patients with higher
expression levels of TBC1D16 or TBC1D7 gene exhibit poorer overall survival rates
(Figure 2.4A), which is in line with our proteomic results. However, the survival analyses
of TBC1D4, TBC1D25, TBC1D10A, and TBC1D24 do not support our proteomic data of
WM-115 and WM-266-4 cells derived from a single patient, which is likely due to patient
heterogeneity, or discrepancy between mRNA and protein expression. Notably, TBC1D16
was reported to enhance melanoma progression (14). Hence, these results suggest that
TBC1D7 may play an important role in melanoma metastasis.

We also carried out distant metastasis-free survival (DMFS) analysis on the basis of data
for a cohort of 150 melanoma patients in the GSE65904 dataset. We found that higher
levels of expression of TBC1D7 are significantly correlated with lower DMFS of
melanoma patients (Figure 2.4B). This result again supports our notion that TBC1D7 may

play a crucial role in melanoma metastasis.
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Interrogation of the TCGA data also unveiled significantly higher levels of mRNA
expression of TBC1D7 gene in SKCM and UVM patients relative to other types of cancer
(Figure 2.4C). Likewise, analyses of the publicly available gene expression data for the
Cancer Cell Line Encyclopedia (CCLE) and NCI-60 human tumor cell lines showed that
the TBC1D7 mRNA expression levels in melanoma cell lines were up-regulated relative to
other types of cancer (Figure 2.4D-E). Therefore, results from quantitative proteomic and
bioinformatic analyses suggest that TBC1D7 could be a potential driver for melanoma
metastasis.

2.3.2. TBC1D7 promotes invasion of melanoma cells in vitro

We next asked if elevated TBC1D7 expression promotes melanoma cell invasion in
vitro. Using transwell assays, we observed that siRNA-mediated knockdown of TBC1D7
led to significantly decreased migration and invasion of WM-266-4 cells (Figure 2.5A, and
Figure 2.6C shows the Western blot results for the validation of knockdown efficiency of
TBC1D7 in WM-266-4 cells). Reciprocally, overexpression of TBC1D7 in WM-115 cells
results in elevated invasion of these cells, though no increase in migratory capacity was
observed (Figure 2.5B).

Matrix metalloproteinases 2 (MMP2) and 9 (MMP9) are type-IV collagenases secreted
by cells (28). Type-IV collagen is the main component of basement membranes (29),
whose degradation is crucial for the metastatic transformation of cancer (30). Therefore,
the altered expression or activities of MMP2 and MMP9 may contribute to cancer
metastasis. We next explored if MMP2 and MMP9 play a role in the invasive phenotype

of melanoma cells modulated by TBC1D7. Gelatin zymography assay results revealed
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substantially diminished activities of MMP2 and MMP9 in the conditioned media after
SiRNA-mediated knockdown of TBC1D7 in WM-266-4 cells compared to treatment with
non-targeting control siRNA (Figure 2.5C). However, the enzymatic activities of MMP2
and MMP9 were not modulated by ectopic overexpression of TBC1D7 in WM-115
primary melanoma cells (Figure 2.5D).

We also performed gel zymography assays using cell lysates, and our results showed
that genetic depletion of TBC1D7 in WM-266-4 cells did not alter the enzymatic activity
of MMP2 in the cell lysate (Figure 2.6A), and similar findings were made for WM-115
cells upon ectopic overexpression of TBC1D7 (Figure 2.6B). Additionally, no MMP9
activity was detectable in the lysate of WM-115 or WM-266-4 cells. Because knockdown
of TBC1D7 did not alter the MMP2 activity in lysate of WM-266-4 cells, but diminished
the MMP2 activity in the secreted proteome, our results suggest that TBC1D7 may promote
the transport of MMP2 secretory vesicles.

We further preformed the MTT assay and found that genetic depletion of TBC1D7 led
to drastically diminished proliferation of WM-266-4 cells (Figure 2.7A). Along this line,
it is worth noting that lung cancer cell growth was shown to be suppressed by siRNA-
mediated knockdown of TBC1D7 (21). Overexpression of TBC1D7 in WM-115 cells
suppressed proliferation prior to day four, though no significant change was found at day
six (Figure 2.7B).

2.3.3 TBC1D7 mRNA expression is regulated by MITF
We further explored the mechanisms through which TBC1D7 drives melanoma cell

invasion. MITF is a transcription factor regulating many genes involved in melanocyte
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development (31). Tirosh et al. (32) reported 100 genes exhibiting the highest correlations
with MITF, including TBC1D16 and TBC1D7. Mining of the TCGA and CCLE databases
revealed a strong positive correlation between the mRNA expression of TBC1D7 or
TBC1D16 and that of MITF in patients of the TCGA-SKCM cohort and melanoma cell
lines in the CCLE database (Figure 2.8A-D).

To further explore if TBC1D?7 is directly regulated by MITF, we carried out chromatin
immunoprecipitation (ChIP) followed by RT-gPCR assay to evaluate the interaction
between MITF and the promoter regions of TBC1D16 and TBC1D7 genes. Indeed, we
found elevated enrichment of MITF in the promoter regions of TBC1D16 and TBC1D7
genes in WM-266-4 cells than WM-115 cells, suggesting that TBC1D?7 is directly regulated
by MITF in WM-266-4 cells (Figure 2.8E).

To substantiate the above findings, we assessed how the expression level of TBC1D7 is
modulated by knocking down the expression of MITF gene in the metastatic melanoma
WM-266-4 cell lines. We found significantly decreased expression level of TBC1D7
protein in WM-266-4 cells after RNAi-mediated knock-down of MITF (Figure 2.8F).
Together, these results reveal TBC1D?7 as a transcriptional target of MITF.

2.3.4 Potential mechanism of TBC1D?7 in driving melanoma cell invasion

Several TBC proteins (e.g., TBC1D3, TBC1D8, and TBC1D16) were reported to be
involved in tumorigenesis or tumor progression (12-14). In particular, TBC1D16 is known
to be a driver of melanoma metastasis. By using an unbiased quantitative proteomic
method, we aim to identify other TBC proteins that may drive or suppress melanoma

metastasis. We discovered that TBC1D7 promotes melanoma cell invasion in the WM pair
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of cultured melanoma cells, at least in part, through modulating the activities of MMP2
and MMPO.

We also studied the potential mechanism of upstream regulation of TBC1D?7. In this
vein, TBC1D16 was shown to be a transcriptional target of MITF, and TBC1D16 was
found to be down-regulated in WM-115 relative to WM-266-4 cells, which was found to
be correlated with the methylation status of cytosine residues in its promoter region (14).
Because both TBC1D16 and TBC1D7 were up-regulated in metastatic melanoma cells
based on our proteomic results, we next assessed whether elevated expression of TBC1D7
gene arises from hypomethylation in its promoter region. Interrogation of the TCGA
database revealed that, similar as TBC1D16, elevated levels of expression of TBC1D7 are
associated with promoter hypomethylation in the SKCM dataset (Figure 2.9A-B). TBC1D7
hypomethylation is also correlated with poorer melanoma patient survival in the TCGA-
SKCM cohort (Figure 2.9C). These support a model where epigenetic activation of
TBC1D7 promotes the metastatic transformation of a large fraction of melanoma patients.
2.4 Conclusion

In conclusion, our SILAC-based quantitative proteomic experiment led to the
quantification of 7387 proteins, including 55% of known TBC proteins, in WM-115 and
WM-266-4 cells. We also discovered that TBC1D7, a MITF target, promotes cell invasion
in this pair of cultured melanoma cells partly through modulating MMP2 and MMP9
activities. Bioinformatic analyses of clinical data of melanoma patients support that
elevated expression of TBC1D?7 is significantly associated with poorer overall patient

survival and distant metastasis-free survival, suggesting TBC1D?7 as a potential driver for
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melanoma metastasis, at least for a large majority of melanoma patients. In addition, the
differentially expressed proteins in primary/metastatic melanoma cells revealed from this

study may allow for uncovering other potential modulators of melanoma metastasis.
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Figure 2.1 SILAC-based quantitative proteomic experiment revealed differential
expression of TBC domain-containing proteins in WM-115/WM-266-4 paired
primary/metastatic melanoma cells.

(A) A flowchart showing the SILAC-based quantification of the global proteome of WM-
115 (primary melanoma) and WM-266-4 (metastatic melanoma) cells. (B) A bar graph
showing the differential expression of TBC domain-containing proteins in WM-115 and
WM-266-4 cells.
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Figure 2.2 Gene Ontology (GO) analysis using DAVID for 1551 proteins that were
differentially expressed by more than 1.5-fold in WM-115 and WM-266-4 cells. Top
10 pathways were displayed.
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Figure 2.3 TBC1D7 exhibits elevated expression in metastatic melanoma cells relative
to paired primary melanoma cells.

(A) Positive-ion ESI-MS for a representative tryptic peptide from TBC1D?7,
FLENIPQDSSDAIVSK, acquired from forward and reverse SILAC experiments, and the
MS/MS for the [M + 2H]?" ions of light and heavy lysine-containing peptide. (B) Western
blot for monitoring the expression of TBC1D7 protein in the two pairs of
primary/metastatic melanoma cell lines. The data represent the mean + S.D. (n =3 or 4).
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Figure 2.4 Bioinformatic analysis suggests that TBC1D7 plays a role in melanoma
progression.

(A) Kaplan-Meier plot for overall survival of skin cutaneous melanoma (SKCM) patients
in the TCGA database. High and low expression levels refer to those patients with TBC1D7
expression being among the top and bottom quartiles of the TCGA-SKCM dataset,
respectively (n = 404). (B) Kaplan-Meier plot for the distant metastasis-free survival of
melanoma patients in the GSE65904 cohort (n = 150). Patients were stratified by the
median mRNA expression level of TBC1D7. (C-E) Box-Whisker plot showed TBC1D7
MRNA expression in SKCM and UVM patients in the TCGA database (C), in 60 melanoma
cell lines in The Cancer Cell Line Encyclopedia (CCLE) database (D), and in 10 melanoma
cell lines from the NCI-60 human tumor cell lines database (E). The horizontal edges of
the box and line inside the box represent the top/bottom quartiles and median, respectively.
The ends of the whisker denote the highest and lowest values. The survival analyses and p
values in (A) and (B) were obtained using MedCalc, and all p values of (C-E) were
calculated using the unpaired, two-tailed t-test.
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Figure 2.5 TBC1D7 enhances melanoma cell invasion in vitro, and it involves the
alterations of enzymatic activities of secreted MMP2 and MMP9.

(A-B) Images and quantification results about the alterations in migration and invasion
rates of WM-266-4 cells upon treatment with siTBC1D7 and non-targeting sSiRNA control
(NTsiCtrl) (A), and WM-115 cells with ectopic overexpression of FLAG-TBC1D7 or
empty vector control (B). (C-D) Gelatin zymography assays and quantification results for
the enzymatic activities of secreted MMP2 and MMP9 in WM-115 and WM-266-4 cells
upon modulation of TBC1D7 expression levels. “NS”, p > 0.05; “*x”, 0.001 < p < 0.01,
*x” p < 0.001. The data represent the mean = S.D. of results from three independent
experiments. All p values were calculated using the unpaired, two-tailed t-test.
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Figure 2.6 (A) Gelatin zymography assays for the cell lysates of WM-266-4 cells upon
genetic depletion of TBC1D7 compared with NT siRNA control. (B) Gelatin
zymography assays for the cell lysates of WM-115 cells upon ectopic overexpression
of TBC1D7 compared with empty vector.

(C) Western blot results showed the validation of the knockdown efficiency of TBC1D7
in WM-266-4. The data represent the mean + S.D. of results from three independent
experiments. “NS”, p > 0.05.
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Figure 2.7 (A) Cell proliferation determined by MTT proliferation assay in siTBC1D7
treated WM-266-4 cells as compared to non-targeting siRNA control. (B) Cell
proliferation determined by MTT proliferation assay in FLAG-TBC1D7
overexpressed WM-115 cells as compare to FLAG control.

Error bars represent means + s.e.m in 4 replicates. “NS”, p > 0.05. “+*”, 0.001 < p < 0.01,
“xxx” p < 0.001.
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Figure 2.8 TBC1D7 expression is regulated by MITF.

(A-D) A scatter plot showing a positive correlation between mRNA expressions for MITF
and TBC1D7 genes (A), or MITF and TBC1D16 genes (B) in the TCGA SKCM patients
(n = 464), between mRNA expression levels of MITF and TBC1D7 (C) or TBC1D16 (D)
gene in the CCLE melanoma cell lines (n = 54). Pearson’s r and p values of A - D are
calculated using the online calculator (www.socscistatistics.com/tests). (E) ChIP-qPCR
showing the elevated enrichment of MITF in the promoter region of TBC1D16 and
TBC1D7 in WM-266-4 cells relative to WM-115 cells. (F) Western blot for monitoring the
expression level of TBC1D7 in WM-266-4 cells after siRNA-mediated knockdown of
MITF. “x”, p <0.05; “xx”,0.001 < p < 0.01. The data represent the mean = S.D. of results
from three independent experiments. The p values in E and G were calculated using the
unpaired, two-tailed t-test.
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Figure 2.9 (A) A scatter plot shows a negative correlation between TBC1D7 mRNA
expression and promoter methylation in the TCGA-SKCM (n = 467) cohort.

(B) A scatter plot displays a negative correlation between TBC1D16 mRNA expression
and its promoter methylation in the TCGA-SKCM (n = 467) cohort. Spearman’s rho and p
values of A, B were calculated using the online calculator (www.socscistatistics.com/tests).
(C) Kaplan-Meier survival analysis in the TCGA-SKCM. Patients were stratified by the
methylation status of TBC1D7, where hypermethylation and hypomethylation refer to
those patients with TBC1D7 methylation status being among the top and bottom quartile
of the TCGA-SKCM dataset (n = 404, which consists of patients with less than 12 years of
survival during follow-up). The survival curve and p values were generated using

MedCalc.
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Table 2.1 A list of quantified TBC proteins and their relative expression ratios in
WM-115 and WM-266-4 cells.

The results were obtained from the ProteinGroups txt file of MaxQuant searching results.

Protein Protein Protein
Ratio Ratio Ratio Average
11(>5I>/\I\NAM- 1105/>I\|/\V/|M- (WM-266- PFI;C:t?:Jn Sequence
Gene Name 266-4),  266-4), 1/F1 1/F2 41W15|\)/| (WM-266- S.D. R.S.D. Cozloior)age
Forward-1 Forward-2 Reversé-l 4/\WM-

SILAC  SILAC (RD) 115)

F) ()
EVI5 0.99 0.984 1.01 1.02 N/A 1.01 0.00 0% 6.1
EVI5L 1.03 1 0.97 1.00 N/A 0.99 0.02 2% 4.1
RABGAP1 (TBC1D11) 1.07 1.02 0.93 0.98 0.88 0.93 0.05 5% 30
RABGAPIL (TBC1D18) 0.94 1 1.06 1.00 0.8 0.95 0.14 14% 18
TBC1D1 0.77 N/A 1.30 N/A N/A 1.30 N/A N/A 3.8
TBC1D2B N/A 0.95 N/A 1.05 0.86 0.96 0.14 14% N/A
TBC1D4 0.22 0.19 4.55 5.26 341 441 0.93 21% 18
TBC1D5 0.9 0.94 1.11 1.06 0.94 1.04 0.09 9% 35
TBC1D7 0.37 0.45 2.70 2.22 N/A 2.46 0.34 14% 154
TBC1D8B 1.13 1.19 0.88 0.84 0.68 0.80 0.11 13% 7.8
TBC1D9B 1.17 1.1 0.85 0.91 0.73 0.83 0.09 11% 13.2
TBC1D10A 0.61 0.58 1.64 1.72 1.36 1.57 0.19 12% 33.1
TBC1D10B 1.45 1.33 0.69 0.75 0.76 0.73 0.04 5% 17.1
TBC1D13 1.09 1.09 0.92 0.92 0.87 0.90 0.03 3% 29.8
TBC1D14 0.19 N/A 5.26 N/A 1.63 3.45 2.57 75% 55
TBC1D15 0.88 0.86 1.14 1.16 1.08 1.13 0.04 4% 21.6
TBC1D16 0.34 0.28 2.94 3.57 2.28 2.93 0.65 22% 6.8
TBC1D17 0.83 0.91 1.20 1.10 0.92 1.07 0.14 13% 9.3
TBC1D20 1.17 1.36 0.85 0.74 N/A 0.79 0.08 11% 10
TBC1D22A 0.79 0.68 1.27 1.47 1.43 1.39 0.11 8% 15.7
TBC1D23 1.33 1.33 0.75 0.75 0.76 0.75 0.00 1% 14.6
TBC1D24 1.73 1.82 0.58 0.55 0.56 0.56 0.01 3% 13.8
TBC1D25 N/A 0.52 N/A 1.92 N/A 1.92 N/A N/A N/A
TBCK 0.93 0.82 1.08 1.22 N/A 1.15 0.10 9% 3.7

Mean RSD  12%
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3. Chapter 3. Targeted Profiling of Epitranscriptomic Reader, Writer
and Eraser Proteins Accompanied with Radioresistance in Breast

Cancer Cells

3.1 Introduction

Unlike the extensively studied DNA methylation and histone post-translational
modifications, the investigations about RNA modifications did not gain wide attention in
the scientific community until the availability of high-throughput sequencing method
rendered transcriptome-wide profiling of N®-methyladenosine (m°A) in 2012 (1). RNA is
known to contain more than 170 types of modifications, among which m°®A is the most
abundant internal modification in mRNA (2). m®A-modifying enzymes (“writers” and
“erasers”) install or remove m®A, whereas m®A-binding proteins (“readers™) recognize
mOA to confer downstream effects. m®A is involved in regulating various cellular processes,
including mRNA stability, splicing, translation, and decay (3-6). Aside from m®A, other
RNA modifications also regulate biological processes through their reader, writer, and
eraser (RWE) proteins. For instance, ALYREF and YTHDF2, which are 5-methylcytidine
(m°C) reader proteins, modulate mMRNA export and rRNA maturation, respectively (7, 8).
In addition, NSUN2 (m®C writer) and YBXZ1 (m°C reader) drive the pathogenesis of human

bladder urothelial carcinoma by targeting the m®C site in the mRNA of HDGF gene (9).

Breast cancer represents the second most common cancer among women in the United
States. Radiation therapy harnesses ionizing radiation to eliminate local malignant cells

and prevent cancer recurrence. It delivers high-energy X-rays to target tissues and elicits
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DNA damage in rapidly dividing cancer cells. Although more than 83% of breast cancer
patients benefit from radiation therapy (10), some patients suffer from tumor recurrence
due to the development of resistance to radiation therapy (11). Many genes involved in
DNA damage repair and cell cycle checkpoints have been documented to modulate

radioresistance, including AKT, HER2, BRCA2, CDK1, and CHK1 (12-15).

Several studies also unveiled the functions of m®A RWE proteins in modulating
radioresistance of cancer cells. METTLS3, the catalytic subunit of the major m°A writer
complex, promotes radioresistance in glioblastoma by regulating m®A modification of
SOX2 mRNA and enhancing its stability (16). m°A eraser ALKBH5 augments
radioresistance by modulating homologous recombination in glioblastoma (17). m°A
reader YTHDC2 promotes radioresistance of nasopharyngeal carcinoma via enhancing
IGF1R mRNA and activating the IGF1R-AKT/S6 signaling pathway (18). Little, however,
is known about the roles of other epitranscriptomic RWE proteins, such as those for N1-
methyladenosine (m!A), m°C, and pseudouridine (¥) in RNA, in modulating the sensitivity

of cancer cells to radiation therapy.

Parallel-reaction monitoring (PRM)-based targeted proteomics, which can be performed
on hybrid quadrupole-Orbitrap or quadrupole time-of-flight (TOF) mass spectrometers,
can be used to quantify hundreds of peptides in complex sample matrices in a single LC-
MS/MS run (19). Since the MS/MS are acquired on a high-resolution mass analyzer, PRM
offers highly selective and reliable identification and quantification of target peptides.

Moreover, the mass spectrometer can be programed to collect MS/MS of precursor ions in
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predefined retention time windows with the use of normalized retention time (iRT), which

provides improved throughput of the LC-PRM method (20).

3.2 Materials and Methods
3.2.1 Cell Culture and SILAC

The radioresistant clones (C5 and C6) of MDA-MB-231 and MCF-7 cells were
generated previously (21, 22). MDA-MB-231/C5 and MCF-7/C5 paired cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (Invitrogen-Gibco) and 1% penicillin/streptomycin. Cells were kept at 37 °C
in a humidified atmosphere containing 5% CO2. For the SILAC labelling experiments, the
MDA-MB-231/C5 and MCF-7/C6 paired cells were cultured in the light DMEM media
(i.e., normal lysine and arginine), or the heavy DMEM media i.e., [*3Cs, °N2]-L-lysine and
[**Ce]-L-arginine, with the addition of 10% dialyzed FBS (Invitrogen) and 1%
penicillin/streptomycin, for at least 21 days to complete incorporate isotope-labeled amino

acids.

3.2.2 Tryptic digestion of whole cell lysates

After the complete SILAC labelling, MDA-MB-231/C5 and MCF-7/C6 paired cells
were lysed on ice for 30-min using CelLytic M cell lysis reagent (Sigma) supplemented
with 1% protease inhibitor cocktail, and centrifuged at 9000 g for 30 min at 4°C. The
supernatants were collected, and the protein concentrations in the supernatants were
quantified using the Bradford assay. In the forward SILAC labelling experiments, light-
isotope-labelled C5 and C6 cell lysates were mixed at 1:1 ratio (by mass) with heavy-

isotope-labelled MDA-MB-231 and MCF-7 cell lysates, respectively. In the reverse
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SILAC labelling experiments, light-isotope-labelled MDA-MB-231 and MCF-7 cell
lysates were mixed at 1:1 ratio (by mass) with heavy-isotope-labelled C5 and C6 cell
lysates, respectively. Two forward and two reverse labelling experiments were carried out

for MDA-MB-231/C5 and MCF-7/C6 pairs of cells.

Following the filter-aided sample preparation (FASP) protocol (23), 50 pg of protein
samples (25 pg of heavy- and light-isotope-labelled cell lysate combined) were denatured
twice in 8 M urea in 50 mM NHsHCOs in the polyethersulfone (PES) Membrane 30 kDa
centrifugal filter unit (VWR) by centrifuging at 11,000g for 25 min. The denatured samples
were reduced with dithiothreitol at 37 °C for 1 hr, alkylated with iodoacetamide at room
temperature for 30 min, followed by washing twice with 50 mM NH4HCOs. The samples
were digested with MS-grade trypsin (Pierce) at 1:50 ratio (trypsin: protein, by mass) in 50
mM NHsHCO3 at 37 °C overnight. The tryptic peptides were collected by centrifugation,
dried in a Speed-vac, desalted using OMIX C18 pipet tips (Agilent Technologies), and

redissolved in 0.1% formic acid for LC-PRM analysis.

3.2.3 Establishment of PRM library

A PRM library containing unique tryptic peptides from 152 epitranscriptomic RWE
proteins was established in Skyline (24). Two or three unique peptides exhibiting high
intensities in previously published shotgun proteomic data were selected to represent each
RWE protein in the PRM library (25), and the MS/MS of these peptides were deposited
into the PRM library (25). Additionally, iRT of each peptide was derived from the linear
regression of RT with iRT of tryptic peptides of BSA (with defined iRT) analyzed under

the same chromatographic conditions.
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3.2.4 LC-PRM data acquisition

Samples were subjected to LC-PRM analysis on a Q Exactive Plus quadrupole-Orbitrap
mass spectrometer coupled with a Dionex UltiMate 3000 RSLCnano UPLC system. The
analytical column was packed in-house using 3 pum Reprosil-Pur C18-AQ resin (Dr.
Maisch GmbH HPLC) in a ~ 25-cm long, 75 pum i.d. fused silica column. The trapping
column was also prepared in-house using 5 um Reprosil-Pur C18-AQ resin (Dr. Maisch
GmbH HPLC) in a 4-cm long, 150 um i.d. fused silica column. SILAC samples (500 ng)
were separated with a 125-min linear gradient from 6 — 43% mobile phase B (80%
acetonitrile in 0.1% formic acid) at a flow rate of 300 nL/min. The spray voltage was 1.8

kV.

Before sample analysis, the tryptic digestion mixture of BSA was analyzed using the
LC-PRM method under the same experimental settings, but with m/z values of ten tryptic
peptides of BSA in the inclusion list. After importing the acquired data for BSA peptides
to Skyline, three inclusion lists with m/z and a 7-min RT window of each precursor ion
were generated and exported from Skyline with the maximum number of concurrent
precursor ions being set at 40. Those inclusion lists were imported for LC-PRM analysis
on the Q Exactive Plus mass spectrometer, where the precursor ions were distributed in
three separate LC-PRM runs. The precursor ions were isolated in the quadrupole at an
isolation window of 1.0 m/z, fragmented in the HCD collision cell at a normalized collision
energy (NCE) of 28. Other settings were: MS/MS resolution, 17,500; automated gain

control (AGC) target, 1x10°; maximum accumulation time: 50 ms.
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3.2.5 LC-PRM data processing

The acquired LC-PRM data were imported to Skyline. In Skyline, the acquired MS/MS
of each precursor ion was compared with that in the spectral library, where similarity is
measured by dot product (dotp) value (26). A dotp value of > 0.7 is imposed for positive
peptide identification. In addition, 4-6 fragment ions in the light and heavy forms should
share the same retention time. The potential interfering fragment ions that do not overlay
with other fragment ions were manually excluded (i.e., processed data). The SILAC ratios

of each precursor ion were calculated automatically in Skyline.

3.2.6 Western blots

MDA-MB-231/C5 and MCF-7/C6 pairs of breast cancer cells were lysed with CelLytic
M cell lysis reagent (Sigma) supplemented with 1% protease inhibitor cocktail, and
denatured at 95 °C for 5-min with Laemmli loading buffer. The same amount of proteins
(10-20 ng) of denatured lysates were separated using SDS-PAGE, and transferred onto a
nitrocellulose membrane at 90 V for 60-min at 4 °C. The membrane was blocked with 5%
milk in PBS-T (PBS with 0.1% Tween 20) for 45-min, and incubated separately with
primary antibodies that recognize human FTO (Abclonal, A1438, 1:1000), TRMT1
(Abclonal, A7116, 1:1000), and GAPDH (Santa Cruz, sc-32233, 1:10,000) at 4 °C
overnight. After several thorough washes with PBS-T, the membrane was incubated with
donkey anti-rabbit secondary antibody (Sigma, A0545, 1:5,000), or anti-mouse secondary
antibody (Santa Cruz, m-IgGk BP-HRP, 1:5,000), followed by several thorough washes
with PBS-T. The protein bands were visualized using Amersham ECL™ Western Blot

Detecting Reagent (GE Healthcare).
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3.2.7 Bioinformatic analyses
All Kaplan-Meier survival analyses of the TCGA and METABRIC cohorts were carried

out in the MedCal software (https://www.medcalc.org/). GSEA enrichment plots were

generated in GSEA 4.1.0 software (http://www.broad.mit.edu/gsea) TCGA-BRAC dataset,

downloaded from the Xenahubs database (https://gdc.xenahubs.net/download/TCGA-

BRCA .htseq_fpkm.tsv.gz), was sorted by mRNA expression level of TRMT1 from high to

low with median value as cutoff. Patients (n = 1,217) were therefore categorized into high-
and low-TRMT1-expression group. Gene set enrichment analysis (GSEA) of the stratified
TCGA dataset was carried out against the hallmark gene sets (h.all.v7.4.symbols.gmt)
which were downloaded from GSEA Molecular Signatures Database (http://www.gsea-
msigdb.org/gsea/msigdb/collections.jsp#H). The number of permutations was set at 1000.

A gene set with a false discovery rate less than 0.25 was considered significantly enriched.

3.3 Results and Discussion
3.3.1 Development of LC-PRM Method for Profiling a Total of 152 Epitranscriptomic
RWE Proteins and Application to Radioresistance Breast Cancer Cells

To investigate systematically the roles of epitranscriptomic RWE proteins in modulating
radioresistance in breast cancer, we established an LC-PRM method, coupled with stable
isotope labelling by amino acids in cell culture (SILAC), to examine the differences in
expression levels of the proteins in MDA-MB-231 and MCF-7 breast cancer cells relative
to their corresponding radioresistant C5 and C6 clones (Figure 3.1a). We first developed a
Skyline (24) PRM library, which includes all the 68 human epitranscriptomic RWE

proteins deposited in the Modomics database (2), and another 84 RWE proteins retrieved

78


https://www.medcalc.org/
http://www.broad.mit.edu/gsea
https://gdc.xenahubs.net/download/TCGA-BRCA.htseq_fpkm.tsv.gz
https://gdc.xenahubs.net/download/TCGA-BRCA.htseq_fpkm.tsv.gz

from several recent review articles (Figure 3.1b, Table 3.1) (27-32). Each RWE protein is
represented by two or three unique peptides, whose MS/MS were acquired from previously
published shotgun proteomic analyses and imported into the Skyline library (25).
3.3.2 Quantification of Around 100 RWE Proteins in the MDA-MB-231/C5 and the
MCF-7/C6 Pairs using LC-PRM

To achieve high-throughput analysis of these proteins, we employed scheduled LC-PRM
with a 7-min retention time window and a maximum of 40 concurrent precursor ions. In
this vein, iIRT of each peptide was derived from the linear regression of RT with iRT by
analyzing a tryptic digestion mixture of bovine serum albumin (BSA) under the same
chromatographic conditions. With this method, the 152 epitranscriptomic RWE proteins
(i.e., 444 unique peptides, and 888 precursor ions for SILAC) could be monitored in three
LC-MS/MS runs with a 125-min gradient. The LC-PRM analysis enabled the
quantifications of 106 and 99 epitranscriptomic RWE proteins from two forward and two
reverse SILAC experiments in the MDA-MB-231/C5 and the MCF-7/C6 pairs,
respectively, accounting for approximately 70% and 65% of proteins in the PRM library
(Figure 3.1c). The quantification result of each RWE protein was calculated from the
average ratios of all detected tryptic peptides of the protein, where the ratio of each peptide
was calculated in Skyline based on LC-PRM results from the four replicates of SILAC
experiments. A total of 96 epitranscriptomic RWE proteins were commonly quantified in
the two pairs of cell lines. We also performed hierarchical clustering analysis to illustrate
the differential expression of the quantified epitranscriptomic RWE proteins in the

radioresistant C5 and C6 lines relative to the corresponding parental MDA-MB-231 and
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MCEF-7 lines (Figure 3.2). Such analysis revealed similarities and differences in alterations
in expression of epitranscriptomic RWE proteins accompanied with the development of
radioresistance in the two breast cancer cell lines (Figure 3.2).

Our LC-PRM data revealed that 8 and 11 epitranscriptomic RWE proteins were down-
regulated by more than 1.5-fold, and 18 and 27 epitranscriptomic RWE proteins were up-
regulated by over 1.5-fold in the radioresistant C5 and C6 lines relative to their
corresponding parental lines, respectively (Figure 3.3a, b). Gene Ontology (GO) analysis
of these differentially expressed proteins showed that the up-regulated epitranscriptomic
RWE proteins are mainly involved in tRNA modification, tRNA processing, and rRNA
base methylation (Figure 3.4a). The down-regulated epitranscriptomic RWE proteins play
roles in tRNA methylation, oxidation-reduction process, and tRNA dihydrouridine
synthesis (Figure 3.4a). In this context, it is worth noting that over 100 types of
modifications have been detected in tRNA (2), including ¥, m'A, N1-methylguanosine
(m'G), and NE-threonyl-carbamoyl-adenosine (t°A), where many tRNA modifications
regulate the stabilities of tRNA (33, 34).

3.3.3 Eight RWE Proteins Commonly Altered by Over 1.5-fold in Both Pairs of Breast
Cancer Cell Lines

Among the epitranscriptomic RWE proteins that are up- or down-regulated by at least
1.5-fold, eight were commonly altered in both pairs of breast cancer cell lines (Figure 3.3c,
d). For instance, MRM1 was pronouncedly down-regulated, whereas FTO and CTU1 were
markedly up-regulated in radioresistant lines compared to parental lines in both pairs of

breast cancer cells (Figure 3.2). Figure 3.5a illustrates the PRM traces of representative
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peptides from TRMT1 and FTO, two of the eight commonly altered proteins, in two pairs
of matched radioresistant/parental breast cancer cells. The up-regulations of TRMT1 and
FTO in the radioresistant cells were further validated by Western blot analysis (Figure
3.5h).
3.3.4 LC-PRM Enabling Highly Efficient, Selective, Sensitive, and Reproducible
Peptide Quantification

Our proteomic results showed that the established LC-PRM method coupled with
SILAC affords highly efficient, selective, sensitive, and reproducible peptide
quantification. The efficiency of the method is manifested by its high throughput, where
888 precursor ions of 444 tryptic peptides derived from the 152 epitranscriptomic RWE
proteins could be monitored in three LC-MS/MS runs. Additionally, the high consistency
of quantification results of TRMT1 and FTO obtained from PRM and Western blot
analyses underscores the high accuracy of the method. Moreover, the relatively high
coverage (i.e., 70% and 65%) of the epitranscriptomic RWE proteins in the library
indicates the high sensitivity of the PRM method. The PRM method is also highly
reproducible, as reflected by the small mean relative standard deviations of the
quantification results obtained from two forward and two reverse SILAC experiments, i.e.,
11.7% and 9.1% in the MDA-MB-231/C5 and MCF-7/C6 and pairs of breast cancer cells,
respectively. In this context, it is worth noting that our PRM method does not take into
account post-translational modifications (PTMs) in the peptides employed for the

quantifications of the epitranscriptomic RWE proteins. Hence, differences in PTMs

81



between the radioresistant and parental breast cancer cells may contribute, in part, to
variations in quantification results obtained from different peptides of the same protein.
3.3.5 Correlation of TRMT1 mRNA Expression with Breast Cancer Patient Survival
Who Received Radiation Therapy and DNA Repair Gene Sets

Considering that the above-mentioned proteomic results were acquired from breast
cancer cell lines derived from two patients, we next asked if the findings could be extended
to breast cancer patients in general. To this end, we performed Kaplan-Meier survival
analyses in two breast cancer patient cohorts, i.e., The Cancer Genome Atlas-Breast
Invasive Carcinoma (TCGA-BRCA) and Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC). We placed our emphasis on patients who
received radiation therapy and explored the correlation between the mRNA expression
level of each commonly altered epitranscriptomic RWE protein and patient survival. Our
results showed that a higher level of mMRNA expression of TRMT1 is significantly
correlated with poorer survival of breast cancer patients who received radiation therapy in
both TCGA-BRCA and METABRIC cohorts (Figure 3.5c). This result is in keeping with
our proteomic data showing that TRMT1 is up-regulated in C5 and C6 cells compared with
parental MDA-MB-231 and MCF-7 cells. For the other commonly altered
epitranscriptomic RWE proteins in both pairs, only the Kaplan-Meier survival analysis of
CTUL1 gene in the METABRIC cohorts who received radiation therapy corroborates with
proteomics results (Figure 3.4b). The lack of correlation for other proteins may be due to
the differences in the mRNA and protein expression levels of epitranscriptomic RWE

proteins, and/or the heterogeneity of breast cancer (35).
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To explore the potential mechanism of TRMTL in radioresistant breast cancer, we
carried out gene set enrichment analysis (GSEA). TCGA-BRCA dataset was stratified by
the high and low mRNA expression of TRMTL1 using its median value as a cutoff. Upon
performing GSEA Dbetween the stratified TCGA dataset and the hallmark gene sets
downloaded from the GSEA Molecular Signatures Database (36), we observed that, among
23 gene sets, four are significantly (at FDR < 25%) up-regulated in the high-TRMT1-
expression group. DNA repair gene set is the most significantly enriched (Figure 3.5d).
Since radioresistance is known to be associated with the enhanced ability to repair
radiation-induced DNA damage (11), this finding again suggests a role of TRMTL1 in
promoting radioresistance. Additionally, two other hallmark gene sets, i.e., Myc_target V2
(Figure 3.5d) and Myc _target V1 (Figure 3.4c), were also enriched significantly with the
high-TRMT1-expression group; hence, TRMT1 may be associated with Myc target genes.
Moreover, the hallmark gene set UV_response _up, i.e., up-regulated in response to
ultraviolet (UV) radiation, was also associated with high expression of TRMTL1 (Figure
3.4d).

Radiation therapy is known to enhance cancer metastasis through activating epithelial-
mesenchymal transition (EMT) transcription factors, including Snail, Slug, ZEB1, and
ZEB (37). Additionally, radioresistant breast cancer cells exhibit increased metastatic
potential (38), and breast cancer distant metastasis was shown to promote resistance to
radiation therapy (39). Based on the observed co-occurrence between metastasis and

radioresistance, several reports interrogated their cross-regulation and revealed several
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common pathways, including PI3K/AKT/mTOR, MAPK, Wnt/B-catenin, NF-xB, EMT,
and reactive oxygen species scavenging (40-44).

TRMT1 dimethylates the N? position of guanosine 26 in most tRNAs to give m??G. It
was documented that urinary level of m??G was elevated in 35.1% or 57% in two cohorts
of metastatic breast cancer patients (45, 46). TRMTT1 is the only known writer of m??G in
humans (47); thus, the augmented levels of m?2G in metastatic breast cancer patients also
suggest a role of TRMTL1 in the metastatic transformation of breast cancer.

3.4 Conclusion

In summary, we established, for the first time, a high-throughput scheduled LC-PRM
method for profiling simultaneously a total of 152 epitranscriptomic RWE proteins. We
also employed this method to explore the roles of these proteins in radioresistance in breast
cancer cells, we found that eight epitranscriptomic RWE proteins were commonly altered
by over 1.5-fold in the MDA-MB-231/C5 and MCF-7/C6 pairs of breast cancer cells.
Among them, TRMT1 may play a role in promoting radioresistance in breast cancer and
be involved in breast cancer metastatic transformation. Thus, TRMT1 could be a target for
overcoming radioresistance in breast cancer therapy. In addition, other differentially
expressed epitranscriptomic RWE proteins in matched radioresistant/parental breast cancer
cell lines revealed from this study may provide a comprehensive understanding of
epitranscriptomic RWE proteins in modulating radiation sensitivity in breast cancer.
Moreover, we envision that the LC-PRM method developed in this study can also be
employed to examine, in the future, the roles of epitranscriptomic RWE proteins in the

metastatic transformation of cancer and therapeutic resistance of other types of cancer.
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Table 3.1 A list of epitranscriptomic RWE proteins included in the PRM library.

ALKHB2, 4, 6, and 7, with unknown functions in RNA modifications, were also listed.

Known
Ensembl | Protein o Functions in
Description References
Gene ID Name RNA
modifications
ENSGO000 adenosine deaminase RNA )
ADAR . A-to-I writer (48)
00160710 specific
ENSGO000 adenosine deaminase )
ADAT1 . A-to-1 writer (48)
00065457 tRNA specific 1
ENSGO000 adenosine deaminase ]
ADAT2 . A-to-1 writer (48)
00189007 tRNA specific 2
ENSGO000 adenosine deaminase )
ADAT3 . A-to-1 writer (48)
00213638 tRNA specific 3
ENSGO000 | ALKBH | alkB homolog 1, histone
_ m'A, m°C eraser | (49, 50)
00100601 |1 H2A dioxygenase
alkB homolog 2, alpha-
ENSGO000 | ALKBH )
ketoglutarate dependent potential eraser
00189046 | 2 )
dioxygenase
alkB homolog 3, alpha-
ENSGO000 | ALKBH
ketoglutarate dependent m!A eraser (51)
00166199 | 3 )
dioxygenase
ENSGO000 | ALKBH | alkB homolog 4, lysine )
potential eraser
00160993 | 4 demethylase
ENSGO000 | ALKBH | alkB homolog 5, RNA
mOA eraser (52)
00091542 |5 demethylase
ENSGO000 | ALKBH )
alkB homolog 6 potential eraser
00239382 | 6
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ENSGO000 | ALKBH )
alkB homolog 7 potential eraser
00125652 |7
mcmeU,
ENSGO000 | ALKBH | alkB homolog 8, tRNA mcm°Um, (53)
00137760 |8 methyltransferase mchm®U, and
mem®s2U writer
ENSGO000 | ALYRE
Aly/REF export factor m°C reader @)
00183684 | F
apolipoprotein B mRNA
ENSGO000 | APOBE . ] )
editing enzyme catalytic C-to-U writer (54)
00244509 | C3C
subunit 3C
apolipoprotein B mRNA
ENSGO000 | APOBE . ) )
editing enzyme catalytic C-to-U writer (55)
00239713 | C3G
subunit 3G
BCDIN3 domain 5" monophosphate
ENSGO000 | BCDIN3 o )
containing RNA methylation (56)
00186666 | D _
methyltransferase writer
BUD23 rRNA
ENSGO000 .
BUD23 | methyltransferase and m’G writer (57)
00071462 _ )
ribosome maturation factor
ENSGO000 _ mOA writer
CBLL1 | Cbl proto-oncogene like 1 (58)
00105879 complex
ENSGO000 | CDK5R | CDKS regulatory subunit ) )
_ _ msZi®A writer (59)
00101391 | AP1 associated protein 1
ENSG000 | CDKAL | CDKS5 regulatory subunit )
_ S ms?t®A writer (60)
001459% |1 associated protein 1 like 1
ENSGO000 cytosolic iron-sulfur s?U, mem®°s?U
CIAO1 _ (61)
00144021 assembly component 1 writer
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ENSGO000

CMTR1 | cap methyltransferase 1 Nm writer (62)
00137200
ENSGO000 )
CMTR2 | cap methyltransferase 2 Nm writer (62)
00180917
ENSGO000 cytosolic thiouridylase s?U, mem®s?U
CTUl ) _ (63)
00142544 subunit 1 writer
ENSGO000 cytosolic thiouridylase s?U, mem®°s?U
CTu2 ] _ (63)
00174177 subunit 2 writer
=NSG000 DCP2 d i RNA 2 "GpppN (64)
ecapping m m eraser
00172795 PRIng PPP
ENSGO000 decapping enzyme,
DCPS m’GpppN eraser | (65)
00110063 scavenger
DIMT1 rRNA
ENSGO000 _
DIMT1 | methyltransferase and m2%A writer (66)
00086189 _ )
ribosome maturation factor
ENSGO000 DIS3 like 3'-5' _ _
DIS3L2 ) uridylation reader | (67)
00144535 exoribonuclease 2
ENSGO000 dyskerin pseudouridine
DKC1 Y writer (68)
00130826 synthase 1
ENSGO000 dihydrouridine synthase 1 )
DUSI1L ) D writer (69)
00169718 like
ENSGO000 ) o )
DUS2 dihydrouridine synthase 2 | D writer (69)
00167264
ENSGO000 dihydrouridine synthase 3 )
DUS3L ) D writer (70)
00141994 like
eukaryotic translation
ENSGO000
EIF3A initiation factor 3 subunit mOA reader (71)
00107581

A
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ENSGO000 eukaryotic translation
EIF3B o _ mOA reader (71)
00106263 initiation factor 3 subunit B
ENSGO000 | ELAVL | ELAV like RNA binding
_ mOA reader (72)
00066044 |1 protein 1
cm®U, ncm®U,
ENSGO000 elongator acetyltransferase
ELP1 _ mcm°U, mem®s?U | (61, 73)
00070061 complex subunit 1 _
writer
cm°U, ncm°U,
ENSGO000 elongator acetyltransferase
ELP3 _ mem®U, mem®s?U | (61, 73)
00134014 complex subunit 3 _
writer
cm°U, ncm°U,
ENSGO000 elongator acetyltransferase
ELP4 _ mem®U, mem®s?U | (61, 73)
00109911 complex subunit 4 _
writer
cm®U, ncm®U,
ENSGO000 elongator acetyltransferase
ELP5 _ mcm®U, mem®s?U | (61, 73)
00170291 complex subunit 5 ]
writer
EMG1 N1-specific
ENSGO000 o o
EMG1 | pseudouridine m*acp3-Psi writer | (74)
00126749
methyltransferase
ENSGO000 o )
FBL fibrillarin Nm writer (75)
00105202
ENSGO000 FMRP translational
FMR1 mOA reader (76)
00102081 regulator 1
ENSGO000 FTO alpha-ketoglutarate
FTO _ mOA eraser (77)
00140718 dependent dioxygenase
Cm, Um, Gm, f°Cnm,
ENSGO000 FtsJ RNA 2'-O-
FTSJ1 hm°Cm, mcm®Um | (61, 78)
00068438 methyltransferase 1

writer

88




ENSGO000 FtsJ RNA 2'-O- ]
FTSJ3 Cm, Um, Gm writer | (79)
00108592 methyltransferase 3
ENSGO000 GONY7 subunit of KEOPS )
GON7 t8A writer (80)
00170270 complex
ENSGO000 GTP binding protein 3, )
GTPBP3 | _ tm°U writer (81)
00130299 mitochondrial
ENSGO000 | HENMT )
HEN methyltransferase 1 Nm writer (82)
00162639 |1
ENSGO000 | HNRNP | heterogeneous nuclear
_ _ mOA reader (83)
00122566 | A2B1 ribonucleoprotein A2/B1
ENSGO000 | HNRNP | heterogeneous nuclear
_ _ mOA reader (84)
00092199 | C ribonucleoprotein C
ENSG000 | HSD17B | hydroxysteroid 17-beta m'G, mA writer (@5)
00072506 |10 dehydrogenase 10 subunit
ENSGO000 | IGF2BP | insulin like growth factor 2
o _ mOA reader (86)
00159217 |1 MRNA binding protein 1
ENSGO000 | IGF2BP | insulin like growth factor 2
o _ mCA reader (86)
00073792 | 2 MRNA binding protein 2
ENSGO000 | IGF2BP | insulin like growth factor 2
o _ mOA reader (86)
00136231 | 3 MRNA binding protein 3
ENSG000 iron-sulfur cluster s2U, mem®s2U
ISCU _ (61)
00136003 assembly enzyme writer
ENSGO000 ) ) )
LAGE3 | L antigen family member 3 | t°A writer (87)
00196976
ENSG000 leucine carboxyl _
LCMT2 02Yw, yW writer | (61)
00168806 methyltransferase 2
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ENSGO000

leucine rich

LRPPRC | pentatricopeptide repeat mOA reader (88)
00138095 o
containing
] 5" monophosphate
ENSGO000 methylphosphate capping )
MEPCE methylation (89)
00146834 enzyme )
writer
ENSGO000 | METTL
methyltransferase like 1 m’G writer (90)
00037897 |1
ENSG000 | METTL _ mCA writer
methyltransferase like 14 (91)
00145388 | 14 complex
ENSGO000 | METTL _ )
methyltransferase like 15 m*C writer (92)
00169519 |15
ENSGO000 | METTL
methyltransferase like 16 moA writer (93)
00127804 | 16
ENSGO000 | METTL _ )
methyltransferase like 17 | m*C, m®C writer | (94)
00165792 | 17
ENSGO000 | METTL _ )
methyltransferase like 2b m3C writer (95)
00165055 | 2B
ENSG000 | METTL _ mCA writer
methyltransferase like 3 (91)
00165819 |3 complex
ENSGO000 | METTL _ )
methyltransferase like 5 mOSA writer (96)
00138382 |5
ENSGO000 | METTL
methyltransferase like 6 m3C writer (95)
00206562 | 6
ENSGO000 | METTL _ )
methyltransferase like 8 m3C writer (95)
00123600 |8
ENSG000 | METTL ) 1-methylhistidine
methyltransferase like 9 ) (97)
00197006 |9 writer
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ENSGO000 molybdenum cofactor s?U, mem®s?U

MOCS3 _ _ (98)
00124217 synthesis 3 writer
ENSGO000 mercaptopyruvate s?U, mem®°s?U

MPST _ (61)
00128309 sulfurtransferase writer
ENSGO000 mitochondrial rRNA )

MRM1 Gm writer (99)
00278619 methyltransferase 1
ENSGO000 mitochondrial rRNA )

MRM2 Um writer (100)
00122687 methyltransferase 2
ENSGO000 mitochondrial rRNA )

MRM3 Gm writer (101)
00171861 methyltransferase 3
ENSGO000 mitochondrial tRNA )

MTO1 _ o tm°U writer (61, 102)
00135297 translation optimization 1
ENSGO000 _

NAT10 | N-acetyltransferase 10 ac*C writer (103)
00135372
ENSG000 _ s2U, mem®s2U

NFS1 NFS1 cysteine desulfurase _ (98)
00244005 writer
ENSGO000 _ ]

NOP2 NOP2 nucleolar protein m°C writer (104)
00111641
ENSGO000 NOP2/Sun RNA )

NSUN2 m°C writer (105)
00037474 methyltransferase 2
ENSGO000 NOP2/Sun RNA )

NSUN4 m°C writer (106)
00117481 methyltransferase 4
ENSGO000 NOP2/Sun RNA )

NSUN5 m°C writer (107)
00130305 methyltransferase 5
ENSGO000 NOP2/Sun RNA )

NSUNG m°C writer (108)
00241058 methyltransferase 6
ENSGO000 nucleotide binding protein | s?U, mem?®s2U

NUBP1 _ (61)
00103274 1 writer
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ENSGO000 | NUDT1 )
nudix hydrolase 16 m’GpppN eraser | (109)
00198585 | 6
ENSGO000 O-sialoglycoprotein )
OSGEP _ t8A writer (110)
00092094 endopeptidase
ENSGO000 phosphorylated CTD )
PCIF1 _ _ mCAm writer (111)
00100982 interacting factor 1
ENSGO000 | PRRC2 o ) )
proline rich coiled-coil 2A | m®A reader (112)
00204469 | A
ENSGO000 o
PUS1 pseudouridine synthase 1 Y writer (113)
00177192
ENSGO000 o
PUS10 | pseudouridine synthase 10 | W writer (114)
00162927
ENSGO000 o
PUS3 pseudouridine synthase 3 Y writer (115)
00110060
ENSGO000 .
PUS7 pseudouridine synthase 7 Y writer (116)
00091127
ENSGO000 pseudouridine synthase 7
PUS7L ) ¥ writer (117)
00129317 like
queuine tRNA-
=NSG000 QTRT1 ibosyltransf talytic | Q writ (118)
ribosyltransferase catalytic writer
00213339 y- Y
subunit 1
queuine tRNA-
=NSG000 QTRT2 ibosyltransf Q writ (119)
ribosyltransferase writer
00151576 Y )
accessory subunit 2
ENSGO000 RNA binding motif protein | mSA writer
RBM15 (120)
00162775 15 complex
ENSG000 | RBM15 | RNA binding motif protein | m®A writer (120)
00259956 | B 15B complex
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ENSGO000 RNA binding motif protein
RBMX _ mOA reader (121)
00147274 X-linked
ENSGO000 RNA guanylyltransferase )
RNGTT m’GpppN writer | (122)
00111880 and 5'-phosphatase
ENSGO000 RNA guanine-7 )
RNMT m’GpppN writer | (122)
00101654 methyltransferase
RNA pseudouridine
ENSGO000 ) v (probable)
RPUSDL1 | synthase domain ) (123)
00007376 o writer
containing 1
RNA pseudouridine
ENSGO000 ) V (probable)
RPUSD?2 | synthase domain ) (123)
00166133 o writer
containing 2
ENSGO000 RNA pseudouridine
RPUSD3 W writer (123)
00156990 synthase D3
ENSGO000 RNA pseudouridine
RPUSD4 \ writer (123)
00165526 synthase D4
ENSGO000 ribosomal RNA processing )
RRP8 m*A writer (124)
00132275 8
secretion regulating
ENSGO000 _ _ s?U, mem’s?U
SERGEF | guanine nucleotide _ (61)
00129158 writer
exchange factor
staphylococcal nuclease
ENSGO000 _
SND1 and tudor domain mOA reader (125)
00197157 o
containing 1
ENSGO000 small nuclear methylation
SNU13 _ ] _ (126)
00100138 ribonucleoprotein 13 writer complex
ENSGO000 TAR (HIV-1) RNA )
TARBP1 | ] Gm writer (127)
00059588 binding protein 1
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ENSGO000 transcription factor B1,
TFB1IM _ _ mC2A writer (128)
00029639 mitochondrial
ENSGO000 transcription factor B2,
TFB2M _ _ mC2A writer (128)
00162851 mitochondrial
ENSGO000 trimethylguanosine )
TGS1 m?%'G writer (129)
00137574 synthase 1
ENSGO000 tRNA-histidine
THGIL ] xG writer (61)
00113272 guanylyltransferase 1 like
ENSGO000 | THUMP | THUMP domain _ _
o ac*C writer unit (130)
00066654 | D1 containing 1
ENSGO000 N .
00172315 TP53RK | TP53 regulating kinase t8A writer (61, 131)
ENSGO000 o ) )
00144034 TPRKB | TP53RK binding protein t8A writer (61, 131)
ENSG000 | TRDMT | tRNA aspartic acid
m°C writer (132)
00107614 |1 methyltransferase 1
ENSGO000 tRNA ) )
TRITL | i®A writer (133)
00043514 isopentenyltransferase 1
ENSGO000 )
00104907 TRMT1 | tRNA methyltransferase 1 | m?2G writer (134)
ENSG000 | TRMT1 | tRNA methyltransferase
m*G writer (135)
00145331 | OA 10A
tRNA methyltransferase
ENSGO000 | TRMT1 ) _ )
00174173 | oc 10C, mitochondrial RNase | m*A, m!G writer | (61, 136)
P subunit
ENSG000 | TRMT1 | tRNA methyltransferase 11
m2G writer (137)
00066651 |1 homolog
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ENSG000 | TRMT1 | tRNA methyltransferase )
_ m’G writer (138)
00173113 |12 subunit 11-2
ENSGO000 | TRMT1 | tRNA methyltransferase 13 )
Cm, Am writer (139)
00122435 | 3 homolog
ENSG000 | TRMT2 | tRNA methyltransferase 2 )
m°U writer (140)
00099899 | A homolog A
ENSG000 | TRMT4 | tRNA methyltransferase 44 )
Um writer (61)
00155275 |4 homolog
ENSGO000 )
TRMT5 | tRNA methyltransferase 5 | m*G, m!l writer (61, 141)
00126814
ENSGO000 .
TRMT6 | tRNA methyltransferase 6 | m*A writer (136)
00089195
ENSG000 | TRMT6 | tRNA methyltransferase )
mA writer (136)
00166166 | 1A 61A
ENSGO000 | TRMT6 | tRNA methyltransferase )
m!A writer (142)
00171103 | 1B 61B
ENSGO000 tRNA mitochondrial 2- )
TRMU o mnm°s2U writer | (143)
00100416 thiouridylase
ENSGO000 TruB pseudouridine
TRUB1 ) Y writer (144)
00165832 synthase family member 1
ENSGO000 TruB pseudouridine
TRUB2 ) ¥ writer (145)
00167112 synthase family member 2
ENSGO000 terminal uridylyl ) ) )
TUT4 uridylation writer | (146)
00134744 transferase 4
ENSGO000 terminal uridylyl _ _ _
TUT7 uridylation writer | (146)
00083223 transferase 7
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4-

ENSGO000 tRNA-yW synthesizing ]
TYW1 ] demethylwyosine | (147)
00198874 protein 1 homolog ]
writer
. 7-
ENSGO000 tRNA-yW synthesizing )
TYW3 ) aminocarboxypro | (148)
00162623 protein 3 homolog ) )
pylwyosine writer
ENSGO000 o - )
URM1 ubiquitin related modifier 1 | mem®s?U writer (148)
00167118
vir like m6A
ENSGO000 meA writer
VIRMA | methyltransferase (149)
00164944 i complex
associated
ENSGO000 ) )
WDR4 | WD repeat domain 4 m’G writer (90)
00160193
ENSGO000 ) Cm, Gm, f°Cm,
WDR6 WD repeat domain 6 ) (61, 78)
00178252 hm®Cm writer
ENSGO000 _ _ mOA writer
WTAP | WT1 associated protein (150)
00146457 complex
ENSGO000 Lo .
YBX1 Y-box binding protein 1 m>C reader 9)
00065978
yrdC N6-
ENSGO000 )
YRDC threonylcarbamoyltransfera | t8A writer (87)
00196449 ) o
se domain containing
ENSGO000 | YTHDC ) o
YTH domain containing 1 | m°A reader (151)
00083896 |1
ENSGO000 | YTHDC ) o
YTH domain containing 2 | m°A reader (152)
00047188 | 2
ENSGO000 | YTHDF | YTH N6-methyladenosine
o _ mBA, m*A reader | (151)
00149658 |1 RNA binding protein 1
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ENSG000 | YTHDF | YTH N6-methyladenosine | m°A, m*A, m°C (8, 151,

00198492 | 2 RNA binding protein 2 reader 153)
ENSGO000 | YTHDF | YTH N6-methyladenosine
o _ mBA, m*A reader | (151, 153)

00185728 | 3 RNA binding protein 3
ENSGO000 zinc finger CCCH-type mOBA writer

ZC3H13 o (154)
00123200 containing 13 complex
ENSGO000 | ZCCHC | zinc finger CCHC-type )

o mCA writer (155)

00168228 | 4 containing 4

RNA modifications and their abbreviations:

l, inosine; m'A, 1-methyladenosine; m°C, 5-methylcytidine; m°A, Né-methyladenosine;
mcmP°U, 5-methoxycarbonylmethyluridine; mecm®Um, 5-methoxycarbonylmethyl-2'-O-
methyluridine; mchm®U, 5-(carboxyhydroxymethyl)uridine methyl ester; mecm®s2U, 5-
methoxycarbonylmethyl-2-thiouridine; m’G, 7-methylguanosine; ms?i®A, 2-methylthio-
NE-isopentenyladenosine; ms?t®A, 2-methylthio-N®-threonylcarbamoyladenosine; s?U, 2-
thiouridine; Nm, 2'-O-methylation; m2%¢A, N®5-dimethyladenosine; P, pseudouridine; D,
dihydrouridine; cm°U, 5-carboxymethyluridine; ncm®U, 5-carbamoylmethyluridine;
mlacp3-Psi, N*-methyl-N3-(3-amino-3-carboxypropyl) pseudouridine; Cm, 2'-O-
methylcytidine; Um, 2'-O-methyluridine; Gm, 2’-O-methylguanosine; °Cm, 5-formyl-
2°-0-methylcytidine; hm°Cm, 2'-O-methyl-5-hydroxymethylcytidine; tSA, N°-
threonylcarbamoyladenosine; tm°U, 5-taurinomethyluridine; m'G, 1-methylguanosine;
02Yw, peroxywybutosine; yW, wybutosine; m*C, N*-methylcytidine; mC, 3-
methylcytidine; ac*C, N*-acetylcytidine; m®Am, N6,2'-O-dimethyladenosine; Q,
queuosine; m8A, N Né-dimethyladenosine; m?2’G, N2,N2,7-trimethylguanosine; xG,
unknown modified guanosine; m?2G, N? N2-dimethylguanosine; m?G, N2-
methylguanosine; m°U, 5-methyluridine; m*l, 1-methylinosine; mnm°s?U, 5-

methylaminomethyl-2-thiouridine
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Figure 3.1 LC-PRM method for uncovering alterations in expression of
epitranscriptomic RWE proteins associated with the development of radioresistance.

(a) A SILAC-based LC-PRM workflow. The parental cells (i.e., MDA-MB-231 and MCF-
7) and their radioresistant counterparts (i.e., C5 and C6) were labeled in light- or heavy-
amino acid-containing media for over six cell doubling times. In the forward SILAC
labelling experiments, light-isotope-labelled C5 and C6 cell lysates were mixed at 1:1 ratio
(by mass) with heavy-isotope-labelled MDA-MB-231 and MCF-7 cell lysates,
respectively. In the reverse SILAC labelling experiments, light-isotope-labelled MDA-
MB-231 and MCF-7 cell lysates were mixed at 1:1 ratio (by mass) with heavy-isotope-
labelled C5 and C6 cell lysates, respectively. The mixed cell lysate was tryptic digested
and subjected to LC-PRM analysis. Data were processed using Skyline. (b-c) Venn
diagrams showing the number and percentage of human epitranscriptomic RWE proteins
deposited in the Modomics database (purple) compared with those included in the PRM
library of this study (yellow) (b), and illustrating the number and percentage of quantified
epitranscriptomic RWE proteins in MDA-MB-231/C5 and MCF-7/C6 pairs of breast
cancer cells from LC-PRM analyses, compared with those deposited in the PRM library
(c). Blue and pink circles in (b) and (c) designate the numbers of quantified
epitranscriptomic RWE proteins in MDA-MB-231/C5 and MCF-7/C6 pairs of breast
cancer cells, respectively.
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Figure 3.2 Hierarchical clustering displaying the Log. transformed expression fold
differences of epitranscriptomic RWE proteins in C5/MDA-MB-231 and C6/MCF-7
cells.

The expression fold differences were averaged from two forward and two reverse SILAC
experiments. Hierarchical clustering was generated using Perseus, where red and blue
boxes designate proteins up- and down-regulated in radioresistant breast cancer cells
compared with the corresponding parental lines, respectively; gray boxes represent missed
data. Genes were clustered using Euclidean distance.
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Figure 3.3 Bar graphs showing epitranscriptomic RWE proteins that altered over 1.5-
fold in radioresistant cells relative to the corresponding parental cells.

(a-b) Bar graphs depicting the LC-PRM results for those epitranscriptomic RWE proteins
with expression differences of over 1.5-fold or less than 0.67-fold in radioresistant cells
relative to the corresponding parental cells. (c) Bar graphs illustrating epitranscriptomic
RWE proteins that were commonly altered by over 1.5-fold in the two pairs of matched
breast cancer cells. (d) A scatter plot displaying logio transformed expression ratios of the
quantified epitranscriptomic RWE proteins in the two pairs of matched breast cancer cells.
Eight commonly altered RWE proteins from both pairs by over 1.5-fold were labeled in
red dots. The data in (a-c) display the mean and standard deviation of the quantified ratios
of different peptides representing a specific epitranscriptomic RWE protein, where the ratio
of each peptide was averaged from the quantification results of two forward and two
reverse SILAC experiments. Error bars were displayed for those epitranscriptomic RWE
proteins with more than one peptide being quantified.
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Figure 3.4 Gene Ontology (GO) analysis of epitranscriptomic RWE proteins
differentially expressed by at least 1.5-fold. Clinical relevance of CTU1 and TRMT1.

(@) GO Biological Pathway (BP) analysis of those epitranscriptomic RWE proteins
differentially expressed by at least 1.5-fold in either of the two pairs of matched
parental/radioresistant breast cancer cell lines. The analysis was carried out using Database
for Annotation, Visualization and Integrated Discovery (DAVID). (b) Kaplan-Meier
survival analysis of METABRIC cohort who received radiation therapy. Patients were
stratified by mRNA expression level of CTU1 with median value as a cutoff. (c-d) GSEA
enrichment plots generated from GSEA 4.1.0 software showing significant enrichment of
TRMT1 with Myc_targets V1 (c) and UV-response_up (d).
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Figure 3.5 Western blot analyses for validating the protein expression levels of
TRMT1 and FTO. Clinical relevance of TRMTL1 and its correlation with DNA repair
gene sets.

(a) PRM traces of representative peptides, FALEVPGLR from TRMT1 and FTVPWPVK
from FTO, in C5/MDA-MB-231 and C6/MCF-7 pairs of breast cancer cells. (b) Western
blots of TRMT1 and FTO proteins in MDA-MB-231 and MCF-7 pairs of
radioresistant/parental breast cancer cells. Relative quantification results of TRMT1 and
FTO obtained from PRM and Western blot analysis were shown. The PRM results
represent the mean and standard deviation of quantification results of different peptides
from a given epitranscriptomic RWE protein, where the ratio of each peptide in the
radioresistant over parental cells was averaged from the quantification data of two forward
and two reverse SILAC experiments. Western blot data represent the mean and standard
deviation of results obtained from three separate experiments. (c) Kaplan-Meier survival
analysis of TRMT1 gene in the TCGA-BRCA and METABRIC cohort of patients who
received radiation therapy. Breast cancer patients were stratified by the mRNA expression
of TRMTL1 using its median value as a cutoff. The survival plots and log-rank p-values were
generated and calculated by using MedCalc software. (d) GSEA enrichment plots were
generated using GSEA 4.1.0, where the number of permutations was set at 1000.

118



Relative TRMT1

Relative TRMT1

—C5 —MDA-MB-231
1

123

o

205

g

=
0
96.5 98.5 1005

Retention Time (min)

—C5 —MDA-MB-231
o 1

2

.‘5

c

g

£05

o

'_

w

[

Z 0

< 106 108 110
o

Retention Time (min)

—C6 —MCF-7 —C6 —MCF-7
1 o 1
2
8 2
205 205
£ e
w
0 2o
955 975 99.5 5 106 108 110
Retention Time (min) @ Retention Time (min)
TRMT1 (TCGABRCA)
100 - =
s |
©
>
S 50
p
(7]
2 — High (n=269)
3 Logrank p=0.0158 — Low (n=269)
0— T T T T T T
0 5 10 15 20 25
Years
TRMT1 (METABRIC)
100 — High (n=568)
— — Low (n=568)
X
©
2
E 50 -
(7]
T
[
>
o
Logrank p = 0.0537
0 - T T T T T T T
0 5 10 15 20 25 30
Years

b

N N
7 P
S S
¥ © & © X o
N ¢
TRMT1-;-‘ FTO o w -
GAPDH = s s w GAPDH s .
u PRM = PRM
= m Western Blot m Western Blot
8 35 - c 45 -
1] S 4 4
2 %1 8 35
o i O . 7
3 25 § 3 -
= 27 o 25 -
= 15 © 21
. }—
£ L 15
[} 2 14
> =
E 0.5 A T 05 |
g o " ¢ 0- "
N N
NN AR
vy O~ v &
O O
N N
O O
& Enrichment plot: HALLMARK_DNA_REPAIR

Q 9
nu o

Nominal p-value 0.0019
FDR g-value 0.021

o O
W »

Enrichment Score (E
o o
- w

S
o

R EH0WRIT | O

TRMT high TRMT low

Enrichment plot: HALLMARK_MYC_TARGETS_V2

"7 Nominal p-value 0.0059
Wos FDR g-value 0.051
g 0.5

& 0.4

€ 03

()

£ 0.2

£

21

=

w 0.0

TRMT high

TRMT low

119



4. Chapter 4. Parallel-reaction Monitoring Revealed the Roles of
Epitranscriptomic Reader, Writer and Eraser Proteins in Colorectal

Cancer Metastasis

4.1 Introduction

Epigenetic modifications of DNA and histones are well studied; however, much less is
investigated about the roles of RNA modifications in cellular processes. Over 170 types of
chemical modifications exist in RNA (1); most of these modifications are found in tRNAs,
which contain an average of 13 modifications per molecule (2). The most abundant internal
modification in eukaryotic mMRNA, Né-methyladenosine (m®A) (3), has drawn substantial
attention after high-throughput sequencing revealed its widespread occurrence in the
transcriptome (4). Cellular proteins have been uncovered for the installation (“writers”) (5-
9), recognition (“readers”) (10-12), and removal (“erasers”) (13-15) of m®A in mRNA.
Aside from m®A, mRNA also contains N1-methyladenosine (m!A) (16-18), 5-
methylcytidine (m°C) (19-21), N7-methylguanosine (m’G) (22), pseudouridine (y) (23,
24), and 2'-O-methylated nucleosides (25, 26).

Recent studies showed that genetic depletions of some of the epitranscriptomic reader,
writer and eraser (RWE) proteins confer embryonic lethality and/or other developmental
abnormalities, and their mutations and/or aberrant expressions result in the initiation and
progression of cancer, impaired anti-viral response, and defective neurogenesis (27-30).
For instance, Li et al. (31) found that FTO facilitates leukemogenesis by modulating the
expression of mMRNAs of ASB2 and RARA genes, which play crucial roles in leukocyte

proliferation. Ma et al. (32) observed that METTL14 inhibits the metastatic transformation
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of hepatocellular carcinoma through promoting the binding of DGCR8 to pri-miR-126 and
enhancing the maturation of miR-126. These studies provided insights into the roles of
individual epitranscriptomic RWE proteins in cancer development; nonetheless, to our
knowledge, there is no systematic investigation about how aberrant expression of
epitranscriptomic RWE proteins modulates cancer progression.

CRC is well-known for its high occurrence and mortality, with approximately 1.93
million newly diagnosed cases and 0.94 million deaths in 2021 (33). The five-year survival
rate for CRC patients with distant metastasis is as low as 5%, with an average of 13 months
of survival after diagnosis (34).

Scheduled parallel-reaction monitoring (PRM) is a targeted proteomic method where
predefined m/z values of precursor ions of peptides and their retention time information are
incorporated into an inclusion list for MS/MS analyses (35). The PRM method capitalizes
on the high-resolution, accurate-mass-measurement abilities of an Orbitrap or time-of-
flight mass analyzer, which facilitate unambiguous identification and confident
quantification of peptides in complex sample matrices (36). PRM, coupled with stable
isotope labelling by amino acids in cell culture (SILAC) (37), also enables highly accurate,
reproducible, and reliable quantification of proteins in cultured mammalian cells (38, 39).

In this study, we applied our recently established LC-PRM method (40), together with
SILAC, to assess the expression differences in epitranscriptomic RWE proteins in a
matched pair of primary/metastatic colorectal cancer cell lines (SW480/SW620) derived

from the same patient (Figure 4.1a). We uncovered a number of differentially expressed
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epitranscriptomic RWE proteins and explored the roles of some of these proteins in CRC
progression.
4.2 Materials and Methods
4.2.1 Cell culture

SW480 primary colorectal cancer (CRC) cells and SW620 lymph-node metastatic CRC
cells derived from the same patient were purchased from American Type Culture
Collection (ATCC) and cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (Invitrogen-Gibco) and 1%
penicillin/streptomycin. For the SILAC experiments,(37) to the lysine, arginine-depleted
SILAC medium were added dialyzed FBS (Invitrogen) and unlabeled lysine/arginine to
yield the light DMEM media, or [**Cs, 1°N2]-L-lysine/[*3Cs]-L-arginine to give the heavy
DMEM media. SW480 or SW620 cells were cultured in the heavy media for at least five
cell doublings to enable nearly complete heavy isotope labelling. Cells were kept at 37 °C
in a humidified atmosphere containing 5% CO..
4.2.2 Tryptic digestion of whole-cell protein lysate

Details of cell culture procedures can be found in the Supporting Information. Light- or
heavy-isotope labelled SW480 and SW620 cells were collected, and lysed on ice for 30
min with CelLytic M lysis buffer supplemented with 1% protease inhibitor cocktail. After
centrifugation at 16,100 g for 30 min at 4 °C, Bradford assay was conducted to quantify
total proteins in the supernatant. In forward SILAC experiments, the total protein lysate of
SW480 cells cultured in the heavy medium and that of SW620 cells cultured in the light

medium were combined at 1/1 ratio by mass. The reverse SILAC experiments were

122



conducted in the opposite way. Proteins in the cell lysates were denatured, reduced, and
alkylated before digestion with MS-grade trypsin (Pierce) in 50 mM NH4HCO3, pH 8.0, at
37 °C for 16 h according to the filter-aided sample preparation (FASP) procedure (41). The
tryptic peptides were collected by centrifugation and desalted using OMIX C18 pipet tips
prior to LC-PRM analysis.

4.2.3 LC-PRM data acquisition and analysis

The LC-PRM experiments were carried out on a Q Exactive Plus quadrupole-Orbitrap
mass spectrometer coupled with a Dionex UltiMate 3000 RSLCnano UPLC system. Prior
to analyzing the aforementioned SILAC samples, tryptic digestion mixture of BSA was
analyzed under the same conditions to define the linear relationship between iRT and RT,
since the iIRT of each BSA peptide was pre-defined. The RTs of tryptic peptides for RWE
proteins were predicted from their iRTs in the PRM library and the above-described iRT-
RT relationship for BSA peptides. By using our recently developed Skyline PRM library
(42), we were able to monitor the precursor ions representing the light and heavy forms of
444 unique tryptic peptides of 152 epitranscriptomic RWE proteins in three separate LC-
MS/MS runs, where the inclusion lists encompassed the m/z value and RT window (7 min
in width) for each precursor ion of interest.

The analytical column was packed in-house using 3 wm Reprosil-Pur C18-AQ resin (Dr.
Maisch GmbH HPLC) stationary phase material in a 25-cm fused silica column (75 um
i.d.). The trapping column was also prepared in-house with 5 um Reprosil-Pur C18-AQ
resin (Dr. Maisch GmbH HPLC) in a 4-cm long fused silica column (150 um i.d.). SILAC

samples (500 ng) were separated using the analytical column with a 125-min linear gradient
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of 6-43% mobile phase B (80% acetonitrile in 0.1% formic acid) in mobile phase A (0.1%
formic acid in Milli-Q water), where the flow rate was 300 nL/min. The spray voltage was
1.8 kV. The precursor ions were isolated in the quadrupole at an isolation window of 1.0
m/z and fragmented in the HCD collision cell at a normalized collision energy (NCE) of
28. MS/MS were acquired at a resolution of 17,500, an automated gain control (AGC)
target 1x10° and a maximum accumulation time of 50 ms.
4.2.4 LC-PRM data analysis

After data acquisition, raw files were imported into Skyline for plotting the extracted-
ion chromatograms for peak integration. For a positive detection of precursor ion of
interest, 4-6 most abundant y ions from the same precursor ion in light and heavy forms
should co-elute, and the relative abundances of fragment ions from the acquired MS/MS
should match those in the MS/MS in the library, which is measured by dot product (dotp)
value (43). A dotp value of > 0.7, ideally above 0.9, is considered to be highly similar. We
manually excluded the potential interfering fragment ion if it does not overlay with other
fragment ions. The sum of peak areas from the 4-6 fragment ions with overlaid elution
profiles were employed for the quantification. The ratio of peak areas for the light and
heavy forms of the peptide, provided by Skyline, reflects the relative abundance of that
peptide, and by extension, the expression ratio of the corresponding protein, in SW620
over SW480 cells.
4.2.5 Western blot

After harvesting, SW480 and SW620 cells were lysed using CelLytic M (Sigma) lysis

reagent supplemented with 1% protease inhibitor cocktail, and the ensuing proteins
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denatured in Laemmli loading buffer at 95 °C for 5 min. The same amount of total proteins
from the paired CRC cells were resolved on an SDS-PAGE gel, and the proteins in the gel
were then transferred onto a nitrocellulose membrane at 60 V for 90 min at 4 °C. The
membrane was subsequently blocked using 5% non-fat dry milk in PBS-T (PBS with 0.1%
Tween 20) for 45 min, and then incubated with PBS-T containing primary antibodies that
recognize human FTO (Abclonal, A1438, 1:1000), hnRNPA2B1 (Santa Cruz, sc-53531,
1:1000), hnRNPC (Santa Cruz, sc-32308, 1:1000), and GAPDH (Santa Cruz, sc-32233,
1:10,000), at 4 °C overnight. After washing using PBS-T for five times, the membranes
were incubated with donkey anti-rabbit (Sigma, A0545, 1:10,000) or anti-mouse (Santa
Cruz, m-IgGk BP-HRP, 1:10,000) secondary antibody in PBS-T at room temperature for
1 h. Prior to visualizing the protein bands using Amersham ECL™ Western Blot Detecting
Reagent (GE Healthcare), the membranes were washed with PBS-T for five times.
4.2.6 Bioinformatic analyses

Gene Ontology (GO) analysis on biological process of genes encoding all up-regulated
RWE proteins was carried out using Database for Annotation, Visualization and Integrated

Discovery (DAVID, version 6.8; https://david.ncifcrf.gov/). Gene set enrichment analysis

(GSEA) was performed in GSEA 4.1.0 software (http://www.broad.mit.edu/gsea). The
Cancer Genome Atlas-Colon Adenocarcinoma (TCGA-COAD) dataset (n = 512) was

downloaded from https://gdc.xenahubs.net/download/TCGA-COAD.htseq fpkm.tsv.qgz.

The mRNA expression of each gene encoding the top 10 up-regulated RWE proteins

obtained from the LC-PRM analysis was first stratified using its median value. GSEA was
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then conducted between the stratified TCGA-COAD and the hallmark gene sets
(h.all.v7.4.symbols.gmt).

The relative expression levels of RWE proteins between colon cancer tissues and normal
adjacent tissues of the Clinical Proteomic Tumor Analysis Consortium (CPTAC) samples

(44) were retrieved using the UALCAN online tool (http://ualcan.path.uab.edu/) (45). The

MRNA expression levels of genes encoding RWE proteins in normal, primary tumor, and
metastatic tumor tissues of liver were retrieved from GSE41258 by using GEO2R (46).
The outliers of each tissue group were identified and removed, where box-whisker plots

were generated using an online tool (https://www.statskingdom.com/boxplot-maker.html)

and re-plotted using Excel.
4.3 Results and Discussion
43.1 Scheduled LC-PRM Analysis Reveals Differentially Expressed
Epitranscriptomic RWE Proteins in Metastatic SW620 Over Primary SW480 CRC
cells

Our goal of this study was to interrogate systematically the contributions of
epitranscriptomic RWE proteins in CRC metastasis. Toward this objective, we began with
assessing differential expression of epitranscriptomic RWE proteins in a matched pair of
primary/metastatic CRC cells derived from the same patient, i.e., the SW480/SW620 cells.
By employing our recently developed LC-PRM method (40), in combination with SILAC,
we were able to quantify 113 distinct epitranscriptomic RWE proteins in this pair of CRC
cells; these proteins represent 74.3% of RWE proteins in the PRM library (Figure 4.1b).

Positive identification was considered achieved when 4-6 transitions (i.e., product ions)
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from the same precursor ion exhibit the same retention time and a dot product (dotp) value
(43) of > 0.7. In this regard, the dotp value gauges the similarities in relative abundances
of fragment ions between the acquired MS/MS and the reference MS/MS in the PRM
library that were acquired from previous shotgun proteomic analysis (47). Of the detected
epitranscriptomic RWE proteins, 48 were up-regulated, and 5 were down-regulated by >
1.5-fold in the metastatic SW620 relative to the primary SW480 CRC cells. Among them,
DUS2, DCP2, NAT10, and hnRNPC were markedly up-regulated by more than 4-fold in
SW620 over SW480 cells (Figure 4.1c, and those proteins with expression ratios between
0.67 and 1.5-fold are shown in Figure 4.2a).
4.3.2 Scheduled LC-PRM Analysis Affords Highly Reproducible and Accurate
Quantifications of Epitranscriptomic RWE Proteins

We next examined the reproducibility of the PRM method by comparing the data
acquired from the four SILAC replicates. In this vein, we commonly detected 95 RWE
proteins from the two forward and two reverse SILAC experiments (Figure 4.3a). The
logio-transformed protein expression ratios obtained from the averaged ratios of two
forward and those of two reverse SILAC labeling experiments exhibited an excellent linear
fit (Figure 4.3b). Moreover, we calculated the replicate ratio based on LC-PRM results of
all component peptides from each replicate, and we found that the mean relative standard
deviation (RSD) of ratio of the RWE proteins from the four replicates of SILAC
experiments was 21.8%. These results together support the consistency of quantification
results obtained from four SILAC experiments. We also determined the ratios of all

detected tryptic peptides of each RWE protein from the LC-PRM data of four SILAC
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replicates, and determined that the mean RSD of expression ratio for each protein from
those of its component peptides was 9.1% (Table S1). This result reveals the relatively
small variations among the different quantified peptides from the same protein. Together,
the PRM method affords reproducible quantifications of RWE proteins.

LC-PRM also offers accurate quantification of peptides of target proteins since the
quantification is based on their unique amino acid sequences derived from the proteins of
interest. We further performed Western blot analyses for three proteins (i.e., FTO,
hnRNPA2B1, and hnRNPC) (Figure 4.3c), and the results are in agreement with what we
obtained from quantitative proteomic experiments, underscoring the accuracies of the PRM
method. Figure 4.3d illustrates the extracted-ion chromatograms for the component
peptides of FTO, hnRNPA2B1, and hnRNPC.

4.3.3 Analysis of the Up-Regulated RWE proteins from LC-PRM analysis using the
CCLE database, GO, and GSEA

We queried the RNA-Seq data in the Cancer Cell Line Encyclopedia (CCLE) database
for the mRNA expression levels of the top 10 up-regulated RWE proteins in SW620 over
SW480 cells, as revealed from LC-PRM analysis. We uncovered that the mRNA levels of
DUS2, NAT10, ADAT2, DKC1, TARBP1, RBMX, and DKC1 genes were also up-regulated
by over 1.5-fold in SW620 relative to SW480 cells. On the other hand, the mRNA levels
of DCP2, hnRNPC, and YRDC genes differed slightly between SW480 and SW620 cells
(Figure 4.4a, b). These results suggest that the augmented expressions of DCP2, hnRNPC,
and YRDC in the metastatic CRC cells arise, at least in part, from post-transcriptional up-

regulation.
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We also conducted GO analysis on those RWE proteins that were up-regulated in
metastatic over primary CRC cells by at least 1.5-fold. The result showed that these
proteins are mainly associated with tRNA modification, methylation and processing, RNA
methylation, and y synthesis (Figure 4.4c). GSEA identifies cumulative expression
changes of multiple genes within a priori defined gene set displaying statistically
significant difference in two phenotypes (48). GSEA of the top 10 up-regulated RWE
proteins from the LC-PRM analysis was performed individually for the corresponding
genes after stratifying the results to high- and low-mRNA expression groups according to
their median values in the TCGA-COAD dataset, against the hallmark gene sets provided
by the GSEA Molecular Signatures Database (48). Notably, we observed significantly (p
< 0.01 and FDR < 0.25) enriched hallmark gene sets in the high-expression group of all the
top 10 up-regulated RWE proteins except ADAT2 and TARBP1 (Table 4.1). Specifically,
E2F targets, G2-M checkpoint, and MYC target V1 were among the most frequently
enriched gene sets, where six out of eight RWE proteins display enrichment with those
gene sets in the high-expression group of the protein (Figure 4.4d). Figure 4.2b depicts
enrichment plots of DUS2. Those hallmark gene sets are related to cancer cell proliferation
and tumor metastasis (49). Notably, E2F transcription factors 1 and 7 (E2F1 and E2F7)
were found to modulate colon cancer metastasis and development (50). Some E2F targets,
including EZH2 and BMP4, could mediate melanoma and breast cancer metastasis (51,
52). Moreover, it was shown that ER+/HER2- breast cancer with high activity in G2-M
checkpoint pathway genes activity is more likely to metastasize (53). Furthermore, even

though the association between c-Myc and CRC metastasis remained controversial (54), c-
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Myc targets, such as YTHDF1 and AP4, were associated with CRC metastasis (55, 56). It
is also worth noting that the mRNA expression levels of DKC1 and NAT10 are positively
correlated with those of MYC in the TCGA-COAD dataset (Figure 4.2c).

Several differentially expressed RWE proteins identified in this study were found to be
associated with cancer metastasis. For instance, DUS2, a tRNA-dihydrouridine synthase,
is up-regulated in non-small cell lung carcinomas (NSCLC), and a higher level of DUS2 is
accompanied with a poorer prognosis of lung cancer patients (57). In addition, NAT10, an
acetyltransferase, promotes gastric cancer metastasis through inducing the formation of N*-
acetylcytidine in mRNA of COL5AL1 gene, and GSK-3f was found to promote the invasion
of CRC cells through modulating the subcellular redistribution of NAT10 (58, 59).
Moreover, hnRNPC, an m®A reader protein, is involved in CRC progression since its
elevated level in SW620 cells drives alternative cleavage and polyadenylation of
MTHFDI1L mRNA, a potential therapeutic target for CRC (60). Furthermore, DKCL1, a v
synthase, plays essential roles in angiogenesis and CRC metastasis by activating the
transcription of HIF-1a, and may serve as a therapeutic target for CRC (61). Additionally,
YRDC, an N°®-threonyl-carbamoyl-adenosine (t°A) writer, promotes hepatocellular
carcinoma by activating MEK/ERK signaling pathway (62). These studies of DUS2,
NAT10, hnRNPC, DKC1, and YRDC support our proteomic results that these proteins

may promote metastatic transformation of CRC.
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4.3.4 NAT10, hnRNPC, DKC1, RBMX, and DUS1L May Also Be Accompanied with
and Contribute to CRC Initiation

Vasaikar et al. (44) analyzed the global protein expression in matched tumor and tumor-
adjacent normal tissues from 110 colon cancer patients from the CPTAC. For comparison,
75% of RWE proteins in the PRM library were quantified in our LC-PRM analysis, and
CPTAC analysis allowed for the quantification of 66% of the RWE proteins included in
the same library (Figure 4.5a).

We further investigated if the top 10 RWE proteins that are up-regulated in SW620
relative to SW480 cells also modulate colorectal cancer tumorigenesis. Our results showed
that five differentially expressed RWE proteins, namely, NAT10, hnRNPC, DKC1,
RBMX, and DUSI1L, displayed pronounced differences in expression between tumor and
tumor-adjacent normal tissues in the CPTAC samples (Figure 4.5b). This result indicates
that elevated expressions of these proteins are positively correlated with both the initiation
and metastatic transformation of CRC. On the other hand, DUS2, TARBP1, and YRDC
were either not significantly correlated or slightly down-regulated in primary tumor tissues
relative to tumor-adjacent normal tissues. These differences are not surprising, considering
that tumor initiation and metastasis may also involve distinct molecular pathways, and that
our PRM data were acquired from cell lines derived from a single patient. In addition,
DCP2 and ADAT?2 were quantified in SW480/SW620 cells in our PRM analysis, but not
in CPTAC samples.

It is worth comparing our PRM method with the shotgun proteomic analysis employed

in the CPTAC project. From the standpoint of sample preparation, tryptic digestion
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mixtures of CPTAC samples were first fractionated by reversed-phase LC into 96 fractions,
concatenated into 12 fractions, and then subjected to LC-MS/MS analysis in the data-
dependent acquisition mode. In contrast, the sample preparation of the paired
SW480/SW620 cells for PRM analysis employed the whole-cell protein lysate without any
pre-fractionation. With scheduled PRM, the entire library of tryptic peptides of RWE
proteins (888 precursor ions, representing the light and heavy Lys- and Arg- labelled forms
of 444 unique peptides) could be monitored in three LC-MS/MS runs, whereas 12 LC-
MS/MS runs were employed in the CPTAC analysis. The lengths of the LC gradient for
LC-MS/MS analyses employed in our PRM method (125 min) and CPTAC analysis (120
min) are very similar. Hence, aside from offering a better coverage of the epitranscriptomic
RWE proteome, the PRM method affords a higher throughput than the shotgun proteomic
method employed in the CPTAC study. Nevertheless, CPTAC analysis monitors the entire
proteome, whereas the PRM method focuses selectively on the epitranscriptomic RWE
proteome.

Apart from examining the protein expression of the top 10 up-regulated genes in the
CPTAC samples, we explored GSE41258 (46), a microarray dataset for mMRNA expression
in normal, primary tumor, and liver metastasis tissues collected from colon cancer patients.
Such analysis revealed markedly higher mMRNA expressions of NAT10, HNRNPC, DKC1,
YRDC, TARBP1, RBMX, and DUS1L genes in primary tumor tissues compared with normal
tissues (Figure 4.5c), which is in keeping with the CPTAC analysis. Moreover, DCP2,

TARBP1, and DUSI1L genes display significantly higher mRNA expression in liver
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metastasis tissues relative to primary colon tumor tissues (Figure 4.5c¢), indicating that they
may also modulate CRC metastasis.
4.4 Conclusion

We employed a scheduled LC-PRM method for highly sensitive, robust, and high-
throughput profiling of epitranscriptomic RWE proteins accompanied with CRC
metastasis. Our LC-PRM approach facilitated reproducible and accurate quantifications of
95 epitranscriptomic RWE proteins quantified in all four SILAC experiments, with 48 and
5 of these proteins being up- and down-regulated, respectively, by > 1.5-fold in SW620
metastatic CRC cells relative to SW480 primary CRC cells. NAT10, hnRNPC, and DKC1
exhibit pronounced up-regulations in the metastatic over primary CRC cells, and the roles
of these proteins in CRC metastasis are known (59-61), which is in keeping with our LC-
PRM analysis. Interrogation of publicly available data of CRC patients unveiled that the
elevated expression of these and other epitranscriptomic RWE proteins are also
accompanied with the initiation of CRC, suggesting their dual involvements in the
initiation and metastatic transformation of CRC. We envision that the LC-PRM method
developed herein can also be harnessed for future investigations about how
epitranscriptomic modulators regulate the metastatic transformations of other types of

cancer.
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Figure 4.1 LC-PRM coupled with SILAC for quantifying epitranscriptomic RWE
proteins in SW620 (metastatic) and SW480 (primary) CRC cells.

(@ A SILAC- and LC-PRM-based workflow for targeted quantifications of

epitranscriptomic RWE proteins in SW620 (metastatic) and SW480 (primary) CRC cells.
(b) A Venn diagram showing the number of quantified RWE proteins in SW480/SW620
cells in comparison with that of RWE proteins deposited in the PRM library. (c) A bar
graph depicting the relative expression levels of differentially expressed RWE proteins in
SW620 vs. SW480 CRC cells. Red and blue bars designate those proteins with expression
ratios in SW620/SW480 cells being > 1.5 and < 0.67, respectively. Error bars represent
S.D. of results obtained from a total of four SILAC experiments after determining the
protein expression ratio in each replicate based on LC-PRM results of all component
peptides of the protein.
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Figure 4.2 (a) A bar graph depicting the relative expression levels of those RWE
proteins with expression ratios in SW620 vs. SW480 CRC cells being between 0.67
and 1.5.

Error bars represent S.D. of results obtained from two forward and two reverse SILAC
experiments. (b) Enrichment plots of gene sets significantly enriched in the high-DUS2-
expression group, generated by GSEA 4.1.0. (c) Scatter plots showing the correlation
between mRNA expression levels of MYC and those of DKC1 or NAT10 in TCGA-COAD
dataset. The plots were generated using gene expression profiling interactive analysis
(GEPIA). Spearman correlation coefficients are displayed.
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Figure 4.3 PRM method validation in reproducibility, consistency, and accuracy.

(@) A Venn diagram illustrating the numbers of RWE proteins quantified in four SILAC
experiments. (b) Logio(Ratio) of the average protein expression levels in SW620 over
SW480 cells obtained from two forward and two reverse SILAC experiments. One outlier
(VIRMA, its quantification results from forward and reverse SILAC experiments display
a large discrepancy) was excluded. The top ten up-regulated RWE proteins were labeled
in red dots, except DCP2 and TARBP1, which were quantified only in forward SILAC
experiments. (c) Western blot analyses of FTO, hnRNPA2B1 and hnRNPC proteins in
SW480 and SW620 cells, and the comparison of the quantification data obtained from
Western blot (n = 3) and PRM analyses (n = 4). (d) Extracted-ion chromatograms of
representative peptides of FTO (LFTVPWPVK), hnRNPA2B1 (IDTIEIITDR), and
hnRNPC (MIAGQVLDINLAAEPK), obtained from LC-PRM analysis in one forward
(SW_F1) and one reverse SILAC experiment (SW_R1).

a b
' hnRNPC
Q NAT10
5 DKC1_, .|Dus2
Bos | RBMX- %-apATZ
'9\_) [} .
5 . %' -\ YRDC
2 a0y DUSIL
2 e
4 s s
o
o
2
gO.S
El
g y = 0.9257x - 0.0364
4 R*=0.8415
-1 -0.5 0 0.5 1
log,g(Average Forward SILAC)
hnRNPA2B1 hnRNPC
Cc ég’ & d
5 19 1 Forward SILAC
9
IE ——SWB20 (Light)
—SW480 (Heavy)
hnRNPA2B1 -I 05 05
3
e | 3
g o ,
GAPDH EI T 15 17 119 93 94 95 96 107.5 109 1105
8 2
3 1 Reverse SILAC
8 12
Q =~ 6 4
§ % —SW480 (Light)
E E —SW620 (Heavy)
=1 4
ﬁ g 0.5 05 -
o &
£ 24
o
c L
o 0 0 o
4&0 > Qc, 15 117 119 93 94 95 96 107.5 109 1105
QY@ QS\ Retention Time (min)
& <
&

»PRM = Western Blot

143



Figure 4.4 Bioinformatics of up-regulated RWE proteins in SW620 over SW480 cells.

(a) mRNA expression levels of the top 10 up-regulated RWE genes identified from LC-
PRM analysis. The data were retrieved from the CCLE database. (b) The comparison of
relative mRNA levels obtained from the CCLE database and relative protein levels of the
top 10 up-regulated RWE genes in SW620 versus SW480 cells, as obtained from LC-PRM
analysis. (c) A bar graph illustrating GO analysis on biological process (BP) of all up-
regulated RWE genes. The BP results were sorted by Benjamini FDR from smallest to
largest using 0.01 as a cutoff. (d) A bar graph showing GSEA results of the sum of
particular enriched gene sets of top 10 up-regulated RWE genes identified from LC-PRM
analysis. TCGA-COAD dataset was first stratified to high- and low-expression groups
using the median value of mMRNA expression of a specific RWE protein among all patient
tissues. The significance level in GSEA analysis was defined as nominal p-value < 0.01
and FDR g-value < 0.25. The number of permutations was set at 1000.
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Figure 4.5 Analysis of top 10 RWE proteins in CPTAC and GSE41258 datasets.

(@) A Venn diagram illustrating the number of RWE proteins quantified from the PRM
analysis in this study and the previously reported CPTAC analysis, in comparison with the
total number of RWE proteins deposited in the PRM library. (b) Relative protein
expression levels of NAT10, hnRNPC, DKC1, RBMX, and DUSIL in primary colon
tumor tissues and tumor-adjacent normal tissues in the CPTAC samples. Z-values represent
S.D. from the median across samples. (c) Relative mRNA expression levels of DCP2,
NAT10, HNRNPC, DKC1, YRDC, TARBP1, RBMX, and DUSIL genes in normal tissues,
primary colon tumor tissues, and liver metastasis tissues in GSE41258. The p values were
calculated using an unpaired two-tailed Student’s t test. For (b-c), the horizontal edges and
inner line of the box illustrate the upper/lower quartiles and median, respectively. The
top/bottom ends of the whisker denote the maximum/minimum values.
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Table 4.1 A summary of GSEA enrichment results of each of the top 10 up-regulated
RWE proteins obtained from LC-PRM analysis.

Gene sets with nominal p-value (<0.01) and FDR g-value (<0.25) were shown.

Number of gene sets are

Number of gene sets are

Normalized Enrichment

Gene significant at FDR < 25% significant at nominal  |Enrichment results Score (NES) Nominal p-value| FDR q-value
pvalue < 1%
DUS2 17 5 E2F_TARGETS 2.14 0.0E+00 1.4E-02
DNA_REPAIR 2.12 0.0E+00 7.6E-03
MYC_TARGETS V2 2.09 0.0E+00 7.5E-03
MYC_TARGETS V1 2.07 4.0E-03 7.3E-03
G2M_CHECKPOINT 2.02 4.1E-03 8.8E-03
DCP2 6 2 MITOTIC_SPINDLE 211 2.1E-03 2.4E-02
SPERMATOGENESIS 1.70 4.1E-03 2.0E-01
NAT10 13 7 UNFOLDED_PROTEIN_RESPONSE 2.36 0.0E+00 0.0E+00
DNA_REPAIR 2.17 2.0E-03 3.3E-03
G2M_CHECKPOINT 2.16 0.0E+00 3.3E-03
MYC_TARGETS_V1 2.08 2.0E-03 8.3E-03
E2F_TARGETS 2.07 0.0E+00 7.7E-03
MITOTIC_SPINDLE 2.04 1.9E-03 7.8E-03
MYC_TARGETS_V2 2.01 0.0E+00 8.8E-03
HNRNPC 15 8 MTORC1_SIGNALING 2.38 0.0E+00 0.0E+00
G2M_CHECKPOINT 2.38 0.0E+00 0.0E+00
MYC_TARGETS V1 2.20 0.0E+00 3.0E-03
PROTEIN_SECRETION 2.19 3.9E-03 2.7E-03
UNFOLDED_PROTEIN_RESPONSE 2.19 0.0E+00 2.1E-03
E2F_TARGETS 2.17 0.0E+00 2.4E-03
DNA_REPAIR 2.01 9.5E-03 1.5E-02
SPERMATOGENESIS 1.98 0.0E+00 1.5E-02
DKC1 13 5 UNFOLDED_PROTEIN_RESPONSE 2.25 0.0E+00 9.6E-04
MYC_TARGETS V1 2.16 2.0E-03 4.2E-03
E2F_TARGETS 2.12 2.0E-03 6.5E-03
G2M_CHECKPOINT 2.07 0.0E+00 8.5E-03
MYC_TARGETS_V2 1.98 0.0E+00 1.3E-02
YRDC 18 9 UNFOLDED_PROTEIN_RESPONSE 2.46 0.0E+00 5.1E-04
MTORC1_SIGNALING 2.43 0.0E+00 2.6E-04
MYC_TARGETS V1 2.30 0.0E+00 6.3E-04
DNA_REPAIR 2.26 0.0E+00 8.6E-04
OXIDATIVE_PHOSPHORYLATION 2.21 2.0E-03 1.5E-03
E2F_TARGETS 2.20 0.0E+00 1.3E-03
G2M_CHECKPOINT 2.16 0.0E+00 2.1E-03
GLYCOLYSIS 2.03 8.0E-03 7.3E-03
MYC_TARGETS_V2 2.02 0.0E+00 6.9E-03
RBMX 11 3 G2M_CHECKPOINT 2.05 2.0E-03 2.6E-02
E2F_TARGETS 2.02 0.0E+00 1.8E-02
MYC_TARGETS V1 1.85 2.0E-03 4.4E-02
DUSIL 5 1 MYC_TARGETS_V2 1.97 1.9E-03 6.9E-02
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5. Chapter 5. Targeted Quantitative Profiling of Epitranscriptomic
Reader, Writer and Eraser Proteins Revealed Potential Crosstalk

between N°-Methyladenosine and Other RNA Modifications

5.1 Introduction

There has been a surging interest in the field of epitranscriptomics in recent years. Ne°-
methyladenosine (m8A) in mRNA was first identified in mouse L cells in 1974 (1). Recent
pioneering work about m®A included transcriptome-wide mapping of m8A (2, 3), as well
as the discoveries of MTA70 (METTL3) in bacteria and demonstration of its function as
an m°A methyltransferase (i.e., writer) (4), FTO and ALKBH5 as mammalian m°A
demethylases (i.e., erasers) (5, 6), and m®A-binding proteins (i.e., readers, e.g., YTHDF2
and YTHDF1) (7, 8). These reader, writer, eraser (RWE) proteins of méA assume important
roles in modulating the splicing (9), stability (8, 10), and translation efficiencies of MRNA
(7, 11, 12).

Several recent studies revealed interplays between m®A and other RNA modifications
(e.g., m°C and m*A), though the underlying mechanisms remain poorly investigated. For
example, METTL3/METTL14, the core subunits of the m®A writer complex, and m°C
writer NSUN2 regulate 3" untranslated region (3'UTR) of p21 mRNA and synergistically
enhance its expression (13). YTHDF2, an mPA reader protein, is also capable of binding
directly with m®C in RNA, albeit at a lower affinity than that toward m°A (14). Moreover,
YTHDF1-3 and YTHDC1, which are well-established m°A readers, can also directly
recognize m*A in RNA using the same hydrophobic binding pocket for m®A binding (15).

Insights into the potential interplays between m°A and mA involve the discovery of FTO,
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a well-recognized eraser for m®A and m®Am, as a demethylase of m*A in tRNA in vitro and
in vivo (16). Despite the above-described studies, to our knowledge, there has been no
systematic investigation about potential crosstalk between m®A and other RNA
modifications.
5.2 Materials and Methods
5.2.1 Cell culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
medium complemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin. HEK293T cells with ALKBHS5, FTO, and METTL3, being
individually ablated with CRISPR/Cas 9 genome editing (17). The cells were maintained

at 37°C in a humidified chamber supplemented with 5% CO2.

5.2.2 Crude SIL peptides

A total of 48 crude SIL peptides ([**Cs, ®N2]-Lys and [*3Cs, °N4]-Arg) representing 45
RWE proteins were synthesized and purified by Vivitide (Gardner, MA). The peptide
purity was around 75% and isotopic purity was around 99%. The full list of the SIL
peptides can be found in Table 5.1. Each SIL peptide was reconstituted with 15%
acetonitrile in 0.1% formic acid. All SIL peptides were mixed as a stock solution for

spiking into proteomic samples.

5.2.3 Proteomic sample preparation
ALKBH57, FTO”, and METTL3" and the isogenic parental HEK293T cells were
harvested, and proteomic samples were prepared using a filter-aided sample preparation

(FASP) method (18) with minor modifications as described elsewhere (19). After desalting
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tryptic peptides using Pierce C18 Tips (Thermo Fisher), proteomic samples were spiked in
a mixture of SIL peptides at a final concentration at 2 fmol/uL. Peptides (500 ng — 1 pg)
and SIL peptide mixture (4 fmol) were subjected to LC-PRM for analysis. Two LC-PRM
runs were carried out for profiling RWE proteome in the PRM library. Three replicates of
each sample were initially prepared; however, one replicate of METTL3"- was removed
from the analysis due to a contamination concern observed from an abnormal total ion

chromatogram. Therefore, only two replicates of METTL3" cell samples were analyzed.

5.2.4 LC-PRM data acquisition

The setting of the isotope modifications of the PRM library provided in
ProteomeXchange Consortium with the dataset identifier PXD030387 was adjusted in
Skyline (20) to reflect [*3Cs, °N2]-Lys and [**Cs, °N4]-Arg, which is different from the
isotope modifications in stable isotope labelling by amino acids in cell culture (SILAC).

Procedures of LC-PRM data acquisition were the same as described elsewhere (19).

5.2.5 LC-PRM data analysis

After raw data were imported to Skyline, PRM traces were manually examined to
remove potential interfering fragment ions, which were not overlayed with other fragment
ions and had poor mass accuracy (>20 ppm). A dotp value (21) larger than 0.7, and four-
to-six fragment ions eluting at the same retention time, was defined as positive
identification. Quantification results, including protein name, peptide name, replicate
name, isotope, total area, retention time, and library dotp, were exported from Skyline to
Excel. In summary, the ratio of each peptide representing a specific RWE protein was

calculated based on a two-step normalization: (1) the peak area of an endogenous peptide
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is normalized to that of its corresponding SIL peptide or a surrogate standard; (2) further
normalized to the sum of peak areas for all light peptides over the sum of peak areas for all
heavy peptides in each LC-PRM run. The peptide ratio in each sample, averaged from the
quantification results of two or three biological replicates, was represented by mean + S.D.
The relative peptide ratio of the peptide in knockout cells vs. HEK 293T cells was further
represented by ratio £ propagation of error. The ratio of a specific RWE protein in knockout
cells relative to HEK293T cells was represented by the mean ratio from relative peptide
ratios + the new propagation of error. It is worth noting that if multiple peptides were
detected from one RWE protein, only the relative peptide ratio with the propagation of

error were used to calculate the mean protein ratio and the new propagation of error.

5.2.6 Western blots

ALKBH5", FTO” and METTL3" cells and the isogenic parental HEK293T cells were
harvested, and lysed with CelLytic M reagent supplemented with 1-2 % protease inhibitor
cocktail. After centrifugation at 16,100 g for 25 min, Bradford assay was conducted for
total protein quantification. Total proteins from each sample were normalized to the same
amount prior to denaturation with Laemmli loading buffer for 10 min at 95 °C. The same
amount of proteins were separated using an SDS-PAGE gel. A nitrocellulose membrane
was used to transfer proteins from samples at 90 V for 1 h at 4 °C. After blocking the
membrane with 5% non-fat dry milk in PBS-T (PBS with 0.1% Tween 20) for 40 min, the
membrane was cut into pieces based on the apparent molecular weight of each protein of

interest according to the product information provided on https://www.ptglab.com/. Each

membrane was incubated at 4 °C overnight with the following antibodies: NOP2

150


https://www.ptglab.com/

(Proteintech, 10448-1-AP, 1:2000), PUS3 (Proteintech, 17248-1-AP, 1:1000), PUS1
(Proteintech, 11512-1-AP, 1:1000), and GAPDH (Santa Cruz, sc-32233, 1:10,000). The
membranes were thoroughly washed with PBS-T five times followed by secondary
antibody incubation with donkey anti-rabbit secondary antibody (Sigma, A0545, 1:5,000)
for NOP2, PUS3, and PUS1, and anti-mouse secondary antibody (Santa Cruz, m-IgGk BP-
HRP, 1:5,000) for GAPDH. After thorough washing for five times, the membranes with
protein of interest were visualized using Amersham ECL™ Western Blot Detecting

Reagent. Quantification of Western blot was carried out using Image Studio Lite Ver 5.2.

5.2.7 Bioinformatic analysis of m®A mapping in HEK293T

Four custom tracks from GSE63753 were imported to UCSC genome browser, including
GSE63753_hek293.abcam.CIMS.C2T.bedgraph.gz (CIMS C2T Profile);
GSE63753_hek293.abcam.CIMS.tag.uniq.bedgraph.gz (CIMS Unique Tag Profile);
GSE63753_hek293.sysy.CITS.m6A.12051.bed.gz (CITS M6A);
GSE63753_hek293.sysy.CITS.tag.unig.bedgraph.gz (CITS Unique Tag Profile). From the
location of CIMS C2T and CITS m®A, we were able to identify the m°A at single-
nucleotide resolution. From CIMS and CITS unique tag profiles, we were able to identify

mOA enriched regions.

5.2.8 RNA-bisulfite sequencing

RNA-bisulfite sequencing was conducted according to a published protocol (22) with
some modifications. Small RNAs from ALKBH5"-, METTL3", and HEK293T cells were
isolated using mirVana miRNA Isolation Kit (Thermo Fisher). Small RNAs were treated

with sodium bisulfite strictly following the published protocol (22). Instead of heating the
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bisulfite converted RNA in the presence of 20 mM MgCl2 and 50 mM Tris-HCI (pH 7) at
75 °C for 15 min as the protocol indicated, first-strand cDNA was synthesized using
SuperScript 111 Reverse Transcriptase (Thermo Fisher) according to the protocol provided
by the vender, with one modification that MgCl2 were added at the final concentration of
3 mM (23). PCR was then conducted using ZymoTaq polymerase (Zymo Research) to
amplify the bisulfite converted sequences of tRNAMe! tRNAP", and tRNAC®"" (Table 5.2).
PCR products were separated on a 3% agarose gel followed by gel extraction using

GeneJET Gel Extraction Kit (Thermo Fisher).

5.3 Results and Discussion
5.3.1 LC-PRM Analysis Coupled with the Use of SIL Peptides as Internal or
Surrogate Standards for Profiling Epitranscriptomic RWE proteins in HEK293T and
the Isogenic ALKBH5", FTO” and METTL3" Cells

To explore the potential crosstalk between m®A and other RNA modifications, we first
modified our recently developed LC-PRM method (19) by employing a mixture of 48
stable isotope-labeled (SIL) peptides representing 45 RWE proteins in the PRM library as
internal standards or surrogate standards (Table 5.1). We also used this modified method
for high-throughput profiling of a total of 152 epitranscriptomic RWE proteins in
HEK?293T cells, and isogenic cells with the catalytic subunit of the m8A writer complex
(i.e., METTL3) and m®A eraser proteins (i.e., ALKBH5 and FTO) being genetically
ablated (Figure 5.1a and 5.2). Those peptides with the SIL internal standards were
quantified based on their peak areas relative to those of their corresponding SIL peptides,

whereas those peptides without SIL internal standards were quantified on the basis of their
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peak areas relative to those of surrogate standards, which were selected based on similar
elution times as those of the target peptides.

By using this LC-PRM method coupled with the use of SIL peptides, we were able to
quantify the relative expression levels of 117, 119, and 118 RWE proteins in ALKBHS5,
FTO, and METTLS3 versus the parental HEK293T cells, which account for approximately
78% of the proteins in the PRM library (Figure 5.1b). A positive peptide identification
requires that dot product (dotp) value for its fragment ions observed in MS/MS is larger
than 0.7, and that 4-6 transitions share the same retention time. In addition, for those
peptides with SIL internal standards, the analytes and heavy isotope-labeled counterparts
have to exhibit the same elution time. Figure 5.3 displays the results from hierarchical
clustering analysis of the logz-transformed LC-PRM quantification results for these RWE
proteins in ALKBH57, FTO”- and METTL3"" cells relative to parental HEK293T cells.
5.3.2 LC-PRM analysis Coupled with the Use of SIL Peptides Being Efficient, Robust,
Reproducible, and Accurate

The modified LC-PRM method, coupled with the use of SIL peptides, is efficient, robust,
reproducible, and accurate. Compared with SILAC, the utilization of SIL peptides obviates
the need of metabolic labeling. In addition, the LC-PRM quantification results of each
peptide from two or three biological replicates of HEK293T and the isogenic ALKBHS5,
FTO, and METTL3 knockout cells displayed a mean relative standard deviation (RSD) of
12.7% for peptides quantified based on their corresponding SIL internal standards, and
16.1% for peptides quantified based on surrogate standards. These results demonstrate an

excellent reproducibility of the method. We also verified the quantification accuracy of this
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approach by conducting Western blot analyses. We found that the quantification results
obtained from LC-PRM and Western blot analyses are consistent for NOP2 and PUS1
proteins (Figure 5.4). On the other hand, our PRM results showed that PUS3 is down-
regulated in ALKBH5" cells over HEK293T cells, whereas Western blot revealed the up-
regulation of the protein in the knockout background. This difference may emanate from
difference(s) in post-translational modifications of the protein in the two genetic
backgrounds, which may affect peptide detection by LC-PRM or antigen recognition by
the antibody employed in Western blot analysis, and/or from the lack of adequate
specificity of the primary antibody used in Western blot analysis.
5.3.3 Eight Proteins Altered by More Than 1.5-Fold in the Opposite Directions in
ALKBH5” and METTL3" Cells Relative to Isogenic HEK293T Cells

We next sought to identify potential targets that may be regulated through an m°A-based
epitranscriptomic mechanism. RWE proteins with altered expression by over 1.5-fold in
individual knockout cell lines (i.e., ALKBH5, FTO, or METTL3) relative to parental
HEK293T cells are illustrated in Figure 5.5a. Notably, when compared to parental
HEK?293T cells, many more proteins exhibit differential expression in METTL3” than in
ALKBH57 and FTO™ cells. Among these differentially expressed RWE proteins, four
(MRM1, PUS3, NOP2, and TGS1) were down-regulated in ALKBH5 cells with ratios in
the knockout (KO) over parental (WT) cells being < 0.67. These results are accompanied
with their upregulations (by >1.5-fold) in METTL3" cells relative to parental HEK293T
cells (Figure 5.5b, top panel), suggesting that m®A in the mRNAs of these genes may

modulate their decay. Another four RWE proteins (DUS2, TARBP1, NSUNG6, and RBMX)
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were down-regulated in METTL3" cells with the ratios detected for KO/WT cells being
less than 0.67, which is associated with their marked up-regulation (by at least 1.5-fold) in
ALKBH5 cells relative to parental HEK293T cells (Figure 5.5b, top panel). This result
indicates that m®A in the mRNAs of these genes may increase the stability and/or
translation efficiency of these mRNAs. Together, eight RWE proteins, namely MRM1,
PUS3, NOP2, TGS1, DUS2, TARBP1, NSUNG6, and RBMX, displayed opposite trends in
expression levels in ALKBH57 and METTL3” cells relative to the isogenic parental
HEK?293T cells, suggesting that their corresponding mRNAs may be subjected to
regulation via an méA-mediated epitranscriptomic mechanism.

It is worth noting that several epitranscriptomic RWE proteins exhibited markedly
altered (by at least 1.5-fold) expressions in the same direction in ALKBH5" and METTL3"
- cells relative to parental HEK293T cells. This could be attributed to m®A at different sites
in MRNA, and/or the involvement of different m®A reader proteins assuming distinct roles
in MRNA decay or translation efficiency in ALKBH57 and METTL3"" cells.

5.3.4 The Presence of m®A in the mRNAs of NOP2, PUS3, TGS1 and RBMX

We next asked if these eight proteins could be regulated through an m®A-based
epitranscriptomic mechanism. We began with examining the presence of m®A in the
MRNAs of these eight genes using a publicly available dataset (GSE63753) on single-
nucleotide resolution mapping of mPA in HEK293 cells (24). The mapping method relied
on UV crosslinking between anti-mPA antibody and mPA-modified mRNA and the
resulting C=>T mutation at the +1 position of the cross-linked m°®A site, or a truncation at

the m®A site, induced by reverse transcription (24). As shown in the integrative genomics
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viewer (IGV) plots, we observed the presence of mPA sites in the mRNAs of NOP2, PUS3,
TGS1, and RBMX genes in HEK?293 cells. Notably, we found m®A sites in the 3'UTR and
the last exon of NOP2 mRNA, and in the last exon, internal exon, and the 3'UTR of PUSS3,
TGS1, and RBMX mRNAs, respectively (Figure 5.6). The same dataset, nevertheless, did
not reveal the presence of m®A in the mRNAs of the other four genes in HEK293 cells; the
exact reason is unclear, though we speculate that this could be attributed to the lack of
adequate sensitivity of the m®A mapping method.

Since m®A-based epitranscriptomic mechanism could regulate the stabilities and/or
translation efficiencies of MRNA (7, 8, 10), we next asked if elevated expression of NOP2,
PUS3, and TGS1 proteins in cells depleted of METTL3 emanates from the enhanced
stabilities of these transcripts. To test this, we are in the process of conducting a real-time
guantitative PCR (RT-qPCR) analysis to evaluate the half-lives of NOP2, PUS3, and TGS1
transcripts in ALKBH5”-, METTL3" cells relative to HEK293T cells, after treatment of
cells with actinomycin D to block transcription prior to mMRNA extraction.

We also asked if NOP2, PUS3, and TGS1 are regulated by an m®A reader protein
YTHDF2 since it is known to stimulate the degradation of mMRNA through binding with
m°A (8, 10). NOP2 and TGS1, but not PUS3, are targets of YTHDF2, identified using a
photoactivatable ribonucleoside crosslinking and immunoprecipitation (PAR-CLIP) (25)
approach to locate YTHDF2 binding sites. Different from a well-recognized model that
YTHDF1 and YTHDF3 enhance mRNA translation (7, 26, 27) , Zaccara et al. (10)

introduced a new model that YTHDF1 and YTHDF3 function together with YTHDF2 in
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MRNA degradation. Hence, apart from YTHDF2, YTHDF1 and YTHDF3 may also
regulate the stabilities of NOP2, PUS3, and TGS1 transcripts.
5.3.5 The Up-Regulation of the PUS Family Enzymes in METTL3" Cells

Aside from the aforementioned PUS3, we found that other members in the PUS family,
namely PUS1, TRUB1, PUS7, and PUS7L, were up-regulated in METTL3" cells by 2.34-
, 1.36-, 1.23-, and 2.46-fold from the LC-PRM analysis (Figure 5.7a). Interestingly, by
analyzing GSE63753, we identified m°A sites from the C-to-T mutational signatures and/or
deletion signatures, in the next-to-last exon of PUS1, in the last exon of TRUBL, in the
3'UTR of PUS7, and near the stop codon of PUS7L (Figure 5.7b). PUSL1 catalyzes the
formation of ¥ from uridine at positions 27/28 in the anticodon stem-loop of some tRNAS,
and at positions 34/36 in intron-containing tRNAs (28, 29). PUS3, TRUBL, and PUS7
catalyze ¥ formation in some tRNAs at positions 38/39, 55, and 13, respectively (30-33).
Not much is known about the function of PUS7L, where a previous study indicated that it
may target position 13 and/or 35 in tRNAs (34). These results suggest a broad role of the
mOA writer protein (i.e., METTL3) in modulating y biosynthesis in human cells.

We next asked if the up-regulation of the PUS family in METTL3" cells (Figure 5.7a)
indeed modulates ¥ synthesis at specific locations of tRNAs. To this end, we assessed the
¥ levels at specific sites in three representative tRNA substrates (tRNAMet for PUS1 and
TRUB1; tRNAP" for PUS3, and tRNA®" for PUS3, TRUB1, and PUS7) (35, 36) in
ALKBH57 and METTL3" cells compared with HEK293T parental lines. We employed a
single-base resolution RNA-bisulfite sequencing method (22), which involves a deletion

signature developed during RNA reverse transcription arising from a bisulfite adduct
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formation to ¥ (23), coupled with Illumina Sequencing for high-throughput profiling of ¥
in three tRNA substrates. We expect to detect a higher percentage of deletion signatures at
positions 27/28 and 38/39, representing ¥ sites, in METTL3" cells compared with
HEK?293T cells, and a slightly lower percentage in ALKBH5" cells compared with the
parental HEK293T cells.

We also examined those proteins that are regulated in opposite directions by m°A writer
and FTO, another eraser protein of méA. The results also illustrated that MRM1 was down-
regulated in FTO™ cells by more than 1.5-fold, and up-regulated in METTL3" cells by over
1.5-fold (Figure 5.5b, middle panel). The expression fold changes of TYW3, ALKBHS,
TRUB2, and MRM1 were both up- or down-regulated by over 1.5-fold between FTO™
cells and ALKBH5" cells, relative to HEK293T cells (Figure 5.5b, bottom panel). These
findings suggest that reversible methylation at the N® position of adenosine in the mRNAs
of these genes, mediated by METTL3 and FTO, may modulate the stabilities and
translation efficiencies of these mMRNAs.

5.4 Conclusion and Future Work

In summary, we modified our recently developed LC-PRM method by incorporating SIL
peptides as internal or surrogate standards. By using this modified targeted proteomic
method, we were able to commonly quantify 114 RWE proteins, representing 75% of the
RWE proteome in the PRM library, in ALKBH57, FTO”, METTL3" cells, and their
isogenic parental HEK293T cells. NOP2, PUS3, and TGS1 were up-regulated in METTL3"
" cells by over 1.5-fold, and down-regulated in ALKBH5" cells by at least 0.67-fold,

compared with the isogenic parental HEK293T cells. In addition, bioinformatic analysis of
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an m®A mapping study revealed the presence of m®A in mRNA of NOP2, PUS3, TGS,
and RBMX genes. It will be important to examine if the up-regulation of NOP2, PUS3, and
TGS1, and down-regulation of RBMX in METTL3" cells arise from altered mRNA
stabilities, and/or the binding of m®A reader proteins, YTHDF1, YTHDF2, and YTHDFS3.
We are also interested in knowing if a higher percentage of ¥ sites at positions 27/28 and
38/39 in METTL3" cells, compared with HEK293T cells, will be observed using Illumina
Sequencing on three bisulfite-converted tRNA species. The current model of m°A and ¥
crosstalk is illustrated in Figure 5.8. Together, we revised our LC-PRM method by
employing SIL peptides, as internal or surrogate standards. The new method should be
amenable for assessing quantitatively the expression levels of epitranscriptomic RWE

proteins in tissue samples.

159



References

1. Perry RP, Kelley DEJC. Existence of Methylated Messenger RNA in Mouse L
Cells. 1974;1:37-42.

2. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L,
Osenberg S, et al. Topology of the human and mouse m6A RNA methylomes revealed by
m6A-seq. Nature. 2012;485:201-6.

3. Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey SR.
Comprehensive analysis of MRNA methylation reveals enrichment in 3' UTRs and near
stop codons. Cell. 2012;149:1635-46.

4. Bokar JA, Shambaugh ME, Polayes D, Matera AG, Rottman FM. Purification and
cDNA cloning of the AdoMet-binding subunit of the human mRNA (N6-adenosine)-
methyltransferase. RNA (New York, NY). 1997;3:1233-47.

5. Jia G, FuY, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-Methyladenosine in
nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol.
2011,7:885-7.

6. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang CM, Li CJ, et al. ALKBH5 is a
mammalian RNA demethylase that impacts RNA metabolism and mouse fertility. Mol
Cell. 2013;49:18-29.

7. Wang X, Zhao BS, Roundtree 1A, Lu Z, Han D, Ma H, et al. N(6)-
methyladenosine Modulates Messenger RNA Translation Efficiency. Cell.
2015;161:1388-99.

8. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al. N6-methyladenosine-
dependent regulation of messenger RNA stability. Nature. 2014;505:117-20.

9. Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, et al. Nuclear m(6)A
Reader YTHDC1 Regulates mRNA Splicing. Mol Cell. 2016;61:507-19.

10.  Zaccara S, Jaffrey SR. A Unified Model for the Function of YTHDF Proteins in
Regulating m(6)A-Modified mRNA. Cell. 2020;181:1582-95.e18.

11. Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O, et al. 5'
UTR m°®A promotes cap-independent translation. Cell. 2015;163:999-1010.

12.  Choe J, Lin S, Zhang W, Liu Q, Wang L, Ramirez-Moya J, et al. mRNA
circularization by METTL3-elF3h enhances translation and promotes oncogenesis.
Nature. 2018;561:556-60.

160



13. Li Q, Li X, Tang H, Jiang B, Dou Y, Gorospe M, et al. NSUN2-Mediated m5C
Methylation and METTL3/METTL14-Mediated m6A Methylation Cooperatively
Enhance p21 Translation. J Cell Biochem. 2017;118:2587-98.

14, Dai X, Gonzalez G, Li L, Li J, You C, Miao W, et al. YTHDF2 Binds to 5-
Methylcytosine in RNA and Modulates the Maturation of Ribosomal RNA. Anal Chem.
2020;92:1346-54.

15. Dai X, Wang T, Gonzalez G, Wang Y. ldentification of YTH Domain-Containing
Proteins as the Readers for N1-Methyladenosine in RNA. Anal Chem. 2018;90:6380-4.

16.  WeiJ, LiuF, LuZ, Fei Q, Ai Y, He PC, et al. Differential m(6)A, m(6)A(m), and
m(1)A Demethylation Mediated by FTO in the Cell Nucleus and Cytoplasm. Mol Cell.
2018;71:973-85.e5.

17.  Yang Y-Y, Yu K, Li L, Huang M, Wang Y. Proteome-wide Interrogation of
Small GTPases Regulated by N6-Methyladenosine Modulators. Anal Chem.
2020;92:10145-52.

18.  Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation
method for proteome analysis. Nat Meth. 2009;6:359-62.

19. Qi TF, Miao W, Wang Y. Targeted Profiling of Epitranscriptomic Reader, Writer,
and Eraser Proteins Accompanied with Radioresistance in Breast Cancer Cells. Anal
Chem. 2022;94:1525-30.

20. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B, et
al. Skyline: an open source document editor for creating and analyzing targeted
proteomics experiments. Bioinformatics (Oxford, England). 2010;26:966-8.

21. Kawahara R, Bollinger JG, Rivera C, Ribeiro ACP, Brandao TB, Paes Leme AF,
et al. A targeted proteomic strategy for the measurement of oral cancer candidate
biomarkers in human saliva. Proteomics. 2016;16:159-73.

22. Khoddami V, Yerra A, Mosbruger TL, Fleming AM, Burrows CJ, Cairns BR.
Transcriptome-wide profiling of multiple RNA modifications simultaneously at single-
base resolution. Proc Natl Acad Sci U S A. 2019;116:6784-9.

23. Fleming AM, Alenko A, Kitt JP, Orendt AM, Flynn PF, Harris JM, et al.
Structural Elucidation of Bisulfite Adducts to Pseudouridine That Result in Deletion
Signatures during Reverse Transcription of RNA. J Am Chem Soc. 2019;141:16450-60.

24, Linder B, Grozhik AV, Olarerin-George AO, Meydan C, Mason CE, Jaffrey SR.
Single-nucleotide-resolution mapping of m6A and m6Am throughout the transcriptome.
Nat Methods. 2015;12:767-72.

161



25. Hafner M, Landthaler M, Burger L, Khorshid M, Hausser J, Berninger P, et al.
Transcriptome-wide identification of RNA-binding protein and microRNA target sites by
PAR-CLIP. Cell. 2010;141:129-41.

26. Li A, Chen YS, Ping XL, Yang X, Xiao W, Yang Y, et al. Cytoplasmic m°A
reader YTHDF3 promotes mMRNA translation. Cell Res. 2017;27:444-7.

27.  ShiH, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, et al. YTHDF3 facilitates
translation and decay of N(6)-methyladenosine-modified RNA. Cell Res. 2017;27:315-
28.

28. Chen J, Patton JR. Cloning and characterization of a mammalian pseudouridine
synthase. RNA (New York, NY). 1999;5:409-19.

29. Motorin Y, Keith G, Simon C, Foiret D, Simos G, Hurt E, et al. The yeast
tRNA:pseudouridine synthase Puslp displays a multisite substrate specificity. RNA (New
York, NY). 1998;4:856-69.

30. Lecointe F, Simos G, Sauer A, Hurt EC, Motorin Y, Grosjean H. Characterization
of yeast protein Degl as pseudouridine synthase (Pus3) catalyzing the formation of psi 38
and psi 39 in tRNA anticodon loop. J Biol Chem. 1998;273:1316-23.

31. Chen J, Patton JR. Pseudouridine synthase 3 from mouse modifies the anticodon
loop of tRNA. Biochemistry. 2000;39:12723-30.

32. Zhang W, Pan T. A dual function PUS enzyme. Nat Chem Biol. 2020;16:107-8.

33. Kaya Y, Ofengand J. A novel unanticipated type of pseudouridine synthase with
homologs in bacteria, archaea, and eukarya. RNA (New York, NY). 2003;9:711-21.

34.  de Crecy-Lagard V, Boccaletto P, Mangleburg CG, Sharma P, Lowe TM, Leidel
SA, et al. Matching tRNA modifications in humans to their known and predicted
enzymes. Nucleic Acids Res. 2019;47:2143-59.

35. Suzuki T, Suzuki T. A complete landscape of post-transcriptional modifications in
mammalian mitochondrial tRNAs. Nucleic Acids Res. 2014;42:7346-57.

36.  de Brouwer APM, Abou Jamra R, Kdrtel N, Soyris C, Polla DL, Safra M, et al.
Variants in PUS7 Cause Intellectual Disability with Speech Delay, Microcephaly, Short
Stature, and Aggressive Behavior. Am J Hum Genet. 2018;103:1045-52.

162



Figure 5.1 (a) Workflow of LC-PRM analysis coupled with the use of SIL peptides as
internal or surrogate standards for profiling epitranscriptomic RWE proteins in
HEK?293T and the isogenic ALKBH5”, FTO” and METTL3" cells. (b) A Venn
diagram depicting the numbers of quantified RWE proteins in HEK293T, ALKBH5

- FTO" and METTL3" cells, compared with those deposited in the PRM library.
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Figure 5.2 PRM traces showing the evidence of successful knockout of ALKBHS5,
METTL3, and FTO in HEK293T.

Dotp values are 0.3, 0.33, and 0.35 of VSEPVLSLPVR from ALKBH5 in ALKBH5,
NPEAALSPTFR from METTL3 in METTL3", and ILIGNPGCTYK from FTO in FTO™
respectively, compared with 0.96, 0.99, 0.9 in their isogenic HEK293T cells. The SIL
peptide of ILIGNPGCTYK was not detected.
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Figure 5.3 Hierarchical clustering illustrating the log.-transformed expression ratios
of RWE proteins in ALKBH5" (n = 3), FTO” (n = 3) and METTL3" (n = 2) cells
relative to parental HEK293T cells (n = 3).

Hierarchical clustering was generated using Perseus, where red and blue boxes designate
up- and down-regulation of the RWE protein in the knockout cells compared to HEK293T
cells. White boxes illustrate no changes in expression between knockout and HEK293T
cells. Gray boxes indicate missing data.
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Figure 5.4 Western blot analyses for validating the protein expression levels of PUSL1,
NOP2, and PUS3.

Extracted-ion chromatograms of a representative peptide TIEDDLVSALVR from PUS1
and its corresponding SIL peptide (a) LGVTNTIISHYDGR from NOP2 and its surrogate
standard AATACFGFPK (b), a representative peptide ILAWAPVEPSFSAR from PUS3
and its surrogate standard GFAFVQYVNER (c). Shown on the right are the Western blot
results (n =3) of PUS1 (a), NOP2 (b) and PUS3 (c) proteins in ALKBH5"-, FTO” and
METTL3" cells relative to parental HEK293T cells.
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Figure 5.5 (a) LC-PRM quantification results of RWE proteins in ALKBH5" (n = 3),
FTO™ (n=3) and METTL3" (n = 2) cells relative to parental HEK293T cells (n = 3).

Only proteins with ratios in knockout/parental cells being > 1.5 or < 0.67 are displayed.
The ratio of each peptide representing a specific RWE protein was determined following
the procedures described in Materials and Methods in the Supporting Information. (b)
Scatter plots depicting the LC-PRM quantification result of RWE proteins in one knockout
over HEK293T cells vs. another knockout over HEK293T cells. The expression fold
change of those RWE proteins altered over 1.5-fold in both the knockout cells and
HEK293T cells are labeled in red.
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Figure 5.6 Bioinformatic analysis depicting m8A mapping results for in NOP2 (a),
PUS3 (b), TGS1 (c), RBMX (d) mRNAs in GSE63753.

The lower panel is the full view of the gene. The upper panel shows the zoom-in view of
the marked signal to check genomic sequences. The potential m°A sequence motif is
highlighted in red boxes. For those genes located on the reverse strand, the converted
complementary sequence was revealed on top, together with the identification of mPA site
labeled as a red circle beneath determined based on the location of CIMS C—>T mutational
signature and/or CITS deletion signature.
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Figure 5.7 LC-PRM guantification results and Bioinformatics of m8A mapping of the
PUS family enzymes.

(@) LC-PRM quantification results of PUS1, PUS3, TRUB1, PUS7, and PUS7L in
ALKBH57, FTO” and METTL3" cells, compared with the isogenic parental HEK293T
cells. (b) Bioinformatics of m®A mapping in PUS1, TRUB1, PUS7, and PUS7L genes in
GSE63753. Additional description is shown in the legend of Figure S2.
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Figure 5.8 Current model of m®A and W crosstalk.
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Table 5.1 A list of SIL peptides used in this study. Heavy isotope-labeled amino acid
is marked in bold.

Protein Peptide Protein Peptide

ALKBH1 AEAGILNYYR IGF2BP1 ITISSLODLTLYNPER
ALKBH4 ELSAEFGPGGR IGF2BP2 LYIGNLSPAVTADDLR
ALKBH5 VSEPVLSLPVR IGF2BP3 ITISPLQELTLYNPER
ALKBHS SGIITSDVGDLTLSK WTAP QVQQPSVAQLR

FTO ILIGNPGCTYK VIRMA FPCVVYINEVR
YTHDF1 SPVDYGTSAGVWSQDK RBM15 LQQOLALGR

YTHDF2 DGLNDDDFEPYLSPQAR EIF3A VLLATLSIPITPER
YTHDF3 AITDGQAGFGNDTLSK EIF3B GTQGVVTNFEIFR
YTHDF3 GNVGIGGSAVPPPPIK hnRNPA2B1 IDTIEIITDR

YTHDF3 VPGISSIEQGMTGLK hnRNPC GFAFVQYVNER
YTHDC1 GVWSTLPVNEK PUS1 TIEDDLVSALVR
YTHDC2 VVLIVGETGSGK TRUB1 AAAAVVAAAAR
METTL3 NPEAALSPTFR DKC1 EVVAEVVK

METTL14 | LEIDEIAAPR ALYREF QQLSAEELDAQLDAYNAR
METTL1 AAPAGGFQNIACLR NSUN4 VLVDVPCTTDR
METTL16 | EDFGLSIDIPLER ALKBH?2 EVEYFTGALAR
METTL2B | TQTPPVEENVTQK ALKBH3 EDITYQQPR

NSUN2 FYALDPSFPR ALKBH6 VPALEPFR

NSUNG6 EVASYQPLQR ALKBH7 DEESFFGER

DNMT1 FFLLENVR METTL6 QNPLYDTER
TRMT61A | TCQALAAR NSUN5 YSAVLDAVIASAGLLR
TRMT61B | DISGATEDIK TRDMT YAMDVENK

TRMT6 AATACFGFPK RBM15B NLDADLVR

PUS7 FGTTAVPTYQVGR ZCH3H13 LISDSVER
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Table 5.2 PCR primers for RNA bisulfite sequencing.

Description

Sequence

Bisulfite converted tRNAMet PCR Forward Primer

5’-GTT GAA ATAGTT TAG TTG GGA-
3’

Bisulfite converted tRNAMét PCR Reverse Primer

5’-TAC CAA AAC CCA AAATCA-3’

Bisulfite converted tRNAS" PCR Forward Primer

5’-GGTTTT ATG GTG TAATGG-3’

Bisulfite converted tRNAS" PCR Reverse Primer

5’-AAA TCC CAC CAA AAT TTA-3’

Bisulfite converted tRNAMet PCR Forward Primer

5-GTTTTG TTAGTG TAG TAG G-3°

Bisulfite converted tRNAMet PCR Reverse Primer

5’-TAA TAC CCC ATA TAA AAA TCA-
3 2
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6. Chapter 6. Concluding Remarks

In this dissertation, | described two research projects, namely untargeted quantitative
profiling of paired primary/metastatic melanoma cells, with the focus being placed on TBC
domain-containing proteins, and targeted quantitative profiling of epitranscriptomic RWE
proteins.

In Chapter 2, an off-line SCX fractionation prior to LC-MS/MS enables the
quantification of a total of 7387 proteins in the matched pair of primary/metastatic
melanoma cells (i.e., WM-115/WM-266-4). Among them, 1551 (21%) proteins display at
least 1.5-fold differences between these two cell lines. | placed my emphasis on studying
one subfamily of small GTPase regulatory proteins, i.e., TBC domain-containing proteins,
since some members of this family, including TBC1D3, TBC1D8 and TBC1D16, are
known to assume important functions in tumorigenesis or tumor progression. Our
proteomic data enabled the quantification of 24 TBC proteins, accounting for 55% of
predicted members of the TBC protein subfamily. More importantly, a role of TBC1D7 in
melanoma cell invasion was unveiled from the proteomic data, together with follow-up
cell-based assays and bioinformatic analysis of publicly available data of melanoma
patients and cell lines. Moreover, the quantitative proteomic results provided an important
basis for investigating the roles of other proteins, especially the ones with significant fold
changes and clinical relevance, in modulating melanoma metastasis in the future.

The formation of m®A, the most abundant internal RNA modification in mRNA, is
reversible. m®A can be deposited by mSA writer complex, METTL3-METTL14

heterodimer and other subunits, and removed by eraser proteins, ALKBHS5 and FTO. m°A
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readers translate m®A into function, namely mRNA splicing, export, stability, and
translation. To our knowledge, there is no systematic study about how epitranscriptomic
RWE proteins modulate cancer radioresistance and metastasis. Toward this end, I
developed an LC-PRM method for high-throughput profiling of a total of 152
epitranscriptomic RWE proteins, modulators of m°A and other ribonucleoside
modifications.

In Chapter 3, I employed this LC-PRM method coupled with SILAC to assess the
differential expression of epitranscriptomic RWE proteins in two matched pairs of
radioresistant/parental breast cancer cells (i.e., MDA-MB-231/C5 and MCF-7/C6). 65%
and 70% of the epitranscriptomic RWE proteome was quantified in the matched pair.
TRMT1 (an m*>G writer) may assume a role in promoting breast cancer radioresistance
because of its clinical relevance and its correlation with DNA repair gene sets.

In Chapter 4, I further applied this LC-PRM method coupled with SILAC to explore the
differences in expression levels of epitranscriptomic RWE proteins in paired
metastatic/primary CRC cells (i.e., SW620/SW480). I was able to quantify 74% of the
epitranscriptomic RWE proteome in the PRM library. Among these quantified proteins, 48
and 5 were up- and down-regulated by larger than 1.5-fold in SW620 over SW480 cells,
respectively. The roles of some of those proteins with marked up-regulation in metastatic
CRC cells, including NAT10, hnRNPC, and DKC1, in the metastasis of CRC and other
cancer were demonstrated, which validated our proteomic findings.

In Chapter 5, I modified this LC-PRM method by combining the use of a mixture of 48

SIL peptides representing RWE proteins as internal or surrogate standards. | utilized this
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method to investigate potential crosstalk between m°®A and other modified nucleotides in
RNA by exploring the differential expression levels of RWE proteins in ALKBH5", FTO"
- METTL3" cells, and their isogenic parental HEK293T. Approximately 78% of the
epitranscriptomic RWE proteome in the PRM library was quantified. | also found that the
expression levels of the ¥ synthases, i.e., PUS1 and PUS3, were up-regulated in METTL3"
- cells and down-regulated in ALKBH5 relative to parental HEK293T cells. Bioinformatic
analysis of published m®A mapping results revealed the presence of m®A in the mRNAs of
PUS1 and PUS3. It will be important to investigate if the up- and down-regulations of
PUS1 and PUS3 in METTL3" cells and ALKBH5" cells emanate from an m°A-based
epitranscriptomic mechanism. In addition, it will be necessary to interrogate the levels of
¥ at sites 27/28 and 39, regulated by PUS1 and PUS3, respectively, in ALKBH57 and
METTL3" cells relative to HEK293T cells. This study may ultimately lead to the discovery
of a crosstalk between m°A and \P.

Together, in this dissertation, I presented a novel targeted quantitative proteomic method
for profiling epitranscriptomic RWE proteins. This proteomic method was coupled with
two labeling methods individually, namely, SILAC and SIL peptides, both of which were
found to provide highly efficient, sensitive, accurate, and reproducible quantification of
epitranscriptomic RWE proteins. This LC-PRM method allowed for the investigation of
the roles of epitranscriptomic RWE proteins in breast cancer radioresistance (Chapter 3),
CRC metastasis (Chapter 4), and understanding new regulatory mechanisms of the

epitranscriptome, namely, a potential m®A-¥ crosstalk (Chapter 5). We envision that the
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LC-PRM method coupled with SIL peptides will be amenable for high-throughput

profiling of epitranscriptomic RWE proteins in biofluid and tissues.
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